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THE I N FL U EN C E O F THE I N TERM ED I A TE PRI N C I PA L  STRESS 

O N  TH E STREN GTH  O F SA N D

LA  C O N  TRA I N  TE P R I N C I P A L E I N T ER M ED I A R E ET LA R ES I S T A N C E D U  SA B L E

H .B. SU T H ER L A N D , Co  r m a c k  Pr o f e sso r  o f  C i v i l  En a i n e e  r i n g

M .S. M E SD A RY , R e s e a r  cl1 St u d e n t

U n i  ver si f y  o f  G la i g  ow, Gl o  sg o w, S c o t l a n d

SYHOPSIS An apparatus is described in which the three principal stresses can be applied in any desired manner 
to cubical samples, and It is shown that the samples can deform freely under the applied stresses. The 
influence of the effective intermediate principal stress, 3"2', on the strength of a coheslonless soil was in
vestigated over the range from the minor effective principal stress, i to the major effeotive principal 
stress, c^1, the tests being carried out over a full range of porosities. As (¡2' Increased from crj’ to Oj1, the 
Coulomb effective angle of shearing resistance was found to first increase from, and then deoreaae to, its 
original value at ^2' “ Oj'* The results show that the Mohr Coulomb criterion underestimates the strength of a 
coheslonless soil where ô ' > °2' > a3' '

IHTRODPCTIOH

The various failure criteria which can be used to 
express the results of strength tests on coheslonless 
soils have been examined by Bishop (1966) and Barden 
and Khayatt (1966). They concluded that the extended 
von Mises and extended Tresca criteria are inapplic
able to coheslonless soils over a full range of 
densities, and that the Mohr Coulomb criterion is the 
only simple criterion of reasonable generality. In 
the Mohr Coulomb criterion, the strength of cohesion- 
less soils, expressed as an effective angle of 
shearing resistance fl’, is independent of the effect
ive intermediate principal stress This appears 
to have been confirmed for the cases of axial 
symmetry where ' equals either the effective minor 
principal stress ffi' or the effective major prinoipal 
stress ' by results reported by Bishop and Eldin 
(1953)» Kirkpatrick (1957), Comforth (1964), Barden 
and Khayatt (1966), and Bishop (1966). However for 
the case of plane strain, the value of ' has been 
found to be greater than that for axial symmetry 
Comforth 1964), and on the basis of this, Bishop 
1966) suggested an expression for an extended Mohr 
Coulomb criterion which would take into account the 
Influence of on •

To investigate, for coheslonless soils, the influence 

of 6 2 ' on over the range of O2 ' from ' to 
an apparatus is required which permits the principal 

stresses to be varied in any required manner. This 
cannot be done using the conventional trlaxial 

apparatus or plane strain apparatus. Attempts have 
been made by previous investigators, such as Kjellman 

(1936), Daniel (1954), Kirkpatrick (1957), Lomize and 
Kryzhanovskil (1967), and Ko and Scott (1967) to 
develop suitable apparatus. In no case, however, was 
a full range of tests carried out from which complete 
conclusions could be drawn regarding the influence of 

<¡2 ' on and in some cases the design of the appar

atus was subsequently queried, Green (1967), Bell 
(1968), and Arthur and Menzies (1966).

This paper describes a further attempt to design an

apparatus in which the three principal stresses can be 
applied in any desired manner, and in which cubical 
samples can deform freely under the applied stresses. 
Using this apparatus, investigations were made of the 
influence of Oj' on the strength characteristics of a 
sand tested over a range of porosities.

APPARATUS

(a) Apparatus to Investigate the influence of the 
intermediate principal stress

Drawings of this new apparatus are given In Figs. 1 
and 2. Fig. 3 is a photograph of the apparatus.

The apparatus has been designed on the same principles 
as the conventional trlaxial apparatus. The sample, 
which is 4 in. by 4 in. by 4 in., is enclosed in a 
watertight rubber membrane and is tested under sat
urated drained conditions. The top and bottom plat
ens are of stainless steel and lubricated ends are 
provided by rubber discs separated by thin layers of 
silicon grease as described by Rowe and Barden (1964) 
and Bishop and Green (1965)» A perspex cell encloses 
the sample. The axial stress 1 b  applied as in the 
conventional trlaxial apparatus but the load Is 
measured by a proving ring which is inside the cell. 
One of the horizontal stresses is applied by wBter, 
air pressure being applied to the water through a 
layer of olive oil. The other horizontal stress is 
applied by side panels which consist of thin rubber 
bags as shown in Fig. 2. The two side panels are 
filled with water and are Interconnected by a 
flexible tube which leads to a vertical perspex tube. 
Air pressure applied through a layer of olive oil on 
top of the water in this tube provides the pressure 
in the side panels.

A problem experienced by previous investigators is 
the control of edge restraint in cubical samples. In 
order to overcome this difficulty the edges of the 
rubber bags In the side panels have been reinforced
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(1 ) CUBICAL SAMPUE 4 * 4 *  4 .

(2 ) TOP PLATEN.

(3 ) BOTTOM PLATEN.

(4 ) BEARNG PLATE.

(5 ) SIDE PANEL.

(6 ) RUBBER MEMBRANE BAG 0-010-0-01S*

(7 ) SIDE PANEL BRACKET.

(8 ) BALL CONNECTION.

(9 ) PRO/ ING RING.

(to) BASE OF THE CELL.

(ll) PERSPEX CELL 12" ID. ,15'O.D.

(fa) TOP CAP.

(13) COLLARS.

(¡4) STAINLESS STEEL RAM H  DIA. 

(15) CONNECTION FOR FILLING THE 

CELL WITH WATER.

SECTION ON <t

Fig. 1 Variable Principal Stress 
Apparatus

by a brass mesh No. 60 (0.012 Id. thick) as shovn in 
Pig. 2. This arrangement provides a flexible end 
surface, and reduces 6dge restraint to a minimum.

Vertical deformation of the sample is measured by two 
0.0001 in. dial gauges placed inside the cell at 
opposite oorners of the top plate . Horizontal 
deformation in the direotion of the side panels is 
found from the measured change in volume of the water

In the panels, these volume changes being corrected 
for membrane penetration and for the expansion of 
the side panel system under pressure in a similar 
manner to Ko and Scott (1967). The other horizontal 
deformation is measured by four 0.0001 In. dial 
gauges placed at four opposite points on the two 
opposite faces of the sample. To provide a check on 
these three deformation measurements, the total 
volume change of the sample is also measured by
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STREN GTH  O F SA N D

SECTION ON <t ELEVATION

Fig. 2 Side Panels

coarse and fine burettes connected to the sample 
through a f in. diameter sintered bronze disc in the 
bottom platen.

(b) The conventional triaxlal compression apparatus

Tests were carried out in the conventional triaxlal 
compression apparatus to give a comparison with the 
results obtained using cubioal samples in the new 
apparatus. Samples 4 in. diameter and 4 in. high 
were tested under saturated drained conditions. 
Lubricated end platens similar to those in the cubical 
samples were used. The sample preparation, and 
measurements of strain, volume change and axial load 
were carried out in the manner described by Bishop 
and Henkel (1961)« The initial height of the sample 
was found using a 0.001 in. dial gauge and a 4 in. 
high dusny sample, and the initial volume of the 
sample was found by measuring the volume of water 
required to fill the cell between two points 3-75 in. 
apart, El Sohby (1964).

EXPERIMENTAL VOHK

(a) Description of sand

Hie sand used throughout was a medium fine Loch Aline 
sand which had a silica content (Si Oj) of 9̂ .6 per 
cent and a specific gravity of 2.65. The effective 
size Biq was 0.16 dd, the coefficient of uniformity 
was 1.3o and 100 per cent passed the 25 B.S. sieve.
The maximum and minimum porosities were 0.445 and
0.549 respectively, KolbuszewBkl (1946).

(b) Preparation of cubical nm.pl on

Fig. 3 Sample assembled in Apparatus
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The sand was boiled in water and allowed to cool 
before being tested. To prepare a cubical sample, 
the bottom platen was first cleaned, fitted with a 
lubricated end, and a cubical rubber membrane was 
inserted and sealed between the bottom platen and the 
base plate of the cell by the bolts which extend from 
the bottom of the cell base. The sample former, 
consisting of two halves connected by horizontal bars, 
was placed round the bottom platen, a vacuum applied, 
wrinkles were eliminated from the rubber membrane, 
which was then rolled over the upper edges of the 
former. The rubber membrane was filled with de-alred 
water to a depth of 2 in. through the bottom platen, 
and a Bintered bronze disc, $ in. diameter, was boiled 
under water and inserted under water into the bottom 
platen. Entrapped air between the rubber membrane and 
the bottom platen was removed. The boiled sand was 
placed in the former by a spoon, different porosities 
being obtained by varying the amount of vibration 
transmitted to the cell base. After the sand was 
placed in the former the top surface was levelled by a 
straight edge, and the sample flushed with water 
through the bottom platen under a very small head.
The lubricated top platen was placed in position and 
the rubber membrane sealed between the top platen and 
the bearing plate. The sample preparation was com
pleted by applying a negative pressure to the sample 
(2.5 ft. of water) and removing the former.

The Initial height of the sample was found at four 
points using a 0.001 in. dial gauge and a dummy 
sample 4 in. high. The horizontal dimensions of the 
sample were measured by vernier calipers. The edges 
of the Bample were found to be slightly rounded and 
the radius of curvature was measured and taken into 
account in the calculations.

Hie sides of the sample on which the side panel 
pressure was applied were smeared with thin layers of 
grease, the side panels placed in position, and 
connected to each other by six tie bars, care being 
taken to ensure that no load was applied to the sample.

The vertical proving ring was mounted to the ram and 
connected to the bearing plate by a ball connection 
fitted to the bottom of the proving ring. The side 
panels were filled with water and the vertical and 
horizontal dial gauges were placed in position. The 
perspex cell was lowered and sealed by six bolts and 
then filled with water above the level of the top 
platen. A layer of olive oil, 1 in. thick, was placed 
on top of the water and the cell pressure was built up 
by air pressure applied through a connection on top of 
the cell.

(c) Preliminary tests with the cubical apparatus

With reference to Fig. 4, the basis of calculation of 
the stresses and strains was as follows:

a z ' - effective stress in the z direction

vertical load at any increment
lx x 1 at the same increment

oy' " effective stress in the y direction - side 
panel pressure

ffx' - effective stress in the x direction *■ cell 
pressure

Fig. 4

(€z)j+l “ strain in the z direction

(lz)< ■ (lz)j.

(Éy)j+j = strain in the y direction

(ly), - dy)< + a r )3

(fx)j+j_ - strain the x direction

_ U x ^ U x X ^

dx) j  É J

where J - 1, 2, 3.... (N-l)
N - number of readings 

N-l » number of increments 
lz> ly, lx “ length of the sample in the z, y and x 

directions respectively.

From the foregoing it can be seen that the calculated 
strains are natural strains.

Preliminary tests were carried out to assess the 
influence and behaviour of the side panels. Samples 
were subjected to small increments of hydrostatic 
pressure up to 30 lb/in2. The vertical stress was 
then increased at a rate of strain of 0.075 per cent 
per minute, the lateral pressures in the cell and 
side panels being kept at 30 lb/in̂ .

For equal cell and Bide panel pressures the corres
ponding strains should be equal. These can be 
compared using a factor k - é x which for equal

f x  + f v
strains should be 0.5. Table I snows the calculated 
values of k during the progress of Test No. 9 and 11 
which were typical. The porosities referred to in 
Table I were those determined after application of the 
hydrostatic stresses.

The strains at peak strength in Tests No. 9 and 11 
were 12.92 and 5.16 per cent respectively.
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Tabla I

Test Ho.11 Porosity - 0.360 Test Ho.9 Porosity - 0.423

f z k k

0.0 0.0 0.0 0
0.0022 0.16 0.0038 0.394
0.0061 0.476 0.0132 0.49
0.0217 0.49 0.0236 0.46

0.0371 0.50 0.0452 0.47
0.0637 0.52 0.0675 0.476
0.1003 0.54 0.0956 0.485
0.1131 0.56 0.1292 0.52
0.1271 0.57 0.1740 0.503

The values of k obtained in these and other similar 
teste are close to the value of 0.5 which corresponds 
to equal strains, and Indicate satisfactory perform
ance of the side panels. The non-uniformity in the 
samples which Inevitably occur In preparation con
tribute to the slight variations In k from the 0.5 

value.

measured axial load, the deformations In the z 
direction, the total volume change, and the horizon
tal deformations in, either the x dlreotlon as found 
from the dial gauge readings, or the y direction as 
determined from the measurement of the volume change 
behind the side panels. The calculated values of 
<Jj1 by both methods gave identical results.

The measured total volume change In the sample was 
also found to agree with the sum of the volume 
changes derived from the measurements In the dir
ections of the three principal stresses.

For the case of 6 1 - Oz', tests carried out with and 
without the side panels gave values of which 
agreed closely as shown in Fig. 11.

The results from these preliminary tests indicated 
that the side panels Imposed no appreciable 
restriction on the deformation of the sample.

(d) Main t«ste with the cubical and conventional 
triaxial compression apparatus

Tests were made In the cubical apparatus on samples 
at Initial porosities ranging from the maximum to 
m-jrHTimm porosities. At eaoh porosity, six tests were 
carried out at different values of 0¡>' covering the 
range ' to ^ 1 ■ 1 • Id each of the six
tests at each porosity, the principal stresses were 
chosen so as to keep the mean principal effective 
stress as near equal as possible.

Hie six tests at each porosity have been designated 
Series 1 to 6. Series l(a) was carried out in the 
conventional triaxial compression apparatus, Series 
l(b) to 6 being made in the cubical apparatus.
Details of the test procedures are as follows I

Series l(a) These tests were in the triaxial  ̂
apparatus with ffj' > az ' ” ̂ 3'» ^  Oj' “ 30 lb/in .

Series l(b) The cell pressure and the side panel 
pressure in the cubical apparatus were increased 
gradually to give a hydrostatic pressure of 30 lb/is?. 
The vertioal pressure was then Increased while the

horizontal pressures were kept constant at 30 lb/in . 
nie sample was therefore sheared under the following 
conditional

<V " <V> ° x ’ “ Oy' “ " <V " 50 lb/in2
2

Series 2 A hydrostatic pressure of 25 lb/ln was 
applied. The vertical and side panel pressures were 
inoreased simultaneously and gradually to 40 lb/ln?, 
the cell pressure remaining at 25 lb/in?. The side 
panel pressure was kept at 40 lb/in2, and the verti
cal pressure inoreased to cause failure under the 
following conditions!

<V “ «I1. Ay' - «2' -40 lb/in2, <V - <Tj' - 25 lb/in2

Series 3 The stress path was the same as in Series
2 except that the side panel pressure was Increased 
to 55 lb/ln2 instead of 40 lb/in2. The conditions 
of shearing the sample weret

V  - «1*. V  - «2' -55 lb/in2, < V  - *3’ - 25 lb/ln2

Series 4 A pressure of 20 lb/in2 was applied to the 
oell and side panels. The vertical and side panel 
pressures were then equally and gradually increased 
to 60 lb/in2. The vertical pressure was then 
increased to shear the sample ati

<JZ' - cy, <y - a2 ' - 60 lb/in2, dj' - ffj* - 20 lb/li?

Series 5 The cell and side panel pressures were 
Increased to ^ 0 lb/in2. The side panel pressure was 
inoreased gradually to 65 lb/in2, the vertical and 
cell pressures being kept at 70 lb/in2. The vertioal 
pressure was then reduced to cause shearing ati

V  - °j'• V  _ V  _05 lb/ii£,<V - a2 ' - 70 lb/in2

Series 6 The cell and side panel pressures were 
lncreaeed to 60 lb/in2, and kept at that value while 
the vertical stress was decreased, shearing occurring 
ati

S T R E N G  TH O F  S A N D

c  » - 
y •v - <S ' - 80 lb/in2

(e) Preparation and presentation of results

The effective principal stress in the z direction was 
found at each increment from the proving ring reading, 
the cell pressure and the cross seotional area at 
that increment. The crosB sectional area was 
determined from the vertical gauge dial readings, the 
measured change in volume of the sample, and the mean 
of the four horizontal dial gauges. As previously 
stated, the strains are calculated to give natural 
strains.

The effeotlve stress ratio
<T3'

and the volumetric

strain have been plotted against £z, the strain in 
the z direction. The volumetric strain was calcul
ated as follows 1

(*?>,, ■ (^) + ' (TF>

where

V'j+1

(4)

3

3
H
(N-l)

- volumetrlo strain at any
inorement

- 1, 2, 3.... (N-l)
- number of readings
- number of increments
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Pigs. 5 to 10 are a representative selection of plots 
'

of —=-r and volumetric strain against £ , and is'oln-ir (Jj1 z

one test from each of the test Series 1 to 6.

The peak stress ratio and the effective Coulomb angle 
of shearing resistance were found from each test, 
and the values of 4' so determined were plotted 
against porosity for each of the six test Series.
Fig. 11 gives these results for Series 1 (axial 
compression) and Series 6 (axial extension).

Tor f-- ch of the six Series, the principal effective 
ft- rpp were determined at interpolated porosities 
■ ir.d rlotted In a stress-space diagram. A segment of 
this stress-space diagram Is shown in Fig. 12, the 
x and y oo-ordinates of which are defined by Harr
(1966):

k  <y - v  k  2j3’ - <v - v
1 ">12 ‘ ffj' + a2' + ffj1 ’ y V2 • dj' + <j2' + ffj' 

From the plots of porosity against <ji' for each Series

.CUBICAL TRIAXIAL 
POROSITY- 0-359

0-05 010 0-15 
AXIAL STRAIN Cz

SERIES 2 
CUBICAL TRIAXIAL APPARATUS 

o '  -  o '  -  40  P.S.I. 
f f * ' -  orx' -  25 P.S.I. 

POROSITY-0-374

0-05 0-10 0-15 
AXIAL STRAIN c z

0-20

Fig. 5 Comparison of Results from Hew Apparatus 
and Conventional Triaxial Compression 
Apparatus

Fig. 6 Typical Result from Series 2 Tests

SERIES 4 

CUBICAL TRIAXIAL APPARATUS 

a 2 * ffy • 60 P.S.I. 

ff3'*  a '  « 20 P.S.I .

POROSITY - 0  433

0-05 010 0-15 
AXIAL STRAIN c z

Fig. 8 Typical Result from Series 4 Tests
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/ ’ values were found by interpolation at porosities 
of 0.37, 0.38, .... etc., to 0.42. As shown in Fig. 
13, sin values were plotted against a factor b, 
after Bishop (1966), where b - gg' -

Oj' - O}'

DISCUSSION OF HESPLTS

Practically identical strengths were obtained from 
the conventional cylindrical trlaxial and cubical 
triaxial compression test specimens. This is 
typically shown in Fig. 5 which is from a test 
carried out at one porosity. The agreement between

the two pieces of apparatus is also shown in Pig. 11 
for a full range of porosities. Ko and Scott (1967) 
found that their cubical apparatus gave higher 
strengths than those obtained in the conventional 
trlaxial apparatus. Their results however appear to 
have been affected by comer restraint on the samples 
as discussed by Green (1967), Bell (1968), and Arthur 
and Menzies (1968).

Fig. 11 showB the results of compression tests 
(Series l) and of extension tests (Series 6) over a 
full range of porosities. Practically identical 
j>' values were obtained in the cubical apparatus for 
both extension and compression, the latter results

s-o-

4 0 -

10 3 0 -

0-052-0

u
S.

I t 0 %

0-0

SEM ES 5.

CUBICAL TRIAXIAL APPARATUS

or,' -  a Y' -  85 P.S.I. 

cr± - - 70 PS.I. 

POROSITY* 0-395

0-05 0-10 0-15 
AXIAL STRAIN c z

Fig. 9 Typical Result from Series 5 Tests

0 0 5  2 0

SERIES 6 

CUBICAL TRIAXIAL APPARATUS 
80 P. S I.

POROSITY-0-372

- 0-01-0

t o

0-05 0-10 0 «  
AXIAL STRAIN < z

Fig. 10 Typical Result from Series 6 Tests

♦  35
OSERCSO)« CONV. TRIAX.APP.

"  CUBICAL TRIAX.APP.
■ SEMES t  J

TESTS CONDUCT ED WITHOUT 
TNE SMC PANELS

0-38 054 037 038 039 0-40 041 
POROSITY

042 0-43

Fig. 11 Comparison of Results from Compression and 
Extension Tests

Fig. 13 Variation of maximum Bin 

with b - a2 ' ~ g3l
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i ll btreso strfir relationships where o^' /  a'2 ' / ffj',

Vut t. nur.l r r  of the features observed can briefly be

S U T H E R L A N D  a n d  M E S D A R Y

agreeing with those obtained in convention'll tri;.?. 

compression. The maximum difference nt ai'.v porosity 
between extension and compression values v&b li.out
0.75°. The small differences between the two values 
could be contributed to by the small differences be
tween the mean effective principal stress. These 
results in the cubical apparatus agree with the re
sults presented by previous investigators using the 
conventional triaxial equipment, Bishop and Eldin 
(1955), Kirkpatrick (1957), Comforth (1964), Bishop
(1966), and Barden and Khayatt (1966).

As b increased from 0 to 1, the strength at each por
osity increased from the compression value to a max
imum in the region of the plane strain condition and 
then decreased to the extension value corresponding 
to that in compression as shown in Fig. 1J. For the 
loose samples, the maximum increase in was about 
3.25° while for dense samples it wasabout 5-5°* The 
Mohr Coulomb theory will therefore underestimate the 
strength over most of the range of b values, the max
imum increase in $ ' being from about 10 to 1? per 
cent depending on the initial porosity of the sand. 
This could be of significance in many field problems.

Investigations are continuing into the nature of the

cornmentc-i .it'or.

As Bhown in Figs. 6 to 9 there was a well defined 
peak behaviour at which the rate of dilatancy was a 
maximum. As has been discussed earlier the strength 
of the sand was higher in the case of / Oj1 / ffz’ 
than in the case of axial symmetry. As the external 
stresses on a sample change, groups of particles will 
try to slide into a position of equilibrium in a dir
ection offering the least resistance to shear. For 
axial symDetry, particles can slide equally in the
011 - <Tj' or <Ti' - (¡2' planes, and hence sliding can 
occur on preferred directions which offer the least 
resistance. In non-symmetry, however, the effective 
intermediate principal stress has a restricting in
fluence in that it induces failure to occur in the
0]/ - Oj' plane. Hence, sliding will not necessarily 
occur on those directions which offer the least re
sistance so leading to higher strengths in the case 
of non-symmetry.

Beyond the peak, the strength fell away at a higher 
rate in non-symmetry than in axial symmetry and this 
was accompanied by an abrupt change in the rate of

DiagramFig. 12 Segment of Stress Space

3 9 8
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dilatancy. Up to the peak strength, due to the in
fluence of the effective intermediate principal 
stress, sliding can occur on non-preferred directim, 
thus giving higher peak strengths. Beyond the peak, 
however, sliding will continue along these already 
formed directions, and the effective intermediate 
principal stress will now be having little Influence 
on strength. The strength will therefore drop to
wards the axial symmetry residual value so giving the 
more rapid decrease in strength observed in the non
symmetry case.

At any one porosity, the aiial strain in the <T̂ 1 
direction corresponding to peak strength was found to 
decrease as <jg' increased from Oj1 towards '. This 
can be attributed to the lower degree of freedom in 
the non-symnetrical condition. However, the amount 
of strain required to mobilize peak strength is also 
a function of the stress path and further work is 
continuing on this topic.

Predictions of peak strength from the extended von 
Misee, extended Tresca and Mohr Coulomb criteria are 
shown on Fig. 12 for one porosity. Bishop (1966) 
has shown that of these three criteria the Mohr 
Coulomb is the only simple criteria of reasonable 
generality. With reference to the results from plane 
strain tests, compression, and extension tests,
Bishop suggested an extended Mohr Coulomb criteria 
Involving two parameters and given byi

gl' - g3* . kl

V  + °3' 1 - k2/b(l - b)
GO1 — Or * /where b - g 3 , and k-, - sin «' from compress-
<Ji' - CTj' 1

ion and extension tests, and kg is found from com
pression and plane strain tests.

A number of different formulae were used to analyse 
the values of sin against porosity on Fig. 1?. It 
was found, however, that the Bishop formula above 
gave the best agreement at all porosities as shown by 
the solid lines on Fig. 13* The parameter kg so 
obtained was found to be a linear function of the 
porosity given by kg “ 0.425 - 0.605 n.

CONCLUSIONS

(a) An apparatus has been designed for testing a 
cubical sample in which the three principal stresses 
can be applied in any desired manner, the cubical 
sample being able to deform freely under the applied 
stresses.

(b) Agreement was obtained in the stress strain 
relationships for identical samples of cohesionless 
soil tested in compression in the new cubical 
apparatus, and in the conventional trlaxlal com
pression apparatus.

(c) Samples tested in the new apparatus at a range of 
porosities gave practically identical values of in 
axial compression and extension.

(d) The effective intermediate principal stress <Jg', 
has a marked effect on strength. As Og' Increased 
from <jy to the value of first increased from, 
and then decreased to, the original value at
<321 ■ ffj'. This was found for the full range of 
porosities tested. The maximum increase in varied 
from about 3*25° for loose samples to about 5-5° for 
dense samples. The variation of can be expressed

in a similar form to that suggested by Bishop (1966). 
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