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Abstract,

In preliminary experimentation, & granular
pressure cell was bullt and tested. From the results obtained,
an improved method for the production of zranulsr pressure cells
was developed and a second pressure cell was built in order to
determine the behavior of granulsr pressure cells, as designed,
under variable external temperature conditions.

A third oressure cell was built for lsboratory
testingQ A calihré%ioﬁ curve was established sznd the pressure cell
was used satisfactorily in simple laboratory testing.

Abttempts were made to improve the comstituticn
of granular pressure cells as used in the aforementioned tests.
These attempts lead to suggestions intended to help in eventual
further improvement of the granular pressure cells built and

described in the following pages,
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1.1 General

e o S

Soils as we find them in nature are
not easiiy investigated by ocur maln theoreticalvtool.)_
mathematics.

One seldom finds sites to be investigated
which are constituted of one type of soil with constant
properties throughout the site, Even when we can control
the characteristics of the soils to use in construction
(kind of soil, grain size, comvaction, stc...) as
for instance in embankment building, one cannot accurately
control the behavior of such soils by means of accurate
mathematical theories.

When one wants to forecast the behavior
of materials like metals , one can use the theory of
elasticity and determine stresses and straias in & piece
of metal with good acecuracy because a few properties such as
the modulus of elasticity, the yield stress, and Poisson's
ratio are sufficient to describe most of the features
of the behavior. #lsoc,because 6f its internal crystallographic
structure snd its vroverties,a piece of ﬁetal will behave
in such a wsy that the assumptions on which the theory

of elasticity stands are valid.
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As far as solls are concerned, the number of
properties needed for an understanding of the action of soils
wnder load is not as limited as for metale. Perhaps one might
see the difference between metals and soils in the following
way.

4 piece of metal is essentially a mass of
stoms and molecules arranged in a pattern which can be
determined. Between these atoms and molecules, atomic and
molecular forces of a certain intensity are acting.

Forces of valence provide primary liasisons with energles of
the order of 100 Xcal./ ecuivslent gram (1).

Intramoleculsr forces provide what are called secondary‘
lizisons with energies of the order of

i Keal./ equivalent gram (1). Such forces, which may be said
to give ‘cohesion! in metals are also found in individusl
soil particles, Bubt not aslways between grains in =z mass of
soll, Masses of soll ean:

1. Be stable by thomselves as masses
of sand grains in between which exist only mechanical forces
such as friction forces and no intramolecular forces as in
metals.

2. Possess a certain degree of
ficohesion® due to intremolecular forces as masses of clay
particles. But the amount of "cohesion" is variable, because
the magnitudes of the intramolecular forces which are said

to give "cohesion! are believed to be partly due to the bornding
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water of which the properties of viscosity are variable with
temperature and pressure ( 2, 3, 4.).

Cohesion in metals is high enough to enable us
to consider a metal as elastic in a large range of stresses,
making the stress-~strain curves ih&ependant of the stress history
and constant if the stresses do not pass the yield point and
have never passed it previously.

30ils can be considered elastic to only a
limited degree if any., Stress—strain relationships in soils
will depend on the pressure history of the soils and just this
factor makes the study of soils behavior very difficult by means
of mathematical tools like the theory of plasticity. The
complexity of the general equations in the theory of plasticity
is such that only az few particular cases in sgreement with
very restrictive hyvotheses can be solved up to now.

As elastic theories cannot be employed but in
s qualitative way, ong has to resort to empirical analyses
in the study of the behavior of soils. These can most usefully
be invastigated by, for instance, observing deflections and
deducing stresses as in the case of shestpile walls,
Such observations can be done in situ or on models in laboratories,
One can also use pressure cells in the soils to be investigated.
Une can establish a network of pressure cells in horizontal planes
and at different depths under a footing in situ or in model
testing in order to establish a more accurate pressure distribution

disgram than mizht be found by the theory of elasticity.
g Y g ¥y
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The vee of pressure cells provides a means of checking on the

mich discussed dezree of validity of the use of the theory

of elasticity

E

in soils (3.). The equations of the theory of
elasticity are based on homogeneity and isotropy which are
properties hardly found in soil masses (7, U4.),

Also, pressure cells can give information on failure in a mass
of soil.‘Hence, one can by their use verify if the probable
location of the zones of failure assumed in an analyses

of the eventual failure in the soil under a footing are justified.

Discussion of the pressure cells used in Soil Mechenies,

Several pressurse cells to be used in soils
have been Cesigned and used by various engineers (5, 6.7, &. ),
bt few of them havé been completely satisfactory. The poinits
requiring improvement will be illustrated by the discussion of
one of these cells.

Reference 5 gives & complete report on
the design, calibration and the use of the vressure cell shown
ir figure 1,

Une diszdventage of the pressure cell described
By figure 1, is thet 1ts compressibility may be different from
the compressibility of the soils to be investigated.
4s Plantema (5.) points out:
" If the cell is more compressible than the soil it recedes
and indicates & value less than the prevailing pressure.
On the other hand, if the cell is less compressible,
it projects into the soil by a distance 2 ( Figure: 2.)

and is thus subjected to a higher pressure than would
otherwise exist at that point in the soil.¥



Cable

& :58 inch . Zhe Lnch .

D
K
011 filled

Membrane —_-\\\\\ N
N~ 7
Diaphragm with strain geuges "_\\\\\\\\\ ;
#
N1 G
¢
Dimensions of the pressure cells: "N
N
\\ N
Type O Type 1 N HE
e
& 3 10 inches., 10 inches. A B E g;
-
L
B : 2 inches. 2 inches, :ﬁﬁ‘* Sj
. . A
I :I% inch . I %ginch . 9;
-
s
Z
L
L

Figure §. Pressure cells Type O and Type I.{ 3 ).




-

e L.
e .o
- oy

-

- ~e
Prad Sa
. e
.
»
o
~
/ N
. *
g .
s AN
* \
I
/ 3
’ )
I 1Y
] [}
1] .
¢ %
J %
)
H [}
: ]
: 1
i
' 3
] 1
' &
] ]
t ‘
3 :
t ]
] 4
A\l ]
L] ]
[ I
. ¢
.
) s
.
s S
s /
N ’
A ¢
N 7
A /’

S ! hid
________ § I—
————————— b e o o e e

A
’
K kY
¢ AN
4 \
4 K
Y
14 A}
’ 3
l‘ \\
¢ LY
[ .
2 [}
1 [
¢ 3
] ]
1] 13
] ]
] t
] i
i )
[ [}
1]
. !
Y '
Y 9
LY ]
v !
Y ’
3 ¥
s ’
N /!
. P
\ s
) 2
A t4
.,
~
S
AN
. R
- -
caa o

Secan eyl

Figure 2 : Pressure cell with pressurs Tulbs.

( As given in refesrsnce 3.)



-7~

To control the magnitude of this additional pressurs, the author
makes his pressure cell ss thin as possible. He also makes the

- pressure cell of a large dismeter in order to have readings
uninfluenced by lecal wvariations of pressure and because as

Plantema writes

" e lerger the dlamebter, the smaller is the pressure

o
ot
Fort
=
b
W
o
]
o
»

recuired to push the cell 2 distance 2 int
Plantema designed two pressure cslls:

Type O and Type I. They both use the same compressible systen
( Cil and diaphragms.) ( Figure : 1. ) but they differ by
the dimensions of their fremes, Both sre 10 inches in diamebtsr
but ve have for Type 0 and Type I respectively

& =5ginch D =tYinch .

¢ =Y tnch L =|3/8inch .
Where & and U are thicknesses as defined in Tigure 1. Both cells
have been calibrated as explained in reference 5,
Pressure cell Tvpe I was found to be more compressible than dense
sand, Pressure cell Type O was less compressible than Jsnse sand

Porosity of the sand i 23 4.},

It seenms that even though refersnce 5 does not
mantion how %o control the compressibility of the pressure cells
described, it wasr be possidle to do so.

There is one disadvantage in the use of Plantema's
nressure cells which is not mentioned ‘vul which is nonetheless

mportant, it is the large size of the membrane of the cells

Type I and Type O ( 10 inches.).
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One can imagine that such pressure cells would be inadeonaste to give
information on local siresses or imminent failure. Also it might De
ﬁiffieult ¥ith such large pressure cells to determine stress
distrivution curves unéer‘a footiﬁg sgpecially when the pressure
cells intersect severzl constant stress lines of the pressure bulh.
In the case of figure 3, if the width of the footing b is B feet

and a pressure cell is placed 15 inches below the footing as
indicated in figure 3%, it will intersect the lines representing

the direct stresses of 0.5a, 0.%5q and 0O.4q, based on elastic theory

and where g is load per unit area on the footing, as on figure U,

¥

The pressure recorded might be roughly of 0.%Kc to O.5aq, hence

oy
there will be =n error of 10 to 20 per cent in the reading of

the actual strsss of 0.5q 2t the center of the pressure cell.

A1}

To be added to ,this error is also an error due to the fact that
the membrane ls restrained on the sdges so that the pressure
recorded might well be an average of the pressure distribution
disgram similar to the one represented in dotted liues on
figure &,

In reference &, Plantema gives the calibration

curves established for his pressure cells Tyvpe 0 and Type T in

tg

water and in sand. The seteup used for the calibration of

the pressure cells in sa

=
[
2
i
0
S
D
w
[
]
=}
@
jo.n
[N

n such a way as to have
constant vertical pressures on each horizontal plane through

the mass of sand. Because of differences in compressibhility between

g

the sand and the wressure cells, the calibration curves in water

and in sand for a pressure cell can be d&ifferent
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Figure 3%: Pressure bulb, vertical siresses on horizontal planes
under a circular footing of diameter b loaded with

aload g per unit area in ap elastic medium.
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Footing
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EALQQ<fQQZ&Q Pressure cell.

0.%¢ 0.5¢ 0.6g 0.7q

b: diameter of the circular footing. b= 60 inches

a: load per unit area on the Fooling.

h: depth of the pressure cell in the elastic medium. h= 1% *

Diameter of the pressure csll : 10 inches.

FPigure U : Pressure cell intersecting the lines of constant

vertical stress wmder the edge of a circular footing.



#easuring membrane

4]

¢s: diamster of the measuring membrame. ¢ = I0 inches

gs load per unit =rea.

Fertical pressure distribution in

the elastic nmedium.

Taertical pressure distridution of which
the average may be recorded.
Pigure 5 : Pressure distribution on the measuring membrans

of a pressure cell.
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by as much as 20 per cent. Such zn error has to be added to

wthe errors due to nonmuniform pressure distribution over the
surface of the membrane ss mentioned above and one can conclude
that because of its sigze and nature, s pressure cell as described
hw figure 1 can be unrelisble.

Tavortant slso is the fact that model testing
is not to be overlooked in Soil Mechanics and that dn this case,
the pressurercells described in reference % will be of no use
once again becsuse of thelr large dismeter.

In reference 6 another type of pressure cell
is descrited ( figure: 6 ). Such a2 pressure cell though smaller
than the ones described by figure 1 is still big ( 5.5 inches
in dismeter ) and‘certainly less compressible being entirely
metallic. It is stated in reference 6 :

¥ Pressure gauges of this type used in soils usually have
an elasticity and other mechanical properties very different
from the soil in which they are embedded so that errors in
messuring can be expected.! '
In reference 7 the pressure cell of figure 7
is described. A calibration diagrsm is shown. The pressure cell
was calihrated in water and in soil ( the kind of soil is not
specified ). For a pressure of 1 kip per saouare foot, a difference
in reading between the calibration curve in go0il and the
ecalitration curve in water is of shout L0 per cent, which is
ouite apprecisble. In this pressure cell, nonuniform distribution
of pressure on the soil contact face may well cause the inner face

of the onter disc of the cell to bear at some point against the

outer edge of the inner disc. Hence, part of the lozd will
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Steel working diaphrags .

Steel wirs.

6\\\\\\/\\\\\\\ ; \\\\\\\\\\\\\\\\\\

NN N

/55%509777//////////////7//////§9§§Qy

Steel box

Pick-up coil

Maintaining coil
Overall diasmeter: 5.5 inches,
Overall thickpess: 1.5 inch.
Fundamental vibration frequency of the steel wire: 50C cvcles/sec.

Thickness of the working diaghragm: %4, inch.

Figure 6 : A pressure cell used in scils ( As given in reference &),
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be transmitted directly onto the inner disc and the vpressure

in the nercury film will be lower than expected. Finally -

ot
3
O
=}
o
03
[
<F

this nressure cell is of large sizes, the soi

7 inches in dismeter. 50 that this cell, as 211 the ones nentionned

in this introduction , will not be able to record local fsilure

‘nor accurate pressure distribution wnder = loadsd footing.

Uonclusion.

From the above discussion, one may conclude
that the mein causes of ipscourscy in wmeasurin
are dus to differences in LG&@L&%SililitV belwesn cells and solls

in which they azre nseld and the slze of the messuring slement

stresses in the nelghborhosd of failure in a soll wess depends
on the size of the cell. The smeller the cell the more the local
lvence on the magnitude of

feilure stress will have sn inf

the average pressure recorded by the working face.
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Thickness of the mercury film : 0.0I2 inch.

Diameter of the soil contact face: 7 inches.

S0il contact facs.

Hercury film.

Filgure 7 : A pressure cell used in socils ( 7 ).



II. LESIGT OF 4 GRANULAR PRUSSURE CLLL.

2.1 fntroduction.

i

"

2l pressure cell to be used in soils

[

An

4

the form of a2 granulsr mass, becaus

-,

would be a pressure cell ix

s
[0}

the behavior of such a pressure cell uwnder load would be similar

to the behavior of an ecual mass of soil so long s the sige,

shape and density of the grains granular

kel
]

friet

pressure cell vere similar to the sige,shape and density of

4,

the grains composing the soil in which it would be used.

48 for as compressibility is concerned, as defined in reference 5,

it is certain that the difference in coupressibi i1ity between

remular pressure cell and the soil in wahich it may be used,

3

if there is a difference betwesn the grain size and shape in

fa gl
Pl
o]

213

2011 and the granular pressure cell,would be much smaller

+1 "4
whan A

he Aiff ‘erence in compressibility betveen soil and z

&t

netallic type of pressure cell.
In addition, & granular pressure cell mizht be
much rsmzller thau a metallic type of pressure cell. One can

imagine that a pressure cell composed of

'3 Y

edium size { Retained on 5% umesh sieve ) and of

dizmeter

L=
H0
=
Q
>
e
fal

cylindrical shape about Wy inch thick and

. . 5 3
ml

ght have properties vwhich,varving under different load conditions,
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would generally represent the behavior of the grenular nmedium
a8 a whole.

Ur. R. ¥. Scott, Faculty Adviser on the present
research suggested that such & pressure cell be constructed of
z mass of electrically conducting carbon grains. By putting
electrodes on the two ends of the granular pressure cell one might
be able to record the variations of electrical resistance due o
the varistions of surface contsct hetween individusl grains under
losd without the total electirical resistance being influenced by
the variations of surface resistance between two particular grains
only. A granular pressure cell (.2F inch thick and 1 inch in
diameter would undoubtedly zive more acéurate pressure readings
than any of the large pressure cells described in section 1.2.
It would be more sansitive to local variations of pressure in
a mass of soil, but this is exsctly what is wented when one desires
to have information shout incipilent failure in the mass of soil

investigated. To %e mentioned is the fact that if locally we havs

fedl

a transient pressure vhenomenon occurfing,we might have to cope

£

with the problem of mechsnical hysteresis ( 9, 10).
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2.2 Choice of a granular material in the design of a granular

pressure cell,

It seems indicated to use grains of an
electrically conducting materisl in 2 granular pressure cell
hecause it is easier to record changes of slectrical properties
vanular mess of emall dimensions than to measurs changes
in mechanical properties. The only recording eaovipment needed
to record changes in electrical wroperties in s cylindrical
ranular nass under stress arye two electrodes on the end sections
of the granular pressure cell and =zn chmeter,

.

sested the investigation begin

wme

adviser s

3
5
N

with an exsmination of the literaturs in the field of telephones
znd microvhones where small granulsr messes of carbon have been
used for o long time. In these devices, changes in pressure
applied on the end sections of the volumes of carbon grains give
noticeable changes in the electrical resistance of the mass
as a whole.! References 9 and IO,). As is stated in reference 93
¥ One advantage of carbon over any metallic substance is
that carbon is practically unoxidigable and unalterable
in air."
Some experiments have been conducted in telephony
to determine the relationship hetwesn the electrical resistance R
and the pressure p applied to the contacts of 2 Blake transnmitter
{ Meference IC.). A Blake transmitter is essentially composed of

2 mass of carbon granules placed in between two carbon disés,

Fressure is applied on the dis¢s snd the crlindrical mass of
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carbon  granules is thus compressed, the carbon zgrains besaring
directly agesinst the discs on vhich the load is applied.

Yot much information is given in reference I0 asbout the conditions
under which the experiments were confucted, for instance how the
loz¢ was applied to the 3lake transmitter,but it is stated thatl
the electrical resistance R changed from a value of 25 ohms to

2.5 ohms for a variation in force applied on the two end sections
of the transmitter of 0.2 grams to I8 grams.

Uhe change in electrical resistance is attributed
to the variations in surface contact between grains in the Blake
transmitter ( Reference 9.)., & Blake transmitter has a dismeter
of the order of linch, hence & cross section of about 0.8 sqguare
inch. Hence the maximum pressure applied on the end sections
of the Blake transmitter in the experiments described in reference
10 is of about 0.Q4 vounds per souare inch.

The relationship betweenm the elesctrical
resistance R and the pressure p was found fo be expressed by
an enquation of the form @

Vi = ¢ (1)
In which Y is resistaznce, X is pressure and C is a constant, ( § )
It was also found that the curve represented by ecustion 1 was
reproducivle for a determined value of C so long as the degree of
compaction of the granules before each test was the same.
In view of the above given information, it was
decided to try to use carbon granules to make a2 pressure cell

to be used in soils. Granular materials other than carbon, of the
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metallic conductor ,type or semi-conductor tyve might be used
later on in this work or if not,it is suggested that they
be investigaﬁed in further experimental work .

Cholice of a matrix wmaterial,

2.31. Introduction.

It would be difficult to use a granulzr mass
z8 a pressure cell if that greanular mass is not held together
in some way. A pressure cell has to be handled easily, carried,
reused in different soil masses. It may even have to stand
mishandling involving shock and vibration.

Hot only must the granular mass constituting
a granular pressure cell be held in the form of a volume of

constant shape ,under no load, but it has to possess elasticity

‘so that its calibration curve remsins constant under identical

loading conditions. In this respect it fails to simulate soil
but undoubtedly much less than the pressure cells mentionnéd
in section 1.2, for the reasons given in that same section.

A granular pressure cell must also be chemically
inert if we dg not want it to be deteriorated by water,gases,
acids 6r alkdies which may be present in soils,

The best way to cope with the afcrementionned
conditions is to take a matrix material which can be easily
incorporated throughout the mass of the pressure cell and is elastic,
waterproof and chemically inert.

In order to incorporate a matrix material
in the granular pressure cell it would be preferable that such

& matrix waterial might be put in the form of & liquid so as %o
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penetrate the eantire granular mass thouroughly without leaving
any air pockets. If such air pockets were left in the granular
pressure cell, that cell would not de incompressible under hydro-
static pressurs. Moreover, if such ailr pockete were blg enough
to contain several grains, the pressure cell would vprove to be
very sensitive to handling since those grains would be able
to rearrange themselves if not stuck together, and the calibration
curve for the pressure cell would be unrelisble.

We would like also the matrix material to have
a low Young's modulus under compression so as not to influence
too strongly the compressibility of the pressure cell itself.
If the matrix material is not compressible enough, under a load
of,for instance,5 pounds per square inch, tﬁe granular pressure cell
might not compress enough to give changes in surface contact
resistance recordable.

411 the foregoing considerations lead us to think
of rubber and polymers as possible matrix material.

2.3%2 (Choice of a matrix material.

¥rom references II, I2 and I3 it appears that
none of the different kinds of rubbers and resins have physical
and chemical properties in complete agrsement with the vroperties
ve desire in the matrix msterial to be used for our purpose,
Some resins 7 aré inért: .l towards acids and not alkalies ( I2 )
Hatural rubber is affected by oxidation, but antioxidation
compounds can be used ( I2 )., However, of all the plastics

considered, natural rubber possesses the best elastlc properties,
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One can think of using as a matrix material the material
which presents the best mechanical or elastic properties for
cur purpose and then, as an oubter coasting, another material which
tecause of its chemical properties satifies the condition of
chemical inertness 'as: for instance polyethelene ( II, I2 ).
Natural rubber seems to be indicated for use
as 2 matrix material. Some rubdber compounmds have modull of elasticity
of the order of I.5 IO3 rounds per sguare inch at I0 per cent
deformation in compression ( II ). Watural rubber may have a
modulus of elasticity even less than that figure.
The moduli of elasticity for the other resins are in the range
from IO“ up to 10‘ pounds per sguare inch. The elastic properties
in rubber are uniformly and 1sotropically distributed.
Plastic properties are low ; unfortunately the refersnces do not
specify in what ranges of stresses and temperatures.
Rubber has more elasticity than any resin known. Zlongations
cf the order of 600 per cent of its initial length can be attained
without exessive plastic flow., Hubber in the liquid form also
referred to as latek can easily penetrate a mass of grains
rut in a mold at room temperature as will be shown in further
.sections of this work. The composite mass of latex and granules
solidifies by evaporation of the water contained in the latex
which is quite convénient for possible manufacture of granular
rressure cells,
Some resins have to be compounded with additives

serving as polymerizing sgents. The concentration of polymerizing
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agent in the resin has an influence on the time of polymerization.
The relztionship in the case of calcium acrylate, for example,

is hyperbolic {14)., The gel time is inversely vrovortionnal

to the concentration of catalyst used. Figure € shows the
relationship: gel time versus per cent of cztalyst used in the case

of calcium acrylate. In mixing the resin and its polymerizing agent,

[

one has to be careful not to introduce anv air dubbles in the
mixture. These bubbles will mdédify the elastic properties of
the polymerized material.

In our case, small gusnties of matrix material

will be used: <from 3 to 5 cublic centimeters. In such sz cass,

frode

t will De rather difficenlt to control sccurately homogeneous

nt, 80 that an homogeneous

(Y

mixing of resin and polymerizing =g

nolymerizing action will be rather hyvpothetical. The pesult will be

~

that the elastic proverties of the nolymerized material wight not
be constant throughont the mass,

For 21l the foregoing reasons, we have chosen
to use rubber as matrix in the granuvlar pressure cells to he built.
However, this choice must not “e considersd as completely restrictive,
Some other matrix material might be used in sowms further development

of thie research work.

It is suggested thab in further research,

vinvlite resins (12, 17%),

calciwm acrylate (1),
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snd other resins whose properties ars descrived in reference I3

being made in

be investigated and used. 4s fast progress is
the field of polymer resins it may be that by the time further
research work is carried ont, new resins will be available which
might be more sulitable for our purpose than any of the ones
known at the present time.

To corroborate the cholce of latex as a matrix
material it may be interesting to look at figure IO which is
a superposition of figure I4.5 in reference 3 and an adaptation
of figure 2 in reference II. Figure I4.F is an example of 2 stress«
qtrain diagram one can expect to obtain for Fort Peck sand
in 2 constant lateral pressure triaxial ftest. The lateral pressure
Gy was of 30 pounds per square inch . Figure 2 in reference II

£

is a stress—strain diagram in compression for five different kinds

of rubber compounds whose nature is unfortunately not specified.
The compression tests on the rubber compounds were conducted
without =pvlication of lateral pressure., It is for that resson

o

2y reference II had to be adapted

=

that the ﬁiaéfaﬁ of figure
before being used in figure I0 of this report,

Fubber is incompressible hence hydrostatic
vressure when applied on a piece of rubber will not give any strains.
$0 thet to adapt the results of figurel; reference II to figure IO,
it is sufficient to translate the stress—strain curves of reference
II zlong the axis of stresses in order to mazke the origin of the

-

considered curves coincide with the point ak= 0 , ¥ = 30 pounds

n fignre I0, vhere 8L is strain and T is stress,
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e
=
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0
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G
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80 doing, the stress-sirain curves for rubber in figure 10 will be
similar to what one may expect to obtain in a triaxial compression
test, ﬁlthaugh the stress—strain curves for rubber represented in
figure 10 do not cover the full range of stress~strain curves in
compression for rubber one can’expect to find, it can be readily
seen that it will Dbe possible to find a kind of rubber having
sprreciably more compressibility than = granular meteriel in »
range of vertical compression pressures from zero to about 100
pounds vper sauare inch. Such a matrix material may well not
influence too much the compressibility of the grannlar mass

ont of which a granular vressure cell will be mainly composed.

"his last statement will be verified by test,
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the sievaes nuvher 20 and U0 are as

»%

-y
:a.

™e charscteristics of

W

‘

3ieve number 20. Sleve nuaber 40.

0.8Y zillimetar. 042 willinete

e

HNominal opening i

e

- s e
0.0%21 inch. 5.010% inch.

L2 millineter. 02.2F wnillimsts
Yominal wire diameter:
CL.CLER inch. 0.00%8 inch.

The carborn grains we retained for
£311, a8 far &as grain-sige is concerned, in the class of medium sand
ecéorﬁing to the i.I.7. classification { 3 ); we thought it {asirable
to use grains of sbhout the same size as the 20 - 4O Ottawa sand we
were gzoing to use'for pressure cell test purposes.

s Y “ - x ) ~
grains passing through sieves number 40, 50,

140, and 200 were discarded. The grains retained in sieves number

10 and 20 were put back in a plece of cloth and crushec ag:
4 sucecession of crushing and sieving operations was continued until

o

3
1‘3’s

terial coming originally from the three carbon rods rewmainnad

in sieves number 10 and 20. After cach sieving operation, the grains
found between sieves mumber 20 and 40 were selectel and retained for
our experiments. 4 small sample of carbon gralns collected on sieve

7 P m
pumber HO were taken to room GC1l5 of the Thomas Engineering

o 7

Laboratory at C.I1.7. in order to be » notowranh e under a microscope.

The photogzraphs vere taken with eculpment 270 — F composed of

i

following instruments 3
wER ) i - " o Yies - .,f
Microscone & Baush and Lomb LY #8952 - PR - 20,

Camera : Baush and Lonb PS5 - 25,



200 an exposurse

on figures 10 and 11. A8 & background for the carbon grains put

the microscope,ve used nillimetric paper.

show thaet the carbon grains are drom the pictures,

verv little csn be said about the aspect of the surfsces of

2

the grains. Yo photograph.of 2 surface could be taken
the narrow focal depth of the microscope snd probably also becauss

£

of the poor reflsctive cuslities of the surfaces of our gralus.

EY

Towever, from looking at the contours of the zrains, ons can

en ides about the roughness of the surfaces ( 7

48 .

1 we 2efine ths owrhn@s r# bwy the distance bebween peaks

and Yrouzhs on the surface and an sverags plane of re

3
.
"
o
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o
o5
®
hee
s
e
o
an
"
}
o
@
o
5
n
Nl
i
g
@
»
ot
o

in the surface, ong can sa;
and 11 that the roughness r% is of the order of (,002% inch or

0,064 millimebters. Fizures I0 a2nd 11 show also that the dimensions

of our grains sre aboul in the

pressure cell, we used a2 liguid

Solids @ 0.2 % in volume,

Control wumber ¢ 111723,

Lotol ILX 407 — 2 is marketed by the " Iaugatuck Che =mnical, Division

of the United States Rubber 0o’ This latex solidifies by evaporation
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of the water contained.

At this point it was dJecided to determine
How much time is needed for a cylinder of carbon grains mixed
with latex to dry under the atmospheric conditions existing in
the Soil Mechanics laboratory.

3.121. Hvaporation tests on cylindrical samples of latex—carbon

grains mixtures.

A sample of latex was poured in the mold described
by figure 12. A small quantity of carbon grains as described in
section 3.11, about 0.5 gram, was poured over the latex in the mold.
Piston A wasvthen pressed down by hand until it was impossible to
move it further down. The excess of latex flowed out of the mold
through the space left between the piston and the bore comstituting
the eylindrical mold while the carbon grains were forced into
the latex and pressed together ( Figure 13 ).

The mold containing the piston and the latex—carbon
grains mixture was then put on the balance type Braun number 3 in
the Soil Mechanics laboratory. The decrease in weight, of the saunrle
of latex mixed with carbon grains, with time was observed.

The results of the observations are given in Table I. Table II is
an interpretation of the results given in Table I. Figure 14 is
& plot of the figures given in Table II ( Curve number 1 ).

From figure 14 and Table II, we see that 99 per
cent of the water in the sample did evaporate in about 24 hours.
After U4 hours, 75 per cent of the water had evaporated even though

the sample was in its wold and did not present much of its surface
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Figore 12 ¢ Mold used to prepare a sample of latex—carbon grains

mixture for an evaporation test.
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T Iatex-carbon grains mixture.

Pigure 13 3 Section through the mold showing how the surplus of
latex can escaps while making a cylinder of

latex-carbon grains mixturs.



Table I @

latexz—carbon grains mixture.

Bvaporation test number 1 on a cylinder of

Thickness: ¢.1lh

inch.

- Hour of Time elapsed Gross welight Groes welght et weight
the day Samle+mold Semple+mold of the sample
In grams —base plate In grams
Hours HMinutes In grams

10h. 08 0 00 166,368 0.760
16h. 30 0 22 166.295 0.590
11h. 30 1 22 165.200 0.595
13h. 00 2 52 166.130 0.525
i4n, 10 L o2 152.31% 0.450
15h. 10 5 02 152.280 0155
16h, 30 6 22 152,260 0.4135
17h. 30 7 22 0.427
1%k, 30 8 22 0.420
22%. 00 10 52 0.L15
Hext day

9h. 30 22 22 0.b402
1lk. 15 2 07 o.ho2
13h. 20 26 12 o401
16h. 50 29 up 0.400
:

Dimensions of the cylinder 3 Diameter : 0.485 inch.
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Table II s THvaporation test number 1 on a cylinder of

latex—carbon grains mixture.

Time elapsed Water content
in per cent of the
Hours|Minutes initial water content
o 80 100
0 22 g0
1 22 54,2
2 52 3.7 | Weight ©f moist sample :
b 02 25 0.760 gram.
5 02 15.3 Weight of dry sample ¢
& 22 9.7 0.400 grem.
7 22 7.5 Initial water content ¢
8 22 5.6 0.360 gram.
10 52 417
22 22 0.56
24 07 0.56
26 12 0.28
29 L2 0.0
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Pable III1 : Evaporation test pumber 2 on a cylinder of

latex-carbon grains mixzture.

Tinme elapsed| Gross weight | Welght of Water content| Water content
sample the sample in per cent
4+ mold of initial
Hours|Minutes In grams In grams
In grams Water content
0 00 156,345 0.740 01785 100
0 4o 166,308 0.700 0.335 70.5
1 10 156.210 0.605 0.240 50.5
3 00 166.135 0.530 0.165 0.8
L Lo 166.09 o.485 0.12 25.3
7 15\ 166,055 0.URQ 0.085 17.¢
9 55 166,025 0.420 0.055 11.6
24 10 165.99 0.1385 0.02 b.2
L5 Ls 165.97 0.365 0.6 0.0
72 00 165.97 0.365 0.0 0.0

Dimensicns of the cylinder :

Weight of moist sample : O.7H0 gram.

Thickness: 0.13

Weight of dry sample : 0.365 gram.

Initial water conteat: 0.37% gram.

Diameter 5 O.UE2 inch.

inch.
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to the air. After 4 hours, the base plate of the mold was removed.
S0 doing the bottom end section of our sample was in contact with
air., After 6 hours, the sanple was extruded by pressing the pistop.
@own into the mold completely. The sample presented enocugh
consistency to be teken up in the hand. After 25 hours, the weight
of the ssmple stabilized at 0.40 gram. The sample was left on the
balance for another % days during which its weight was checked upomn.
It proved to remain constant at the aforementioned wvalus of:

0.40 granm.

A second evaporation test was conducted. It was simi}ar
to the first test in all respects but one,; instead of letting the
sample of latex~carbon grains mixture dry under atmospheric condlitions
we put it in a vacuum chamber (figure 15 ). The results of this
test are given in Table III and plotted on figure 14 ( Curve 2 ).

Comparing curve 1 and curve 2, we notice that in our
second test the water evaporates faster in the first hours than
in our first test, but that after I hours, the percentage of water
evagorated is about the same in ‘both tests. From then en} water
evaporated faster in our test under atmospheric condiyiéﬁggyIn our
svaporation test under vacuum it took about UR hours for our sample
of latex~carbon grains mixture to dry oub although it wés almost
jdenticel in volume to the sample used in our first test.( Tables I
and II ). One can _imagine thst in test number 2, the water
évaporated too fast at first so that the evaporation rate was higher
than the rate of diffusion of water to the surface of the samnle.

This situation probably caused the surface to dry out fast enough
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to resirain the diffusion of water to the surfaca: This in turn
caused - the evaporation rate to slow down more appreciably than
in test number 1.

FProm the results of our two evaporabtion tests,
we may conclude that it will be best to let our granular pressure
cells to be made, to dry out under atmospheric conditious.

%.13%.. Trisxial compression test on a Letol IX 457 = 2 cylinder.

L4

A4 cylindrical sample of Lotol LX 497 =2 was

1.

prepared in the same way, with the same mold as woe the cyll

of latex—carbon grains mixture prepared for the evaporation test
described in section 3.121. The dimensions of the cylinder of latex
were as follows ¢

Diameter ¢ OQ.48% inch.

Thickness: 0,179 inch.
It was put in the triaxial testing machine number 5 of the Soil
Mechanics laborstory ( FPigure 15 ) in ofﬁer to establish s stress-—
strain diagrsm for our latex in compression. In ordar to be able
to compare that stress—sirain curve with the ones on figure 9,
a lateral oressure of 30 pounds per souare inch was applied by‘means
of compressed air. The vertical pressure was applied by means of
waights put on the axial stressing shaft of/the testing machine,

The resulis of the test are given in Table IV

sné the stress-—strain curve fof our testkis given on figure 16,

on which the stress-strain curves for sand of figure 9 are also

given,
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Table IV Triaxial compression test onm a cylinder of latex.

P <, AL AL
In inch L
In pounds | In p.s.i. 10G0 In %
23 30.0 0.0 0.0
28 Ya.7 16.7 9.8
Material tested :
33 55. 4 33.5 19.7
Lotol LX g7 - 2.
38 68.1 50.8 29.7
43 80.8 61.0 35.9
bg 93.5 67.5 9.7
"3 106.2 73.0 L3.0

Lateral pressure : Q;: 30 pounds per square inch.
Dimensions of the cylinder : Diameter : 0.48% inch.

Thickpess: 0.17 inch

e

; vertical pressure in pounds per square inch.
: load applied in pcounds.

: changes in thickness in thousands of an inch.

b b
tr O

|

; elongation in per cent of the initial thickness Lo.

t-
@

Rate of loeding : 5 pounds every 10 minutes.
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For o vertical pressure of 50 pounds
per square inch, we see on figure 16 that the sample of loose
Fort Peck sand has undergone an elongation  of about 1.75 per
cent whereas Lotol LX G647 ~ 2 under the same load has undergone
an elongation of about 23 per cent hence, much more than sand
in a loose state, Undoubtedly, if the latex had been filling the
pores of the sample of Fort Peck sand, the elongation vnder
the vertical pressure aforementionned for the mixture would have
been very close to the one undergons by the sand alone,
the elongation for pure latex being much more important in
magnitudé than for sand. In conclusion, for & cylinder composed
of a granular mass enrobed with latex, the straining behavior of
the mixture in a loading test will be influenced predominently
by the straining behavior of the granular mass. However, this
conclusion is not true anymore in an unloading test. The mixture
of grains and latex will tend to resume its original shape under
Gecreasing loads provided it is elastic. 45 a granular mass does
not have much elasticlty, the degree of elasticity of the mixture
will depend mostly on the elastic properties of the latex.

Therafore, while loading a cylinder of carbon
grains mixed with latex, thse behaviorlof the mixture will be
conditioned by the straining behavior of the granular mass
whereas while unloading, the recovery ﬁill be conditioned ' by the
elastic behavior of the matrix material. This is precisely what

we want for our granular pressure cells.
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7,14, Preparstiorn of a granular vressure cell.

A mold was made oubt of sheet netal as shown in
Tigure 17. The triaxiszl testing machines used in the Soil lechanics
Laboratory have been designed to test cylincrical soil samples
1.25 inch in dismeter. This is why the inner diameter of the %old
has been chosen accordinely ( 1.2F inch ). The granulsr pressurs
cell produced by means of that mold was fitting the triaxizl testing
machines without having to modify them.

The set-un used in order to make the pressure cell
is slketched and described in figure 18. The stoppers which close
the end sections of the mold are provided with 0.12%8 inch in
diameter glass tudbing so that vecwwm cen be connected at one end of
the mold snd the liaquid latex jar at the other ( figures 17 & 18 ).
The stoppers are also provided with number 140 wire mesh
('nominal ovening : 0,004l inch or 0.098 millimeter ) to prevent
the carbon grains enclosed in the mold from escaping through the
glass tubing. Vacuum iz put at one end of the mold to help the latex
flowing through the mass of carbon grainsg in the mold and to try
to prevent alr vockets from beineg entrarmned in the granular
pressure cell prepsred,

The grains of carbon vwe retained for our experiment
were poured in the mold in successive layers about 1 inch thick,
each pouring operation beine followed by a compaction operation.

The compaction operations were not conducted in a standard manner

as i done in general in 301l Mechanics becsuse we expected
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Stopper.

Glass tubing.

Wire mesh.

Y

N

»

x 1/2"

yﬁeu thick shest metal

Figure 17 :

&

l“

-__:E Y,-20 Dvolts

As

®old used for making pressure cell number 1.
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%9 vacuunm pump

Three way valve

to control vacuum

¥igure 18 : Set-up used to f£ill the mold containing

carbon grains with liquid latex.
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the granular mess to be rearrsnged and compacted by the mere fact
of connecting vacuum st one end of the mold,which means tha% if

the vacuuwn is total, the granular mass would de subjected to s
vressure of about 15 pounds per square inch on its end sections.

As & matter of fact, once the mold was disconnected after the latex

cad that the carbon graims had been

=0

filling operation,we not

compactsd against the vacuum side section and that at the latex

inlet side, a cyliander sbout .25 inch thick of pure latex had

developed Tbeitween the stopper and the carbon granular mass,

although the stoppers were prsesss=d in tight sgainst the graiuns

vefore the mold was pul in place for the latex filling operation.
Pour hours after the filling opsrsbion had begun,

we noticed that the level of the latex in the jar was not moving

anyv mere. An indication that the latex had stopred flowing through

the mass of carbon grains, The operation was then discontinued.

The mold was left to dry for twenty four hours before sppubtting

electrodes on the end sections. According to the resnlts obtained

in the svaporation test, we thought 1% was safe to unmold

the granular pressure cell afier about § hours. &lthouzh our

pressure cell does not have the same dimensions as the sample used

in the eveporation %est, & rapid calculation shows that the volume

af our pressure cell is of about 2.3%5 cublc: inchss versus

O.HQ cubic inches for the saumple used in the evaporation test.

The total surface of our pressure cell is . about 11 square inches

versus 1.17 soquare inches for thie sample of the evaporation test.

Yence, the ratio of the volumes is about 4.7 whereas the ratio of
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the surfaces is sabout €.%. Therefore, even though we‘have more
water to evaporate in our pressure cell, we have 9.4 times more
surface for evaporation. Hence we can expsct our pressure cell

to dry at least as fast as the sample used in the svaporation test.
It is thus conservative to consider the pressure cell to be dry

at 90 per cent after 5 hours and completely dry after 2% hours

( According to Table IT.).

When the granular pressure cell was removed from
its mold, we noticed that the latex hald penetrated only to a.depth
of C.5 inch in the mass of carbon grains. &s no test on the viscosity
of our latex has been made, and the compaction of the carbon grains
in the mold was unknown, it was impossible to estimate what the loss
of head in the granular mass was and determine how far into the‘
granular mass the latex could have gone., It should not be forgotiten
that unfler vacuunm the evaporation was accelerated and that because
of this, the viscosity of the inflowinz latex was changing.

The dischargse of the latex into the granular mass was not measured,
making it difficult to estimate what the influence of the change
in viscosity of the iInflowing latex might have been on its depth
of penatration in the mold., Unless we find another method for
making pressure cells, megsurenents of the degree of compaction,

the viscosity of the latex and the change of viscosity with time
under vacuunm and the discharge of latex in a mold containing

a compacted mass of carben grains will have t0 be made in order to

be able to control the thickness of the granular pressure cells

tc be made.
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We took Woods metal in order to provide the

pressure cell with electrodes. The surfaces :of the end sections

of our pressure cell were rough to the order of the size of

the carbon grains used. The roughness of the surfaces was due to
the fact that they were nct bearing against the flatter surfaces

of the stoppers, at hoth ends of the wmold . Hence, in order to have
good contact between ﬁhe end surfaces of our pressure cell and

the electrodes, we needed to have an electrode metal which could

be applied to the pressure cell in a liquid form. Woods metal has
the advantage, in our case, of being liquid at s temperature of

the or&er of 76 degrees centigrade, which is low enough to
deteriorate neither the éarbonwgrains nor the latex matrix material.
One disadvantage of VWoods metal is that, because of surface tension,
it cannot be poured in small thicknesses. The thickness of our
electrodes’was of about 3/ginch. Also, it is, as all metals, rigid
at room temperature compared to the main body of our granular
pressure cell, It was noticed that the electrodes would not stick
too well to the granular mass. While turning over the pressure cell,
after having poured one of the elactrodes with its lead enrobed

in the eleetivode while pouring, ( Pigure I9.), the pressure cell
hit an object lying on the bench where the pouring operstion was
verformed and the slectrode fell off. This is probably due to

the fact that the weight of the electrode was enough (0 overcome

the adhesion betweén the end sectiohs of the pressure cell and

the surface of the elsctrode which was applied to it.



Yoode metal electrode

&y
S
SN
e,
=
R

Zlectrical

Mold used previously

to make the pressure celil

Granular pressure cell

Figure 19 : Zlectrode pouring operation.
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After the electrodes were poured, The pressure
cell was dipped in latex to provide an 211 around coating of about
Y,inch to help the electrodes stick on the pressure cell when not
submitted to compression. For this preliminary test, we were not
concerned too much with the deficiencies of the slectrodes pointed
out earlier because our granular prsssure cell number I was not
nade having in mind to use it for any other purpose than to .check
on the relationshiy sxisting vetween compressive pressure applied
to the end sections of the pressure cell and the electrical
resistance of the pressure cell.

However, what we learned in making pressure cell
£

number I will be helpful in further developments.

o

*

%.1%5. Coumpressibility tes

A compressibility test was run to check if any
air pockets were left in mressnre cell number I. It was put in

one of the triaxial testing machines of the Soll Mechanics
Taboratory ( Pigure 20.). The leads were connected to the Simpson
ohmeter model 250 number 67I8 M. found in room 05 of the Thomas
Engineering Laboratory building a% £.1.7. The pressure was applied
uniformly all around the prassure csll by means of compressed air.
The range of pressures spplied was from 0.0 to 40.0 pounds per
gsguare inch. The results of the compressibility test are gilven

in Table V. ¥o variations of electricsl resistance was observed,

meaning that the pressure cell was incompressible.
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Table ¥ ¢ Compressibility teset on pressure cell numberi.

T R
In p.s.i. In ohms
0 3.3
1 3.3
2 3.3
3 3.3
5 3.3
10 3.3
15 33
20 3.3
25 3.3

B 3 electrical resistance in ohms.
@ ; pressure applied to the pressure cell

in pounds per square inch.
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2.16. Compression tests on granular pressure cell number 1.

3.161. Testing set-up.

The triaxial testing machine containing
pressure cell number 1 was put in the loading system of figure 21
vhich is selfeexplefnatorys.

7,162, Compression tests.

Yo laterasl pressure was apvlied to the pressure

cell., Cnece the triaxial testing machine was in place, the zero of

Cu

the dial of the weighing scale was adjusted so that in our realinss
the welght of the testiung machine would not e included.
The load was applied by turning screw A in contact with the loading

shaft of the testing machine. The load was read off the dial of

the weighing scale. To have the pressure applied per unit area,

it sufficed to divide the load read %y the area of the cross—
section of the pressure cell.

Tour tests were conducted. Test number 4
included also an unloading test. The results of these tesis are

given in Table VI and are presented on figure 22,






Table VI ¢ Compression tests on granular pressure cell number 1.

Test number 1. - Test number 2.
<, R a, R
In p.s8.i. In ohms In p.8.1i. In ohms
0.0 1.3 0.0 1.3
0.65 1.0 0.65 1.0
1.3 0.7% 1.3 0.7%
2.6 0.6 2.3 0.6
6.17 0.5 3.25 0.5
10.7 0.4 13.0 0.3
45,0 0.3 45.0 0.25

Dimensions of pressure cell number 1 : Diameter : 1.25 inch.
Thickness: 0.5 inch.

R ; electrical resistence of the pressurs cell in ohms.

q;a vertical pressure aprlied in pounds per square inch.

Electrical current passing through the pressure cell :

-5
5.10 amperes.
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Table VI : Compression tests on granular pressure cell number 1

( Continued ).

Test rnumber 3 Test number 4 Test number U
( Loading ) (_Unloading )

q, R q R qa, R
In p.s.i. In ohms Inp.s.i. In ohms In p.s.i. In ohms
0.0 1.3 0.0 1.3 39 0.24
0.52 1.0 0.52 1.0 30.5 0.25
0.97 0.75 0.78 0.75 20.0 0.3
1.82 0.6 1.82 0.6 g.4 0.b
2.72 0.5 2.46 0.5 4.9 0.5
b.2 0.4 7.6 0.4 3.2% 0.6
9.2 0.3 5.8 0.3 1.17 0.75
18.8 0.25 10.5 0.25 0.0 1.0
29.0 0.24 20.0 0.24

The symbols are as defined on page 57.
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%.17. Discussion of the compression tests on pressure cell number L.

%.171. Hlectrical section.

7.1711, Testing set-upn.

The ohmeter used in our tests,although in good

Q

perating condition had the éisadvantage that its gzero drifted with
time so that i1t had to be corrected constently. At some times a drift
of as much aé 0.5 ohms read on the scale of the ohmeter occurred, This
is quite apprecisble unless we read an electrical resistance of about
50 ohms, in which case a drift of 0.% ohms represents an error of

1 ner cent in reading. However, if we consider the curves of figure
22 and we have to read the vertical pressure off one of these curves
in the neighborhood of 10 pounds per square inch, an error of 0.5
ohms may correspond to an error in reading the pressure of 0.5 pounds
rer scuare inch or a nonenegligible F per cent of the nominal value
of pressure to be read.'?herefore‘ the use of a Wheatstone bridge is
recommended for future testing., It is s plece of apparatus generally

small and medium resistances { 18 ).

s

used for the measurment o

%,1712. Electrical resistance.

The low elsctrical resistance of the pressure cell
made it very 2ifficult to mske accurate readings on the ohmeter used.
It will he nécessary to investigates thé possibilities of increasing
the value of the electrical resistance of the granular pressure cells

to be bullt in the future, under no vertical load applied,
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80 a8 to enable us to establish calibration curves for such

pressure cells Iin a range from about I00 to 10 ohms let us sav,

{4
=y
-
o
B
bl
£
+
O
L
)

about thirty pounds

W

for vertical pressures applied
ser square inch.

In the incompressibility test, we found an
electrical resistance, for pressure cell number I, of 3.7%0 olms
which is oguite different from the value of 1.7%0 ohms found in our
compression tests.  This is due to the fact that in the compression
tests made, the granular pressure cell was at 21l times subjscted
to the load of the loading shaft of the triaxial testing machine,

50 that actually, to the figures for prsssurs in TahbleVI, we ought

to add the pressure due to tha weight of the loading shaft of

fuie
g
[x3
(6]
2]

the testing machine. This correction was not made on the i
of PableVI because,as alresdy mentioned, the purpose of this series
of four tests was only sualitative and not cusntitative.

7,172, Stress and strain section.

Tmfortunately, no recording was made of the strains
nnder load which cconrred in the granulsr pressure cell,

In the higher range of loads, from 10 to about 40 pounds

b
O

1 SOUATS
inch, we had to adjust the loading screw continunously so as to ksep
the load applied Lo the pressure cell constant.

However, 1t was observed that the variabtions
in load applied from the value decided wupon were the largest in
the very first minutes after the load was spplied, that those

voariationg were of the order of 0.7 per cent of the load applied,

end that these variztions wers Decoming smallser from one full

Lel
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loading test to another. Those variations indicate that the

preseure cell was not behaving =lsstically under load bunt that after
an =28 yvet undetermined number of loading tests, one may expect

a pressure cell to behave elastically. This will have to be checked
in further testing.

“The nonelsastic behavior of pressure cell number 1
can be attributed to two reasons @

1. There is plastic flow of the latex.

2, When a mass of sand is subjected to a load, most of
the deformation takes place almost instantaneously, but
not all of it ( 3 ).

Maure 10.U4 page 217 of reference 3 is a time
curve for a typical load increment on sand. On that figure one can
see that after 6 minutes, about 9% per cent of the compression
has taken place. It is stated in reference 3, pages 216 and 217 :

t After an increment of load has been applied, there is not

- s uniform and smooth rearrangement of grains from initial
to final positions, but a successive irregular, localized
building up snd breaking down of stresses in graln groups.
4 continuous rearrangement of particles that are pressed
tightly together and rolling on ,each other at one instant
may in the next instant undergo a sudden jump in position
relative to each other. The time lag in reaching the final
state is called the frictional lag."

In view of the kind of carbon grains we used in

our granular pressure cell number 1, ve may expect frictional lag

to occur while loading the pressure cell.
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2.173. Stress ~ alectrical resistance relationship.

As can be seen on figure 22, the tests conducted
on pressure c¢ell number 1 show a definite relationship between
the vertical pressure applied and the electrical resistance R
of the granular pressure cell. This was what we wanted to check.
On figure 23, we plotted the law 3

X = ¢ | (2)

where ¥ is electrical resistance, X is vertical pressure and C is
a constant. The plot was made for a value of ¢ egqual to 0.531.
The expérimental points obtained with test number I agree very
well with the theoretical curve except,of course,vhen X tends
towards zero. Y becomes infinite whereas the electrical resistance
of granular pressure cell number 1 has a finite value of 1.7 ohms
for a minimum pressure applied corresponding to the one due io
the loading shaft of the testing machine.

In the case of a Blake transmitier, it was found
that the relationship between pressure and electrical resiétance
- was of the fo:m :
X=¢ { See section 2.2.)
As can be seen on figure 23, the function corresponding to
equation 2 agrees closely with the experimental points in the range
of vertical éressures froﬁ 0.1 to 40 pounds per sguare inch. It is
not stated in refgrence‘9~in what rangevof pressurss applied to
the end sections of a Blake transmitter, the relationship between
electrical resistance and pressure applied is governed by equation 1

of section 2.2.
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Neithsr is it stated what the characteristice of the carbon grains
~arey grain size, roughness, shape. Undoubtedly these factors will
have influence on the variations of slectrical resistance with
pressure applied on the end sections of a cylindrical‘mass of
carbon grains. It therefore cannot be explained with certainty why
we d1d not find agreement between our own experiments and equation 1.
We have also to mention that because of
the shorfcomings of the set-up used in our tests as described in
the previous sections, the errors in reading were important,
It was not actually possible to read the ohmeter with more than
0.1 ohm accuracy. Accepting that fact, we drew on figure 24 the
fﬁnctions :

T'X = 0.3%1 (3.)

and 2
¥X= 1.8 ( 4.)

For each experimental point, we indicated by a.vertical line

the width of a zone due to inaccuracies iﬁ reading the ohmeter.
FTigure 24 indicates that both functions 3 and U4 are in agreement
with our experiments.

3.174. Temperature effects and variations of surface contacts.

Figure 22 shows that the four compression tests
conducted on preSSufe cell numberl gave results which cannot be
plotted on & unigque curve. Once again because of the shortcomings
in the testing sét—up, it is impossible‘to say whether the five
curves on figure 22 are due to errors in reading or to some other

cause suggested in the following lines.
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2,1741. Internal temperature effects.

The heating up of the pressure cell because of
the value of the current passing through while ﬁesting could
influence the value of the electrical resistance of the pressure
cell. On the scale of the ohmeter we used, it is specified that
the internal resistance of the meter is of 20,000 ohms per volt.

If our pressure cell is connected to the ohmeter, from the formula:

I=l (5.)

where I is current in amperes, V is voltage in volts and R is
electrical resistance in ohms, we find that the current I flowing

through our pressure cell is about :
I= 1
20.000

-5
= .10 amperes (6.)

To arrive 2t this valne of the electrical current, we neglected
the value of the electrical resistance of the wiring, the connecticns
in our circuit and our pressure cell. All these resistances are
very small compared to the internal electrical resistance of
the ohmeter.

The energy to dissipate due to the current passing
through our pressure cell is given by the formula :

W=RI (7

where W isrenergy in watts per second.
In our case, we have

) -10 -k
W = 40,000. 25. 10 = 10 watts ( 8.)

-y
One calory per second equals 314 watts per second. Hence, 10 watts

correspond to 3.1. 10 calories per second. This is an amount of
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heat that can easily be dissipated by our granular pressure cell
without any increase of its internal temperature when one knows
that the heat conductivity of carbon is of 1. Idacalories nar
second and souare centimeter. For rubber, the heat conductivity

is ¢ L.5, 11§¢ calories per-second and square centimeter. Also,

the specific heats for carbon and rubber respectively are:

0.12 calories per gram at 20 degrees centigrade and 0.4%539 calories

per gram at 27 degrees centigrade.( I7 )

3.1742, Variations in surface contact between grains.

Variations in total surface contact for the entire
pressure cell from one test to another can explain the differences
in reading of electiricsal resistence for pressure cell number 1
from one test to another. fven if the current flo%ing thréugh
the pressure cell is low, where there is point contact the surface
resistance is high. In the grains themselves, the lines of current
will concentrate in the points, and we will have high deusities of
current in the points and perhaps more or less high temperatures
which will help to burn the points so as to eliminate them by
combustion. The surface of contact will be increased and the'
electrical resistance of the pressure cell, which depends only on
surface contact resistance, will decrease.

In view of what hass been observed and discussed
in this section, We will have to &etermine in further testing
whether or not if is poseible to obtain 2 unigue calibration curve,

for the granular pressure cells we are about to make, after a

certain number of loading tesis.



‘70~

%,18. {Conclusions.

In future testing ve will have to =adont
a constant stress rather than a constant strain systenm.

We will use s Wheatstone bridge instead of an
ohmeter to record the electrical resistance of pressure cells
under test more accurately.

A disl gesure will be adapted to the testing
set-up in order to record the strains oceurring in the pressure
cells tested,

We will have to determine how long it takes for
a pressure cell to reach & state of equilibrium under a given load
and give a constant reading of electrical resistence,

As soon as less angular carbon grains 28 the onss
we used to meske pressure c¢ell number 1 c¢an be obtainedy we will
meke a granular pressure cell with such grains, It is obvious that

in such a pressure cell, the effescts described in the previous
hov rounded the carbon grains will be.

TMtimately, it is suggested that in further
research projects related to this one, spherical carbon grains

be used to make a granular pressure cell,
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w2 a Control of the nominal valus of the electrical resistance

<

of a granular pressure cell.

2,2.1. Introduction.

Before making sny other pressure cells it was
decided to find omnt Ffirst how to control the nominal value of
the slectrical rasistance of 2 granular pressure cell., That is,
how to make avpressure cell whose electrical resistance would be
high snough nnder no load so that the calibretion curve for that
pressure cell would lie in 2 range of electrical resistsnces such
as %o 2llow sasy and reliable reading.

A zood way of increasing the electrical resistance

v

of a granular pressure cell is by zizing sand with the cerbon gralus.

If one takes pure sand, that is to sav 2 sand mainly composed of
grains of guasrtz, one mayv expect for such grains an electrical

-1
resistivity of the order of 10 ohms-centimster { 17 ) at 20 degrees

5l

centigrade, whereas for carbon we can expect 2 resistivity of

about 3.5 .10 ohms-centimeter. It is obvicus that those figures
for a defined mass of grains will be higher because the influencing

N

factor in such a case will be the surface contact between grains

and not the internal resistance for esch grain. It is also obvious
that only after a non-negligible anmount of carbon grains has Dbeen
added 10 a definite mese of sand that the slectricasl resistance of

that mess of sand grainsg will dror to a much lower value than for

the pure sand mass. As longz as the greins of carbon remein iscolated

ey

from each other, the elscirical re SiStFﬂCE of the mixture of
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cazrbon and sand grains will remain the same as for an identical

{3

mass of sand grsins only.

7.22. EBxperiments.

A rectangular cardboard bex was used in our
experiments., Its dimensions were as follows !

Length

W

5% millimeters.

Width

1

74 millimeters. ( Figure : 25.)
Height = 7 millimeters.

An aluminum electrode was fitted on each end section of the box.

The box was then filled with various mixtures of carbon and sand

grains and the electrical resistance of the system was measured

by means of the ohmeter mentioned in section 3.15.

The carbon grains used for these experiments were taken from

the mass of grains prepared as described in section 3.11; ( grains

vassing through sieve number 20 and retained on sisve number 40.)

The sand grains used were Ottawa sand ¢ - I0§ from the Soil

Mechanics Laboratory. That sand was sieved in the same sieve series

as were the carbon grains and the grains retained were again

the ones passing ﬁhrough sieve numbsr 20 and not passing through

sieve number 40. Table VII is a presentation of the results obtained

in this experiment. The results of Table VI have heen represented

on figure 26.



Aluninum electrodes

Dimensions of the box : length : L

i}

53 millimeters .

width = 34 millimeters

4
i

i}

height ¢ & 7 willimeters

Tigure 25 : Box used for a test on the influence of
the concentration in sand in a sand-carbon
graing mixture, on the elsctrical rssistance

of the mizture.



. L

Table VII ¢ Influence of variable quantities of sand, mixed with
carhon grains, on the electrical resistance

of a constant volume of the mixture.

Yolume of sand Tolums of carbon grains Hlectrical resistance
In per ceunt of in per cent of B
the total volume | the total volume In ohms.
of the amizturs. of the mizture
0.0 100 160
10 90 180
20 &0 220
20 70 380
4o 60 550
50 50 3,000
Total volume of granular material used : 20 cublc centimeters.

Timensions of that volume : the same as for the box describved

on figure 25.
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%.2%, Discussion of the results.

¥rom figure 26 we see that a mixture of carbon
and sand grains containing 30 per cent in volume of sand grains
gives a reading of electrical resistance twice as high as for
the same volume of carbon grains only. Also that it would be
unpractical to use mixtures with more than 40 per cent in volume
of sand unless one can measure very accurately the guantity of
sand and carbon grains to be mixed. As will be seen later in this
report, we will use ocuantities of sbout 0.2 to 0.5 grams of carbon
graine as described in section 3,11 or of carbon grains mixed with
sand grains of the same size to make granular pressure cells,
If we make an error of 10 per cent in welghing the amount of sand
to be used, we see from Ffigure 26 that if the percentaze of sand
in our test hox pagses from 4o per cent to 45 per cent, we can
expect the electrical resistance of the granular mass in the box
to pass from 580 ohms to about 950 ohms. This is an increase in
electrical resistance of 60 per cent, Assuming we use sbout
0.5 grams of granular raterial to make a pressure cell and

assuming that carbon and sand have the same density (17 ),

U0 per cent of sand in weight is about

'. 0.5 . 40 = 0.2 grams. {9.)
66

And an §ncrease in the proportion of sand to be used from 4o to
% per cent in weight represents an error in weighing of only :

0.5 . 5§ = 0.025 graus. ( 10 )

.

100

We see also that 20 c.c. of carbon greins pub
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in our box give fdr the euseuble an elechtrical resistance of
160 ohme whersas for our pressurs cell numbsr 1 we obtained,
under no load, an elecirical resistance of 3.3 chus,

Mis difference is due to twe Tactors

1) A difference in shape and dimensions between the two granular

masses. Gur pressure cell the following dimensions 3

(12

hetwesn

o is resistiviity in ohums—centimeters,We find for our pressare cell:

wrm ¥y # - ¢ ] s # %
po= 3.3 .0 W \3.17) 21.¢ ohms—centinmeter. {17
P YA k
1.2 .4
if our granular pressure cell had been similar to our hox, ve
would bave found an electrical resistance under no losd of :
T = 21.8 . 0,7 = 48,5 ohms, (14 )
S S
. 0.7

or zbout 14 times more tham for pressure cell number 1.

& difference in degree of compachion. The grains in owr box

V]
L

m

were loosely placed and not compacted. We have ssen in the
introduction ( Section .2 ) thet a pressurs of 0.04 pounds per
seuare iluch cen give a reading of electirical resistance 10 times
lover then no load at all,

'

it seems ressonnable for model testing

Jq
ot
[w)}
o
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=

-

. granular wressure csll
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0.5 inch in diameter and 0.25 inch in thickness. Such a granular
pressure cell, if one expects it to have the came resistivity as
cressure cell numberl (21.% ohms—centimeter.), would have under

no loasd and if made without sand being mixed with the .carvbon grains
en electrical resistanée of

R=0oL =21.80.63 . 4 =10.9 ohms. ( 15.)
S (T.27)3.14

This value for electrical resistance might well be much higher
derending on the degree of compaction of the grains of carbon
attained while making the pressure cell.

%,3. Preparation of granular pressure cell number 2.

2.%1. Holding set-up.

As the method we used to make pressure cell
number 1 is not the only one by which to make pressure cells,
we thought of using another one reguiring less equipment and which
might prove to be more flexible and simpler for mess production @
the one used to make the cylindrical sample of carbon grains mixed
with latex used in the evaporation test ( Figure 12 ; ssction 3,12 )
This set-up is more flexible in the sense that it is wmuch easier
and faster to make =a large variety of molds as the one of figure 12,
to make pressure cells of various dimensions, than molds of the type
described by figure 17; especially for pressurs cells of small
dismeter ( About 0.5 inch or even less,). The mold of figure 17
is not as simple in its constitution as the one of figure 12. Also,

the mold of figure 12 does not need to be adspted for the production
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of nressure cells of varying thicknesses. When using the mold of
figure 12, the thickness of a granulsr pressure cell will depend
only on the amount of granular material and matriz material used.
Cnce these have been poured into the mold, it suffices to press
down the piston more or less depending on the amount of granular
material used. In the csse of the mold described by Ffigure 17,
it might be more difficult to adjust the stoppersvto Press
the granular material in the mold at a desired degree of compaction.
4lso, by using the previously described molding procedure ( Section
%.12.), one does not need to carry out the preliminary studies
mentioned in section 3.1E which have to be made if the procedure
used in meking pressure cell number I is employed. Horeover,
the mold of figure 12 can be used with any kind of polymer resin
vwhereas the mold of figure 17 cannot. Polymers are expensive and
highly viscous, so that the set—up of figure 21 would be inadecuabe.
There would be too much waste of polyvmer in tﬁe tubing counected
to the aspiration end of the wmold and besides, because of ifts high
viscosity, the polymer might not vpenetrate the mold to an spprecliable
extent if at sll.

Using the mold of figure 12 to make pressure cells,

fme]

the procedurs for meking them will be exactily ss explained in
section 3.12. The tinming for the wvarious steps in the vrocess of
Gemolding and letting the pressure cells dry will be based on

the results given by the evaporation test. In order to try to avoid
having air pockets left in the pressure cells to be made, once the

latex and the carbon grains have been poured in the meold,it will be



placed in a triaxial testing machine and a vaccum applied ( Figure

]

27.). The piston is then lowered into the mold slowly until it is
stopred by the presence of the mass of carbon grains which will
have heen presssd dovn into the latex and comnacted at the same
time. Then the vacuwum is cut off and the granular pressure cell

is left to dry. Relying on the information given in tadle II,

i

he mold is removed from the the triaxisl testing machine and the

vottom plate is removed after !

l hours. The pressure cell is extrudsd
after six hours and after 29 hours the pressure cell is ready to

receive its electrodes.

7

1

ot

2. Choice of elecirods materis

Lt

[y

i

Zor the reasons glven in sectbion 3.14, Woods metal

has been discarded. One criterion in the choice of an electrods
meterial is that the resistivity of such & meterisl must be low
compared to that of the granular pressure csll to which it has to be
applied, Also it has to have nechanical properties such that it is
not brittle nor rigid. For economical reasons it is preferable that

Y

the electrode material be non-expensive. Chemically ithad better be
non=~corrosiva. So far, in the order of increasing resistivity, ve
have the choice between copper ( 1.7 10 ohms—centimeter ), aluminum
( 2.8 10 ohms—centimeter ), brass ( 7 10 ohms—centimetsr ) and
iron { 10 ochms—centimeter ) ( 17 ). Copper and brass have to de

2liminated from onr choice. It is stated in refersnce 15

" Copper either in the form of the metal, the oxides, or the
soluble salts has a Gecidedly injurious action upon rubder.
It has Deen proved that exceedingly small guantities of covver
or its salts, mnch smaller than was originally supposed, have
the power to cause the decsy of rubber goods.®
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Aluminum foil 0.001 inch thick vroduced by Alcaa:Aluminum Jo., was
tried but was found to deteriorate by heavy oxifation ané perforation
from the part of the carbon grains in contact with the elsctrodes
after 2 few loading tests, We then tried iron wool. Iron wool has
several advantages : it is very flexibls, hence will adapt very easily
to the end surfaces of the granular pressurse cells. Recanse of its
fibrous structure, it is very easy to make electrodes with their
leads in one pilece ( Figure 28 ). Also, the fibrous structursd
electrodes can easily be soaked in with latex and then pressed down
against the end sections of the pressure cell. The latex will be

the bonding material between the electrode's fibres and the granular
pressure cell. The contact between the electrodes andvthe rressure
cell will thus not be altered with time and whern the pressure cell
‘will have been submitted to repeated loadings and unloadings.

A sample of an iron wool electrode was prepared

in order to determine its electrical resistance ( Figure 29 ). It was
molded by hand to a disc shape with two leads diametrically opposed.
It was soaked in latex except for the leads, and pressed in between
two one inch sguare aluminum plates. Once the mixture iron wool-latex
was dry, it wass cut with a pair of scissors to the shape of a
circuler dise ( Pigure 30 ). The dimensions of the electrode were
about diameter = C.F inch.

thickness= 1/32 inch.
The two leads were connected to a Wheatstone bridge which will be
described later in this report. We found an electrical resistance

for the electrode of 0.1 ohm. This is quite a low value of electrical
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resistance compared to the values we will have for the granular
pressure cells %o be prepared in the future hy the method described
in section 3.31,

2.33. Experimental set-up used to test granular pressure cell

number 2,
The trizzial compression testing machine used
to test pressure cell number 1 was transformed in order to be alle
to use it for pressure cell calibration purposes as shown in
figure 31. The transformations made consisted in the plexiglass
rode 4 and B used to extend the loafing shaft of the triaxial

testing machine ( Rod A : diameter = 1 inch ; length = 3.2F inch.

i

Rod R ¢ dlameter = 1 inch ; length = 2.25 inch.) and to bring

it

the bass of that same machine to a higher level. These extensions
had to be made because the triaxial testing machines used in
the‘Soil Mechanics laboratory were designed to test cylindrieal
soil samples which would be about 1 to 2 inch long whereas our
pressure cell number 2 is only about 0.5 inch thick.

A Vheatstone bridge was ussd tc measure the
electrical resistance of pressure cell number. 2 under load ( Figure
32 ). The equipment used in thé Wheatstone bridge is listed in
Table VIII. The letters in between parentheses correspond to
the ones used in figure 72 so as to show where each piece of
equipment was used in the bridge. A dial gauge model C 81F of the
Taderal Product Co., was mounted on the triaxial testing machine
in order to record the axial strains under load for the pressure

cell. Mhis will enable us to establish stress—strain disgrams for
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Figure 31 : Testing set-up used to establish calibration curves
for granular pressura cells in the range of vertical

pressures from § to 18.2 pounds per square inch.
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: Galvanometer number: 77IUAD
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Decade box number: 13289

121R8

Tecade box number:

e
v

Dacade box number: 12359
Voltage divider

Power supply.

Granular pressure cell.

General Radio Co.
Cambridge, lass.
General Radioc lo.

Cambridge, Hass.

General Radio Co.

oy

Cambridge, Mams.
GHome made.

Leede & Horthrup

Wheatstone bridge used to measure the electrical

resistance of granular pressure cells.
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Table VIIT ¢ IList of the instruments used in the Wheatstone bridge
of figure 32.
A ¢ Decade box number 13289 ; General Radic Co.
Totzal resistance ¢ 11,110 ohms

( 17 1000, 10 100, 10 10, 101 )

B : Decade box number 12188 ; Zenaeral Radfie To.
Total resistance ¢ 1,111 ohme,
( 10 100, 10 10, 101, 10 C.1 )

¢ : Decade box number 1237G ; Ceneral Radio Co.

Total resistance ¢ 111 chme.

(1512, 161, 10 0.1 )
D : Toltage divider : home made ; 20,000 ohms = Y watts,
3 3 Galvanometer nmumber 771460 ; Leeds & Northrup.
’

¥ : Battery ; Rehat type EH 21 -~ © ; RHsading Batteries Inc.

Characteristice ¢ & volts, G0 amperss.

%, B,C,D werse borrowed from room 110 Thomas, C.1.7.
¥ was borrowed from voom 0lQ Thomas, C.I.T.

2 was borrovwed from E.Z. stock-room, Spalding, C.I.7.
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granular pressure cells which will be compared t¢ the stress-strain
curves of figure 9.

Using the same lettering as on figure 32 for the
resistances used in our Wheatstone bridge, we nave that the electrical
resistance to be measured X is equal to :

.C ( 16)

w o

and that the best accuracy in measuring the elescirical resistance

X is obtained by making 1 (18 ).

é:
A

It is alsoc advisable to use‘& value of electrical current as low as
possible so as to minimize heat generation by Joule Effect.

The maximum value of electrical resistance we could use for A and B
with the decade boxes we used was of 1,110 ohms. Assuming that

the lowest value of electrical resistence for the pressure cell under
load will be of 10 ohms, we will have an electirical current in our
Wheatstone bridge given by the formula @

I= (17)

2o B

wvhere V is voltage in volts, R is electrical resistence ir ohms

and I is electrical current in amperes. In our case, .

1= 6 = 0.00536 ampere (18)
1,110+10

Iet us assume : 1) Thal our pressure cell is & section of carbon
taken out of a rod of infinite length.
2) Because of the electrical current flowing
through our pressure cell,’that it is composed

of sources of heat uniformly distributed
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throughout its v&lume.
%) That we know the i{emperature at the lateral
surface of the pressure cell,
In that case, the teuperature on the centerline of the pressure

cell will be given by the formula (19) :
T-—‘-T'—'Qra’ (19)

where T. 1s the temperature at the center-line in degrees centigrade,
?n is the temperature at the lateral surface in degrees centigrade,

g is the heat generated in calories gper cubic centimeters per second,
r is radivs in centimeters and k is heat conductivity in calories

per centimeter per second and per degree centigrade.

In our case : r = 1.27 cnm.
k = 0.01 cal.cam.secs G (20 )
-1
and g = 0.238 EE? cal.sec. (21 )
nr*

where p is reslistivity in ohms—centimeter, I is electrical current
in amperes,( 17 and 19 J.
Putting the values 20 ané eguation 21 in equation

16, we Tind :

2
- M= 0.278 pl (22 )
maw R Q.0

4ssunming an elecirical resistance under load of ninimum 10 ohms
for pressure cell nupmber 2 and knowing that its diameter is the same

as its thickness or 0,5 inch ( 1.27 em. ), we find,using equation 12:

-
na

e

p

p = 10 ohms—cemtimeter

Putting the values 18 and 23 in egustion 22, we find :



" % ")‘" of (U
ﬁmax«-‘ i."n = 9:”‘: o 1@ O { 24 4
This result shove that the temperaturs distribution in

the pressure cell can be expected to Ye uniform when it is

subjected to the current of 0.005%6 auperes flowing through it.
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Ynoving the iing still

air, we can now Tind the tempersturs Tq by means of the formula {19}
T - e a1 2 T -
.LR ) e & B LTS VoD g

a3

vhere T is temperature of the air surrounding the pressure cell
in degrees centigrade, 4 is the dismeter of the pressure csll in
centimeters and o is Newton's cosfficient or coofficizut of

external conductivity in calories per hour,per souare centimster

and degree cenitigrede. Reference 19 gives some values for Newion's

o= 0,3 for still air-metal contzct. { 26 )

L5 o

In our rough calculations we may use that value., We will Find
& o/

- -~ 0, Is e
o~ T 0.0532 "C. {273
3}

Hence from the relations 24 and 27 we can expect that, for the value

i

of electricel current which will be flowing through the pressure
celly, the heat produced by Joule Effect will be dissipated without
having the pressure cell heating up.

Although the resulits 24 and 27 apply only t9 the

finitely long conductor, they can be considered as
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Table IX 3

~-8F..

Incompressibllity test on pressure cell number 2.

Loading Unloading

Pressure @ Zlectrical Pressure @ Electrical
In pounds per resistance R | In pounds per resistance R
square inch. In ohms. sguare inch. Iin chums.

C.0 4.5 35 3.7

5 w7 30 34.8

10 .7 25 3.7

15 7.3 20 .9

20 L3 15 35.0

25 .6 10 3.9

30 h.6 5 4.9

35 .7 0.0 3.8

Room temperature throughout the test
&

s BO F.

Rate of loading : 1 pound per saguare inch per minute.

Average value of the electrical rasistance read : 4.7 chms.
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.ﬁ._*#_@é’::’ig?

Ieads
to the Wheatstone
Thermomster
bridge
4
q 9. A4 4
Plastic
Water Yater
bag
Outer Pressure cell
container
Inner container
L J

Figure %5 : Set-up used %o determine the temperature -
electrical resistance ralationship for

pressure cell number 2.
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l Thermometers

L

9 / S? 4
Vol
|
Cuter i Wiater Yater
contalner Inner i Cortainer
- | J
Wm%mnm@,m

ire 36

Wﬂﬂmmﬁn%rmmm

%_

Set-up used to determine the temperature distribution
in the inner contaianser when hot walter is poured in

the outer contalner.
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Table X § Temperature distribution in the inmer container due to

the pouring of bolling water in the outer contalner, ai

time ¢ = O,
Time Temperature recorded by
elapsed thermometers number 1, 2 and 3
b in degress C.
in minutes 1 2 3
0 22.5 22 o2l
i 28.9 28.9 28.7
6 35.8 35.8 36
8 30,4 39,4 1o
10 ig h5 uh
13 47.3 u7.3 ug
20 gL Lg.b Lo
25 kg Lg Lg.2
30 149 Lg L
Lo hg Lo 49.3
53 48 ug u6.2
1 46 bs b3.8
75 35.8 36.7 36.6
50 32 32 31.9
120 28.9 28.9 29
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Table %I & Variations of the slectrical resistance of

pressure cell number 2 with temperature.

Room temperature : 26.5 °%. $ : time elapsed in hours and
minutes.
B : electrical resisbance in ochms.

T : temperature recorded in degress

centigrads.
% T R
fiours Hinutes in °C, in chms
0 0.° 25.5 35,1
0 0.8 71,3 4o
0 1 31.8 40.8
0 1.5 32.1 L2
0 2 2.4 g5
0 2.5 32.9 435
0 3 73,2 B3
o I 33.5 4k .9
o 5 33.7 bs. 1
0 3 3 45,6
0 7 3.2 b5.9
0 g k.5 45.9
0 9 3,65 b5.9
0 12 4,65 U5.9
0 13 4.5 us. 7
0 1 3,6 ug .6
0 15 b, 6 bs b




PTable XI : Continued.

t T 8

Hours  Minutes in °C. in ohms
0 16 34 .85 b5 .3
0 17 3L B8 u5.2
0 18 .5 Ly
0 19 3.3 bl g
0 20 .3 uh 7
0 21 3.3 Lh, 6
0 2z W, 2 by, 2
0 2 .1 b1
0 25 24,1 L
0 26 3.1 439
0 27 34 43,7
0 28 33.9 b3.5
0 30 3%.8 u3Y
0 13 33.6 b2.9
0 35 234 lig.5

.0 38 33.3 b2.3
0 b1 33,1 2.1
0 Ls 32.7 41.4
0 bg 32.5 h1.3
v 51 32.3 41
0 sl 32 40.7
0 §7 71.9 Lol
1 00 71,5 39.9




Table XI : continued.

=}ile

¢ iy R
Hours Minutes in °¢ in ohms
1 L2 30.2 379
1 52 29.6 37.3
2 12 28 6.1
2 27 a1. M7
2 L2 25 23.8
3 2h 24.8 32
L 02 2L 30.5
Y Lo 23.3% 30
5 22 22.7 29.%
g 02 20.9 27.
11 e 20.7% 27.6
12 17 19. 27 .4
13 17 16.2 26.%
1% 27 15.8 26.2
13 5Y 4.3 25.5
14 18 12.4 25.1
15 19 8.6 2L
16 22 8.4 23.7
17 52 12.3 2h.2
18 50 13.9 24.6
19 08 b 2h.g
20 u7 16.3 25.6
21 50 17.1 26




11

s continued,

~112.-

% T 5

Bonrs Hinutes in %, in ohms
2% 02 17.8 26.2
23 b 7.9 26.3
24 18 18.2 26.4
24 Ly 18.5 26.6
25 27 19 26.8
26 14 15.4 27
28 15 13.8 27.2
32 30 20.9 2%
32 37 21.4 28.7
2% 01 p2.€ 2¢.1
13 bs 25 R 1.7
Th 21 25.1 314
4 La o4 .5 0.9
35 ug 23,7 30.1
36 38 2%3.2 29.7
37 18 22.9 29.%
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n 2
| o
i Aluminum loading }
]
‘ : plate\\ T i 9
: o !
| S| X 1
i v, i %
9@ Bragss slides —- — ‘
1
Ul Ll L%

Front view

4 21" A\

Bakelite base plats

;
6 % E{} 215"

Top view

Pigure 39 : Testing equipment used to establish
the calibration curve for granular pressure cells
in the range of pressures from zero to 4 pounde per

gquare inch applied vertically.
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rlate 2 inches apart. These rode will serve as guides For the

-

aluminum losding plate ( Figure 39 ). The Wheatstone bridge descrile

in section 7.7 was used to ressure the electrical resistance of
the pressure cell,
4,2, Testing precedure.

With both set-uns, the loading was performed by

putting weights on either the losding shaft in the case of the

"

trisxial tessting machine, or the loading plate in the case of

the seteup described in figure 39. & set of two pound welghts was

found in the Sc¢il Mechanics laboratory and used in our tests,

3

he area of the end sections of the pressure cell
number ¥ was of

ﬂff; 0.78% inch . { 4z )

Hence a load of two pounds on the loading shaft
of the testing machine will correspond to a vertical pressure
arnlied on the end sections of the pressure cell of sbout 2.5%
pounds per scuare inch. So that the vertical pressures applied
in the case of the tests conducted in the triaxial testing machine
were, in pounds per square inch ¢
5s 7.55; 10.10; 12.6%; 1K.20.

During the first loading test, it was noticed

w

that a threse hour interval between esch loading was needed for
the pressure cell to arrive at a state of equilibrium under constant
load epplied and give a constant reading of electrical resistance,

This behavior could be explained by consifering 1t

to be due to frictional lag ac zentioned in section 7.172. Alsc to

b
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Table XIII : Triaxial compression tests on pressure cell number 3.

Test number 1

loading | AAP Unloading
Vertical pressure|Electrical | Vertical Electrical | Vertical
in pounds per resistance |strains resistance | strains
square inch in ohms in inch:lé’ in ohms in 1nchﬂgl
5 25.1 0.0 17 3.8
7-55 16.1 2.6 7.2 5.1
10.1 10.6 Ly 5.1 5.9
12.65% 8.5 4.5 R.9 6.3
15.2 5.9 £.3
Test number 2
5 1 3.8 11.3 3.8
7.55 9.3 4 8.7 .7
10.1 g.9 b2 7.4 5.5
12.65 g.1 L.8 7.2 5.8
15.2 7.2 5.8 "
Test number 2
5 11.3 3 13.8 3.4
7.5% 11.5 2.1 10.2 L.y
10.1 10.6 2,7 8.7 5.1
12.55 9.7 LY 8.6 5.3
15.2 8.6 5.3 |

lateral pressure applied ¢ G;=:5 pounds per square inch.

Other specifications as mentioned on page 124,
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Table XIII continued.

Test number Y4

Loading Unloading
Vertical pressure| Electrical | Vertical Electrical | Vertical
in pounds per resistance | strains resistance | strains
square inch in ohms in 1nchxld} in ohnme in 1nch116)
5 13.3 3 I 239 3.3
7.5% 12.1 3.3 11.2 L.y
10.1 11 b4 3.8 5.2
12.65% 10.3 4.5 9.6 5.4
15.2 9.6 5.4 I
Test number 5
5 13.9 3.8 14 4.3
7-55 12.7 L1 10.9 5.5
10.1 | 11.1 4.8 9.8 6.2
12.65 10.9 5.5 9.7 6.3
15.2 9.7 6.3

Dimensions of the pressure cell :

Diameter § 0.5 inch

Thickness: 0.2 inch

Average temperature throughout the tests : 72°F° *1°%7.




~125-

Table XIII continued.

Test number 6

Loading Umloading
Vertical preasurJ Electrical | Vertical || Electrical |Vertical
in pouhds per resibtance | etrains resistance strains
square inch in ohms in inchr16 || in ohms in inchx1®
5 13.8 N 14 R
7.5% 13.1 4.3 11.2 5.7
10.1 11.5 5 10 6.2
12.65 10.9 5.6 9.9 6.5
15.2 9.9 6.5 u
Test number 7
5 13.3 4.3 [ 13.1 4.5
7.55 12.9 4.5 10.8 6
10.1 10.9 5.4 9.8 6.7
12.65 10.1 6.1 9.7 6.9
15.2 9.7 6.9
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Table XIII continued.

Test number 8
Loading Unloading
Vertical pressure| Electrical] Vertical Electrical | Vertical
in pounds per resistance| strains resistance | strains
square inch in ohms in inchx10)| in ohms in inchud
5 13.1 4.5 13.2 4.5
7.55 12.7 4.6 * 10.9 6
10.1 10.7 5.5 9.7 6.7
12.45 10 6.2 9.6 6.9
15.2 9.6 6.9 “ |
Test number 9
5 13.2 L.h “ 13.3 4.7
7.55 12.8 L.6 11.2 5.9
10.1 11 5.5 10 6.5
12.6% 10.1 6.2 9.8 6.9
15.2 9.8 6.9
i
Test number 10
5 13.2 b5 | 13 4.6
7.55 12.7 L.8 11.7 L.5
1011 11 5.6 10 6
12.65 10.3 6.1 9.6 6.9
15.2 9.6 5.9
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for pressure cell number J are similar as are the stress—electrical
resistance relationships.

Tigure 42 is a stress-strain diagram which
comprises the stress—strain curves for Fort Peck sand given in
raferouce 3, page 336, and the sircss-sirain curve cbtained by
taking an average of sach corrssponding value given in Table XIIT.
for tests number & to 10, Ig orldsy to be able to use the results
given in Table XIIT we substracted, from the values of strains,
an amount corrsesponting to the strain read for g%::l, Where G is
vertical pressure applied and g, is lateral pressure, The transposed
values of strain for tests number 28 to 10 are given in Table XIV.

4 correcticn was also brought to the value of the thickness L of
the pressure cell taking in asccount the permanent strain having
taken place during the tests aumber 1 to 7. Figure 42 ,shows that
the stress—strain relationship for pressure cell number 3 falls in
vetween the stress—stirain curves for loose and {ense sand, as we
hoped it would. As the carbon grains in our pressure cell were

M
st

compacted during ithe molding process, it is gquite uwndlerstanda
that the siress—sirain curve for pressure cell number 3 falls closer
in shspe to the stress—sirain curée for dense sand than for loose
sand.

.5 & calibration curve for pressure cell number 7.

-l

After the series of tests conducted on pressure
cell number % in the triaxial testing machine had been completed,
the pressure cell was tested in the rangs of pressures zero to 5

pounds per sguare inch in the testing set-up of figure 9.
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Three loading tests were performed and the results of these deing
consistent with each other and reproducible, the testing was ended.
The results of these tests are given in Table XV . Table XVI. gives
the combineéd results of the loading tests performed on pressure cell
number % in the range of pressures applied from 0.0 to 15.2 pounds
per square inch., As already mentioned, the values of electrical
resistance given in Table XVI- are average values of the results
given by tests number & to 10, in the range of pressures from 5 to
15.2 pounds per square inch. The results of Table XVI were used to
establish a calibration curve for pressure eell nuwber 3 at a room
temperaturs of 72 ¥., which is given on figure 4%,

E. Use of pressure cell number 3 in laborabtory srperiments.

5.1. Introduction.

It was decided at this stage, having a calibration
curve for pressure cell number 3, to use it in actual laboratory
testing conditions in order to compare the results obtained
0 theoretical estimations and see how the pressure cell would
behave, To determine to what extent it may be improved in its basic
conception and examine the applicability of the theory of elasticity
to a granular soil.

£.2. Vertical pressure under a circular rigid footing on sand.

F.21. Experimental set—up.

The set-up used here consisted mainly of a
cylindrical galvanized bucket 11.7 inches in inside diameter and
) Iy - - 4 p r
4.5 inches in height. The bucket wze filled up to a height of 3.0

inches with Ottawa sand found im the So0il Mechanics laboratory.
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Table XV 3 Vertical compression tests on pressure cell number 3
in the range of vertical pressures from O to 4 pounds

per square inch. Ko lateral pressure was applied.

Vertical Electrical resistance
pressure in ohms
in p.s.i. | Test number 1| Test number 2 | Test number 3
0 33.1 32.8 33.1
0.5 30.5 0.8 0.7
1 30.3 30.7 70.5
2 28.7 28.4 28.4
) 25.9 25.9 26.1
4 18.2 17.8 18

Wo vertical strains wers recorded.
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Pable XVI 3 Vertical pressure - electrical resistance R

relationshin for pressure cell number 3.

Vertical pressure G, | Electrical resistance R
in p.s.i. in ohms
0 33
0.% 30.7
1 30.5
2 28.5
3 26
L 18
5 13.2
7.55 12.8
10.1 10.9
12.55 10.1
15.2 ; 9.7

The values of electrical resistance in this table are
computed from the results given in Table XV ( Average of
tests number 1,2 and 3.) and Table XIII ( Average of tests

numher &, 9 and 10.).






n~-size analysis was made and the results reported in Table

v = 'Y 1 4 . ~ s * o
RVII and on figurs W4, 85.8 per cent of the grains of the sand used

here were retained in sieve pumber 40 of the sieves serie described

The sand in the bucket was An

inches in diameter and 0.9 inch thick wss used =as
g Tooting. A8 a loading systen we used the cover of a triaxial
testing machine supported ss shown clearly in figure BB, The load was

spplied through desd welights consisting of a set of cast iron discs

veighing ¥ pounds each, Pressurs cell nunber 7 was pub horigontally

at an initial depth of 1.7 inches unler the surfece of the sand and
coaxial with the center of our circular Toobting in the first loading

st. It was zplaced at 1,75 inches in the second test.

ading {ests weve performed. The load was

shown in figure 45, The results of the tests are ziven

0
(o]
g
-t
'_i-
0]
Tu
f
n

. L g R

in Table XVIII ( Test number 1 ) end Tadble XINX ( Test number 2 ).

-

column 2 in Dboth tables gzive the vertical displacements of our

footing es recovded by the dial zauge { see segiion 3.%5% for
description ) installed as shown in figure N5, Inowing the verticsl

displacements endured by Lne *OOtlrg throughout the tests, we vere

able to determine the importance of the disvlacemerts -occurring after

-
A

gach additional load was applied compared to the total displacument .

-

As the initial snd Final distsnces hetween the center of the footing

and the pressure cell wers messured, we were sble to estimate the
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our laboratory testing.

Table XVII : Grain sigze analysis for the Ottawa sand used in

Sieve ¥ominal Weight of Amount of Per cent
number opening sand retained [sand retained | finer
in mm. in grams in % of total | by
welght weight
1) W.76 0 0 100
10 2 0 0 100
20 0.84 0.515 1.03 98.97
4o o.k42 42.82 g5.8 13.17
60 0.25 5.2 10.4 2.77
140 0.105 1.33 2.7 0.07
200 0.074 0.03 0.06 0.01

Total weight of Ottawa sand sleved : 50 grams.

Sieve series used : U.S. Standard Sieve Series ;
Newark Wire Cloth Co., Kewark, H.J.
Comprises sieves number 4, 10, 20,

4o, 60, 1ho, 200.
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the rigidity of the base on the state of stress in an elastic
laver decreases rather repidly with increasing elevation
above the bace, In the upper halfl of the laver the stante of
stress 1s przctically identical with that in sn elastic,
semi-infinite deposit which is scted uron By the same load, !

As in both our tests our pressure cell wass located yather in the

)

fn
T
ok
g
o
[
&
o)
o
o)
e

"\;
m
L
i

diagrams of the theoretical

vertical pressurs ¥, zt the level of ths pressure cell, versus the

Ry

LY

ZTams

load per unit area g applied to our footing. On the same dis
we have plotted the vaelues of vertical pressure recorded by our
pressure cell, Also plotted on figures 46 and U7, are diagrams of
vertical displacements of the footing versus the load spplied a.
These latter plots were included to heln in the interpretation of
the vertic&l‘p?essuremlaad gpplied diagrams. As figures U6 and U7
are ouite similer, the interpretation of one of them will be
arplicable, suslitatively at least, to both,

Examining figure U6, we see that upr to a load
applied on the footing of about 3.2 pounds ner souare inch, the
vressure recorded is smaller than the theoretical vertical pressure
‘at’the sezme location. The maximﬁm difference between the theoretical
and recorded pressures is of about 0.26 pounds per souare inch, or
about 1% per cent of the calculsted pressure zt about 2 pounds per
souare inch of load apnlied. However, the theoretical vertical
pressure was calculated assuming that the sand mass in our experiment

conld be aseimilated to a semi=-infinite elastic medium with an
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{ Beference 22, page
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could be considered as part of the foobting and in constant elastic

ecuilibrium tecause ithe

#ct for cur footing had been

on & 1lathe znd was then rather smooth, In that case, it is

difficonlt %o say if the footing was able to opposs, by Ffriction,
the tendency of the co to spread ont radially from underneat
the Foobting { P2 ). Leck of constant slastic equilibrium in the

the verticsl pressure aspplled to the footing, the pressure cell
heing located in that come after failure ( Figure 49 ). The error
between the vertical pressure resd and applied on the foobing was of
the order of 10 par cent of the pressure applied; and seemed {o
decrease with Increasing losd.

5,24, Conclusion.

@&

Although it waes difficult to say how close th
realings of the pressure cell were to the asctual vertical pressure
existing at its location, wnder our cireular footing, it can be seen
rigures 45 and U7 that those readings are quite reasonsble and
might be close to the actual vertical pressure our pressure cell wes
gupnosed to record. The results we arrived at, in the sxperiments
teseribed in section %, lead us to coneclude that they definitely
gtrengthen the justification of furthsr developments leading to

perfecting our granulsr pressure cells.
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2. Improved cramnmlar material to be used in egranular pressure cells,

o »
H.1. Introduction,
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case of pressurs cell number 3,

it had been found that seven loading tests had to be performed
before one could think of establishing = calibration curve for that
pressure cell. Mechs 1 hysters curs” 1ln these losding and
unloading Tormations were observed

up to the

hree above-mentlionsd ocecurrences are the

rasult of the

[
L]
Puer)
i
<
ox
fote
3
A
]

and mechanical characteristics of the granular
snd mabtrix materials used in our expériments.
The fact that it is only after 2 certain number of

e

stress—glectrical resistance relationship can be attributed partly

to the irresgularities in the shepe and size of the carhon
ve used, When a mass of angular grains of carbon like thoss we used

is subjected to load, thet mass will compach. Bubt the surfaces of

contact for each grain do not mabch necessarily the surfaces of

L

contact of the surrowunding gralas because the grains are not all of

3

the same size and shape. In some instances w

16

way even have point

i

contbact between the grains in the mass. Hence the adjustment of zall

the grains to each other under load will not necessarily be

1-dn

netantsneous. The only way to avold such a2 situsbion is by using

P

graing ol amore uvniform geomeirical cheyacteristics, the ultimate

being the use of spherical grains =1l identical in size, in regular



arrangements, the ultimate being the use of spherical srains all
Permenent strain can be attributed to compaction
of the grains under load and also to plastic flow in the rubber.
lechenical hysteresis can be explained by the fact
that rubber is not a pure elastic material.
b}

o attemnt was made in the present work to

eliminate all the imperfections of the gramulsr vressure cells

<

~ .

allready made, But the experinments descridbed in

et

he following
sections have been completed to corroborate the statments made
in this introduction.

£.2. Improvement of the granular material.

The market was investigated in order to find
srherical carbon granules, wunfortunately such granules conld not
be found, However, we were zable to Tind carborn grains less angular

than the ones describved in section 3.11

The carboun grains we found are produced by the

-

Hational Carton Company under the label : Graghite Powder; grad

B~ B~ G, Figure 50 is a photograph of these grains taken with

- s

the cquipmeat and under the conditions already described in section

-

.11 ), we cen see

2

2.11. Comparing figure 50 to fimure 12 (
- s & s o > \

oy
[
]
ot
e
O
3
o

that the roughness of the surfacss of the carbon grains in hoinh
S

Co i)

figures is of the same order { r¥# = 0. ucﬁ 2il1limeters ). It is vhy

lines. It must Dbe wentioned here thal we attemntzd %o romal off
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the carbon grains of section 3.11, but were not successful, the
grains heing too hard.

A certain ouantity of carbon grains grade B ~ B -
6 was put on s porous stone 4.5 inches in diameter, 1 inch thick
oroduced by the Norton Company under the number P - 2120. The carbon
zrains oun the porous stone were isolated by a cover 3 inches in
dismeter and 0.5 inch deep ( figure K1 ). The porous stone with its
enclosed carbon grains was tightened down on the sieve shaker of the
So0il Mechanics laboratory as shown on figure 51. It was hoped that
the horizontal motion of the shaker's plate would make the grains
rub on the surface of the porous stone so zs to smooth out
angularities and in so doing provide the grains with more spherical
surfaces of contact. The grains were looked at occasionally to check
on the effects of the shaking action, snd after Y& hours the shaker
was brought to & halt because we noticed that the carbon grains were
not becoming rounder any more but were merely being worn down to
smaller dimensions. Pigure 52 is a photograph taken of a sample of
our rounded grains, Comparing figures R0 and "2, we can see readily
what was the effect of the shaking action. The general shape of the
grains is retained, the grains remained angular although sharp edges
and corners have been rounded off. For the surfaces, with the
magnification used in taking the photographs, we can say that they
are now smooth. Although our grains remained angular after the
shaking operation, we considered it worthwhile to see what the effect
of the smoothness of the surfaces wonld be if such grains vers used

in a grenular pressure cell, Therefore it was decided to make another
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granular pressure cell. The mass of carbon grains that hsd been

('2

s described in

=

jergoing shaking was sieved in the slove serie
B

gm

un
section 7.11, and only *the grains not passing through sieve

number 40 and passing through sicve number 20 were retained.

7. Preparaticn and testing of pressure cell number 4,

7.1. Preparation and tests.

Pressure cell nuwber 4 was prepared and tested in

an identical way as was pressure cell number 3. The full description

('A

of the preparation and testing procedurses used in the case of

- 5
) L4 ; 2 - "~V 2 - i
serivad in sachions 4.1,

{1}
o
&
£
(1)

pressure cell number 4 wer
The dimensions of nressurs cell number 4 wers as follows:
Tiameter : 0.5 inch.
Thickness: 0.3 inch,
The results of the tests are given in Table XX and on figure 53.

7.2. biscussion of Lhe resulis.

From Table XX we can conclude that pressurs cell
number * does reach a statc, et which a reproducible calibration
curve can be expected, much Iaster than pressure cell numnber 3.
Your looding tests sufficel to make the pressure cell reacn a state

could be expected. Such a result proves to be

ouite encouraging and justifies eventual attempts at using rounded
or even spherical carbon grains in further experiments on granular

nressure cells,
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s Compression tests om pressure cell number 4.

Test number 1
leading Unloading
Vertical pressuré Electrical | Vertical | Blectrical |Vertical
in pounds per resistance | atraine ragsistancs strains
square inch in chms in inchxldﬂl in ohms in inchx10)
5 32 o 3 6.2
7.55 3¢.9 5.3 26.1 7.1
10.10 28.6 6.1 26 g
12.65 27 7 25 8.3
1s.2 25 €.3
Test number 2
5 31 & 3C.9 £.5
"7.55% 29.14 6.3 28.7 7.5
10.10 28 7 27.8 g
12.6% 27.u 7.3 27.4 g.1
5.2 27.% 8.2
Test number 3
5 29.7 6.3 30.2 -.8
7.55% 27.4 £.5 27.8 7.7
10.10 26.4 7 26.6 B.2
12,68 26 7.% 25 .4 gL
15.2 2% .k 8.4

Iateral pressurs G;a@plieﬁ :

Dimensions of the pressure csll

5 pounds per square inch.

: Diameter = 0.5 inch.

Thickness = Q,% inch.
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Test numher Y

loading Unloading

Yertical pressureffLlectrical Yertical Electrical Tertical
in pounds per rasistance | strains resistance strains
souare inch in ohms in inchs10 | in ohms in inchxi

5. 28.9 6.7 28.6 7

7.55 27.8 6.9 26.4 7.9

15.10 26.3 7.4 25.% 8.5

12,65 25.9 8 25 5.8

15.2 2%5.2 8.6

Test number '§

5 28.7 5.8 28.9 5.9

7.-55 27.5 7 27.2 7.4

0.10 26.6 7.8 25.2 8

12.65 25.5 2.1 25.6 8.7

8.2 25 .7

Test number 6

5 28.8 5.7 28.5 7

7.55 27.9 5.8 27.6 7.8

10.10 27 7.5 26.6 8.3

12,55 Ph.1 g.2 25.1 8.5

15.2 25.1
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Uonclusions and suggestions.

The main purpcose of the present work was to design
& granuler pressure cell, determine its Ushavior uwnder load, some of

its physical propertiss and its suitability for use in soils,

¥

&

4 sabisfactory molding setwupr was dssigned in order
o produce granular pressure cells. Such a seleup presents the

advanteges of simplicity, flexibility and adaptability to large scals

nroduction of pressure cells ( Section 3.71 ; figure 12 ).

>

-

The pressure cells made up to date proved to bs
shock resistant. Because of the characteristics of the matrix
material, they proved to be quite sensitive to temperature variations

in the surrounding mediuvm ( S3sction Z.Y ). Pressure cell number 3

wes used in laborsbtory tests in sand and proved to DLehave

sabisfactorily and give very reasonable resulis in messuring the
st 4 o . T - r N N st f SRactd Ia’ M
vertical prossure wunder a footing on sand { Section 5.J3% .

Undoubtedly, grasoulsr pressure cells ss vullt up

to now can =till be subjected Lo ilmprovements. There are two

hose dcaling with the .granulsr material.
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%) Size of pressure cells ¢ It might Yo of interest to axanine

e made, the less perturbation it will

preduce by its presence when incorporated in a scil masss and the
wore accurate the reading of vertlcal pressure existing =t iis

location will be. Several pressure cells of varying dimensions

locations under identical footings on

hese Iootings ought to te loaded in
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cells of similar constitution bud of different dimensions could
then be compared and perhsns the influence of the dlmsnsions of the

pressure cells on bthe recordings debtermined,

in all respects, we arrived at positive results regarding their

wroduction, their constitution, their behavicr undsr load in testin

e

i

machines and finally in actual laboratory testing.

In view of these resulis snd the importani role

countered in the Jdeusin of granular wressure cells have bean clear-

ef, Turther developments slong the lines of the
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