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A Capacitive Cell Apparatus

L’Appareil à Cellule Capacitive

by G . d e  J o s s e l in  d e  J o n g , I r ., Sub-director, an d  E. C. W. A. G e u z e , Professor, Delft Soil Mechanics Laboratory, 
Delft, Netherlands

Summary

The article describes a test device which permits the détermination 
of the horizontal strain of cylindrical samples under loading con
ditions without touching the sample by means of an electrical 
capacitive method. Tests on samples to study at rest pressure, 
compression and shear separately are outlined.

The conception of shear résistance, according to the sample 
behaviour as determined by this test device, is discussed.

Introduction

The study of cylindrical soi] samples under the influence of 

stresses as effected in test devices such as the D utch cell or 

British triaxial apparatus becomes more interesting if the 

strains may be determined separately and without disturbing 

the applied stresses.

The capacitive cell apparatus described here permits the 

measurement of latéral deformation o f the sample without 

touching it, so the horizontal stress applied by air pressure on 

the rubber envelope of the sample is not disturbed by the dis

placement détermination. After a description of the test 

device and interprétation of the results, a discussion of typical 

test results in connection with the conception of shear résistance 

will be given.

Description of the Latéral Strain Détermination

In  Fig. 1 the apparatus is schematically represented. The 

cylindrical sample is loaded vertically by weights and hori- 

zontally by air pressure on the rubber envelope and the vertical 

movement is read on the dial gauge, these contrivances being 

o f the conventional type.

The measurement of the horizontal strain is effected by using 

the sample surface as one of the two electrodes of a condenser, 

the métal housing being the other electrode.

If  the sample dilates the distance between sample and outer 

wall will decrease, thus increasing the electrical capacity of this 

condenser because the capacity is inversely proportional to the 

distance between the electrodes. By détermination of this 

electrical capacity the horizontal strain may be deduced.

In order to  measure this capacity a référencé condenser is 

installed in the base o f the apparatus which can be made 

electrically équivalent to the sample-wall combination. In 

Fig. 1 this référencé condenser is shown in a substitute circuit 

consisting of a fixed condenser Cp, which represents the main 

part o f the capacity from  the sample and connecting metallic 

parts, a résistance Rs as a  substitute for the sample résistance 

and an adjustable condenser Cv which accounts for the remain- 

ing variable part o f the sample-wall capacity.

To equalize this electrical substitute to the sample-wall 

capacity these two circuits are alternately connected to a zéro 

indicator.
F or this purpose use is made of an electronic device (type 

Boersma C.V.M. III, frequency ca. 1 Me) which is sensitive to 

very small capacity variations : 0 002 pFgives a visible deflection

Sommaire

Cette communication décrit un dispositif d’essai permettant de 
déterminer la déformation transversale d’éprouvettes cylindriques 
comprimées axialement et transversalement, sans moyens mécaniques, 
mais en évaluant la variation de capacité électrique du système.

Au cours d’une série d’essais avec l’appareil, on étudie séparément 
la pression au repos, la compression et le cisaillement.

La signification de la résistance au cisaillement est discutée en 
fonction du comportement de l’échantillon, pendant les essais.

on the Amp. scale. This sensitivity détermines the possible 

accuracy for horizontal strain measurements. W ith a sample: 

height (/;) =  10 cm, diameter =  2rs =  6-35 cm and the dia-

Fig. 1 Schematic représentation of test device 

Schéma de l’appareil

meter of the inside of the housing wall 2rw =  8-4 cm the 

capacity of the coaxial condenser amounts to

c  =  m — h < / '  =  2°PF  
1 -8 lo g e  O iv / 'i )

An increase of this capacity by 0 002 p F  corresponds to a 

horizontal strain of e.H =  0-03 per cent, being the accuracy of 
the measurement.
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The apparatus was calibrated by the introduction of métal 

cylinders o f différent diameter and height. The experimental 

values for the capacity agreed with the values computed using 

formula 1 : also, as a control, samples deformed in différent 

stages were measured by an optical device of great accuracy 

again giving agreement with the capacitive measuring method.

Because of the rigid end plates the deformation o f the sample 

in the horizontal direction will be larger in the middle if the 

friction between sample and end plates is large enough to  pre- 

vent horizontal movement. By wetting the surface this friction 

is reduced and the barrel form  is less pronounced, the disturb

ance being limited to small zones o f the height o f the sample, 

the rest deforming homogeneously and remaining cylindrical.

Fig. 2 Typical test result from capacitive cell apparatus 

Résultats caractéristiques obtenus avec l’appareil

The capacity measuring system détermines the summation 

of ail horizontal displacements over the whole of the sample 

height and would therefore give the mean value if the capacity 

was proportional to the distance of the sample to the wall. 

However being inversely proportional to this distance, the parts 

that approach the wall most closely will dominate. The 

deformations studied did not give a strain greater than 5 per 

cent and if the sample had become a barrel with a wall in the 

form of a sinusoid, which is very exaggerated, the error in the 

mean value would am ount to 0-05 per cent strain, which is a 

negligible part of the mean strain. So we can assume that the 

capacitive measuring system gives the mean horizontal strain. 

This may be compared with the vertical displacement obtained

from the dial gauge readings which is proportional to the mean 

vertical strain over the sample height.

When a sample loses water during the test this water is 

captured in the hollow end plates (see Fig. 1). By surrounding 

these water storage rooms with métal connected to the sample 

this water is enclosed by a Faraday cage and so does not in

fluence the capacity o f the condenser.

Représentation of Test Results

The test results consist o f the variations of four variables 

namely the principal stresses oy and aH and the principal 

strains ev and eH (the subscripts correspond to vertical and 

horizontal).

For the interprétation of the data however it is easier to 

consider compression and shear distinct from one another. 

We will therefore present the results in terms of the hydrostatic 

and deviational incréments of stress and strain, ct0, t o and eQ, 

y 0, which are related to the principal stresses and strains by:

° o  =  i ( ° V t o =  i ( —  av +  °h )

eo =  (€v yo =  ( ~  ev +  eH>

Thus the quantifies ct0 and e0 relate to compression only and 

r 0 and y0 to shear, the last two being the radii o f respectively 

stress and strain circles in M ohr’s diagram (see Fig. 2a).

-  25 -^  «o
CO

ce

-75 |
T

-  100°/.

Fig. 3 Grain size distribution of test material 
Granulométrie du matériau

In Fig. 2 b, and c a typical test resuit is shown in these 

coordinates. The strain diagram (Fig. 2b) is plotted from 

dial readings and capacity déterminations. In  the same 

diagram the coordinates for e0 and y0 are also given. Com- 

paring the resuit in these e0 and y 0 coordinates with the applied 

stresses in the cr0r 0 diagram we observe a remarkable re- 

semblance. (The negative sign indicates pressure in accordance 

with the notations in elasticity.)
This sample showed resiliency for the compression strain 

which could be accounted for by the presence of air in the clay. 

The air content amounted to about 4 per cent o f the volume. 

The test duration was not long and the sample being very 

impervious to water movement, practically no consolidation 

was obtained during the test.

Sonie Tests Executed with the Capacitive Cell

To show the use of the apparatus we describe some typical 

tests on G ouda clay. The grain size distribution of this illite 

clay is given in Fig. 3. Liquid limit 45 per cent, plastic limit 

18 per cent. The samples were moulded and cast with a water 

content of 34 per cent of dry weight and left for four days to 

regain their strength:
At-rest pressure test—The study of horizontal stress caused 

by horizontal confinement is facilitated by the apparatus as it 

permits horizontal strain measurement.
During the test the stresses are adjusted in such a way that 

eH remains zéro. In Fig. 4 two tests are shown : one in which

Diameter mm
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the vertical stress is increased at a rate o f 0-01 kg/cm2 per 

minute and the horizontal stress is adjusted, and in the other 

the horizontal stress is increased gradually and the vertical 

stress is adjusted. Both test procédures give rise to a  similar 

value for t 0. The value of r 0 depends on the rate o f stress 

increase, but tends to  a minimum value when one of the stresses 

is kept constant for a long time.

D uring this test the sample preserves the same diameter over 

its whole height. So deformation is homogeneous throughout
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Fig. 4 Resuit of at-rest pressure test

Résultats de l’essai de compression au repos

the sample and also the stress distribution throughout its 

volume is homogeneous. This is the most favourable con
dition for the study of the sample.

Compression and Shear Combined

The curves of Fig. 5 represent the effect of compression and 

shear stresses applied simultaneously in various combinations.

F or the study of shear properties we can leave the com- 

ponents of strain in e0 direction out of considération and direct 

our attention to  the movement of the strain in the y 0 direction

by projection on the y 0 axis. Another possibility is to load the 

sample in such a way that the compression strain is not varied. 

This is realized by increasing the vertical stress and a t the same 

time decreasing the horizontal stress by an am ount equal to one 

half the vertical change, thus keeping the sum of the three 

stresses constant.

Tests performed in this way proved that the strain consisted 

only of shear deformation and no compression com ponent was 

induced.

Comparison of the shear deformation obtained in this way 

with that in cases where the compression was present showed 

no appréciable différence for this typical impervious clay. We 

will therefore in the subséquent discussion leave compression 

influences out o f our considérations.

Shear Separated

Représentation of shear influences is most effectively given 

in r - y  curves. However, clay being a material with flow 

properties, the value of y is not distinct for a certain value of r  

as y will increase gradually in course of time under the influence 

of the shear stress.

F or a test where t  is increased in steps we therefore obtain 

a curve as indicated in Fig. 5a by the dotted line. The 

vertical parts of the curve are pursued in course of time and the 

heights of the steps in the graph therefore depend on the 

’ duration of each step.

The increase of y  with time is given in Fig. 5b. F rom  this 

plot we determined the flow rate (dy/dt) and incorporated this 

flow in the r - y  curve by joining points o f equal flow rate in 

Fig. 5a (full lines).

The family of flow rate curves is typical for a clay sample and 

différent ways of testing reveal the same situation of these 

curves on the r - y  plane as is shown in Fig. 5 (c, d, e). When r  

is decreased during the test, lines o f smaller flow-rate are passed 

indicating that the sample decreases its flow rate. Below a 

certain value this flow rate becomes smaller than zéro, which 

means that the sample is résilient to shear strain. The family 

of negative flow rate curves however is very narrow, just like 

the band of positive flow rates which is characteristic for the 

repeated increase of r  (see thin lines in Fig. 5a). When the 

previous maximum value of r  is reassumed this thin band joins 

the primary family of flow rate curves whose situation in the 

r - y  field is not seriously affected.

Fig. 5 Comparison of families of r-y-D  curves as obtained from différent test procédures
(a) Capacitive cell, (c) triaxial test with unloadings, (d) cell test continuously Ioaded, (e) cell lest loaded in steps, (f) rigidity o f cell apparatus 

Comparaison des familles de courbes r-y-ZJ obtenues par différentes méthodes expérimentales
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An attractive way o f representing this behaviour is the block 

diagram shown in Fig. 6 where the vertical coordinate is the 

flow rate D =  dyjSt.
When the soil is in the condition represented by the point A  

on the slope of the curved plane the material will yield with a 

velocity indicated by the height above zéro level. Starting 

from this point A  différent paths may be followed depending on 

the conditions imposed by the test procédure.
A horizontal path AB  is pursued if the flow rate is kept 

constant. This condition is realized by the triaxial test pro

cédure when there is no consolidation during the test.

The path AC  corresponds to  a constant value of the shear 

stress r  and is obtained in the test described above.

The path AD  o f steepest descent is followed if a decrease o f r  

is accompanied by an increase o f y. This happens in an 

apparatus such as the Dutch-cell where the horizontal displace

ment of the sample is restricted by an increase of horizontal 

stress. When the vertical stress is kept constant this signifies

Fig. 6 Block diagram for -r-y-D relation

Graphique à trois dimensions des relations r-y-D

a decrease of t . The rigidity of the apparatus détermines the 

direction of the descent path which is more nearly parallel to 

the t -D  plane for greater rigidity.

In Fig. 6 is demonstrated, by the sharp pointed zig-zags, the 

path followed by the sample behaviour for a repeated loading 

as executed in the Dutch-cell test. The primary sheet is im- 

mediately rejoined, there being no serious déviations. The 

conception of this r^y-Z) sheet is o f great help in the interpré

tation of admissible shear résistance.

Study of Shear Résistance

The résistance offered by the soil to shear is o f primary 

importance when the strength of soil constructions is to be 

judged. For if the soil stresses are divided into compression 

and shear, it is well known that soil can withstand every com

pression stress at the expense of certain deformations, but that 

the shear stress, exceeding a certain value, causes unlimited 

deformations, which bring about a break down of the con
struction.

However in certain instances it is not the total failure that is 

of interest but the deformations which may assume intolerable 

values, causing overloading in other parts o f the construction.

In a test of short duration (in comparison to the life o f civil 

engineering construction) the flow properties o f the soil under 

loading conditions have to be considered because continuai 

flow may cause the unwanted deformations. As a criterion for 

admissibility o f shear stress the flow rate has to be introduced.

In  a test such as the triaxial test where only one velocity is 

induced we obtain an insight of the situation of one contour of 

D, but the slope of the sheet does not enter into the test resuit. 

This slope however détermines how much the observed r  has 

to be reduced in order to obtain an admissible value. Pre- 

ferable therefore is a  test which by exploration of the sheet slope 

gives this information.
Such a test is a Dutch-cell test. The rigidity of the cell 

apparatus in the horizontal direction is represented in Fig. 5f 

which shows how the horizontal pressure increases as the sample 

dilates laterally. As the vertical stress is increased in steps 

r  also increases in steps, but during the time the vertical stress 

is left constant the sample strains and a graduai increase of EH 

occurs, thus decreasing r . This produces the oblique lines 

in the t - y  plane shown in Fig. 5e where a test result is repre

sented. Ail oblique parts together form the rigidity line 

of the apparatus being parallel to successive segments of 

Fig. 5f. The corresponding movements in the r^ y -D  sheet 

of Fig. 6 follow lines such as AD , which tu rn  out to be nearly 

perpendicular to the contour lines (D =  constant) and so 

follow the direction of greatest slope on the sheet. Require- 

ments for a good test performance are that each loading step 

should last long enough for observation of the small velocities 

and that the loading steps should be small enough not to disturb 

the sample.
The cell is constructed so rigidly that although a great many 

steps of loading and unloading are executed and a broad band 

of the family of velocities is explored, the total shear strain y  is 

still limited and shows no large values.
This reveals the intention of the cell tests to  obtain infor

mation about the flow properties o f the soil in an equilibrium 

State, that is with small deformations.

Conclusion

The capacitive cell apparatus permits the study of différent 

conditions of stress and strain, and by measuring the vertical 

and horizontal strains separately compressive and shear strains 

may be obtained. The relation between shear stress and shear 

strain is only uniquely determined if the flow rate is considered. 

The family of curves for différent flow velocities in the r - y  plane 

seems to be characteristic of the sample and is not shifted 

seriously when loadings are repeatedly applied if the total shear 

strain does not exceed too great a value.
The exploration of the velocities in différent stages of strain 

is most effectively obtained by an apparatus such as the Dutch- 

cell apparatus which, by rigidity against strain, limits the 

deformations o f the sample even when large velocities have been 

applied.
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