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Influence of the Variation of the Intermediate Principal
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ment consolidées
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SUMMARY

The results of experimental study of the deformations, pore
pressures, and shearing strengths of normally consolidated clays
in three-dimensional stress space are presented. Tests by means
of equipment which permits independent control of the three
principal stresses on a specimen, and triaxial compression and
extension tests were performed.

The relative value of the intermediate principal stress affects
to some degree the deformations, pore pressures, and the shearing
strengths expressed in terms of effective stress. The failure strain
decreases with increasing value of the difference between the
intermediate principal stress and minor principal stress. Behaviour
of pore pressures can be adequately expressed by Henkel's
equation, generalized by introducing stress invariants, and a
critical value of the octahedral shear stress exists, below which
dilatancy is zero. The Mohr-Coulomb failure surface represents
the lower limits of the shearing strength, and the actual failure
surface for clays is a curved one which circumscribes the Mohr-
Coulomb hexagon.

SOMMAIRE

Les résultats d’études expérimentales de déformations, pressions
interstitielles et résistance au cisaillement d'argiles normalement
consolidées dans I'espace sont présentés. Des essais sur argile
utilisant ’équipement qui permet le contréle indépendant des trois
tensions principales sur un spécimen ainsi que des essais de
compression triaxiale et d’extension ont été exécutés.

La valeur relative de la tension principale intermédiaire affecte
les déformations, pressions interstitielles et résistances au cisaille-
ment exprimées par les tensions efficaces jusqu’a un certain degré.
La déformation a la rupture diminue avec I'augmentation de la
valeur de la différence entre la tension principale intermédiaire
et la tension principale mineure. L'action de la pression inter-
stitielle peut étre définie adéquatement par I'équation d’Henkel,
généralisée par lintroduction de la tension invariable, et la
valeur critique de I'effort de cisaillement octaédre existe, lorsque
la dilatabilité est nulle. La surface de rupture de Mohr-Coulomb
représente la limite inférieure de la résistance au cisaillement et
la surface véritable de rupture pour I'argile est 1a surface courbe
qui circonscrit I'hexagone de Mohr-Coulomb.

THE MOHR-COULOMB FAILURE CRITERIA implicitly assume
that the strength is independent of the intermediate principal
stress. The influence of the variation of the intermediate
principal stress on the shearing strength of clays was studied
by Habib (1953), Haythornthwaite (1960), and Wu, et al.
(1963). Habib performed torsional cylinder tests and Hay-
thornthwaite torsional hollow cylinder tests. Both found
considerable departures from the Mohr-Coulomb criteria
expressed in terms of total stress. Wu, et al. performed hol-
low cylinder triaxial tests and concluded that the Mohr-
Coulomb criteria expressed in terms of the Hvorslev strength
parameters were valid for clays.

In this paper, equipment which permits independent con-
trol of the three principal stresses of o, o2, and o3 on a
rectangular cross-section specimen is described, and the
results of conventional triaxial tests and tests for inter-
mediate values of the second principal stress are presented.

EQUIPMENT AND EXPERIMENTAL PROCEDURE

Specimens

Remoulded samples of Osaka alluvial clay were recon-
solidated in a large consolidometer having a diameter of
25 cm under a normal pressure of 0.45 kg/sq.cm. Test
specimens 6 cm in length, 2 cm in thickness, and 3.5 cm in

width were trimmed from a block of reconsolidated clay,
and were subsequently consolidated in triaxial cells under
all-round pressures ranging from 0.5 to 3.0 kg/sq.cm. before
shear tests were carried out. Some properties of the clay are:
wy, 69 per cent, wy, 20 per cent, I, 49 per cent, and
activity, 2.0,

Equipment

The schematic layout of apparatus used to obtain varia-
tion of the intermediate principal stress, o., between the
values of the major and minor principal stresses, o; and oy,
is shown in Fig. 1. The major components are: the triaxial
cell A, the intermediate principal stress cell B, the constant
pressure cells C and D, and the pore-water-pressure unit E.

Details of the intermediate principal stress cell which
consists of aluminum plates, membrane cushions, double
membranes with silicon grease in between, and counter-
balances are shown in Fig. 2. The double membranes and
counterbalances are used to eliminate friction between the
membrane cushions and the specimen. The space inside the
membrane cushions is filled with water and connected to
constant pressure cell D (Fig. 1).

The constant pressure cells C and D (Fig. 1) regulate the
principal stresses, o and o, applied on the specimen. These
applied stresses on the rectangular cross-section specimen
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A; Triaxal cell
B: Intermediate principal stress cell
C.D; Constant pressure cells
E; Porewater pressure unit
FIG. . Schematic layout of apparatus.

are shown in Fig. 3a. Details of the constant-pressure and
pore-water-pressure equipment have been given by Andresen
and Simons (1960).
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Compression and Extension Tests

Rectangular cross-section specimens were subjected io
undrained compression and extension tests with pore-water-
pressure measurements. The same rate of strain, 0.01 per
cent per min, was used in both the compression and the
extension tests. In the compression tests, oy > oy = oy,
failure was brought about by increasing the axial stress,
keeping the triaxial cell pressure constant. In the extension
tests, oy = o > oy, failure was produced by decreasing the
axial stress, keeping the triaxial cell pressure constant.

o > oy > gy Tests

The loading procedures used in the tests for intermediate
values of the second principal stress, oy > o2 > a3, are
shown in Fig. 3b in a three-dimensional stress space. The
specimens are first consolidated under an all-round pressure,
a., at the point a. After consolidation, o, and o, are in-
creased simultaneously by a certain quantity over oy which
is held constant. The loading path followed in this portion
of the tests is shown by the line a-b, and the stress condi-
tions are therefore similar to those of extension tests. The
specimen is then loaded to failure by increasing o, while o»
and oy remain constant as shown by the line b—c.

In the loading portions shown by the line a-b—, the
specimen is loaded in the undrained condition with pore-
water-pressure measurements. The dimensions of specimens
and strain rate are the same as those of the compression and
extension tests.

(D) Piston (2) Triaxid cell (3) Top loading cap

(@ Pulley @Ah.m'mm plate @ Membrane cushon @ Double membranes Porous stone

(®) Guide (O Guide roller
@ Porewater pressure

@D Counterbalance
@ Intermediate principal stress

@ Specimen (60x 35x 28}
@ Minor principal stress

FIG. 2. Loading apparatus for intermediate principal stress.
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FIG. 3. (a) Applied stresses on the rectangular cross-
section specimen. (b) Loading paths used in o, >
gy > g tests.
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FIG. 4. (a) Relationship of principal stress difference (o, —
o3) and major principal strain. (b) Relationship between

pore water pressure and major principal strain.
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FIG. 5. Relationship of strain at maximum principal
stress difference (¢, — o4) and principal stress dif-
ference (o — 04).

DISCUSSION OF TEST RESULTS
Stress-Strain Relationship

Typical stress-strain and pore water pressure-strain curves
for various values of the principal stress differences (o —
a3) are given in Fig. 4. The curves plotted in this figure were
obtained from specimens consolidated at an all-round pres-
sure of 2.0 kg/sq.cm. Space limitations preclude presenting
the curves of a similar type obtained from the specimens
having other all-round consolidation pressures.

Fig. 4a and other stress-strain curves of similar type indi-
cate that the shape of the stress-strain curve is influenced by
the relative value of the intermediate principal stress, and
that an increase in the value of principal stress difference
(o, — o) brings about a decrease in the value of strain at
maximum principal stress difference (o, — o3). Moreover,
as plotted in Fig. 5, the decrease in strain at maximum
(oy — a3) is proportional to the value of (o3 — 03), and a
smaller strain is clearly obtained for the specimen consoli-
dated under a lower all-round pressure.

Pore Water Pressure

For saturated clays, the change in pore water pressures, Au,
due to changes in the three principal stresses of Acj, Acy,
and Aoy, is given as follows (Henkel, 1958):

Au = Aoy, + (D/C)A1,4

where

(D

Aoy, = B(Agy + Acy + Ady)

Aty = 5 (A0 — Aga)” F (Aoy — Ady)2 + (Aay — Adq)?

and C = coefficient of compressibility, D = coefficient of
dilatancy, Ag,, = change in mean principal stress, and
A7, = change in octahedral shear stress.

Eq | may be written in the dimensionless form

(Au — Aoy /oy = (D/C) (Ary/an)- (2)

In Fig. 6 are plotted the values of (Au — Ac,)/s,, and
At/ 0y, obtained from the triaxial compression and oy >
s > oy tests on specimens normally consolidated under
1.0, 2.0, and 3.0 kg/sq.cm. The principal stress differences
(oo — o3) in oy > oy > oy tests varied from 0.2 to 1.0
kg/sq.cm.

Although a certain amount of scatter is inevitable in
Fig. 6, it will be seen that there is a unique relationship
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FIG. 6. Pore-water-pressure changes due to changes
in the three principal stresses.



between the two quantities, (A — Acy)/oy and Aty /A,
irrespective of the relative value of the intermediate princi-
pal stress and the water content at the start of shear test.
Moreover, it will be noted that a critical value of the
change in octahedral shear stress exists, below which the
coefficient of dilatancy D in Eq 2 is zero. Thus, the change
in pore water pressure can be expressed as a function of
o, Aoy, and A7, by the equation

Aty < A7 AU= Aoy, )

o (3)
Aty > A7y AU = Aoy, + o (A7/oy,) )

where Az, = critical shear stress, below which dilatancy is
zero.

Stress Path and Strength

In Fig. 7 the stress paths followed in undrained com-
pression, extension, and o; > o3 > o3 tests on normally
consolidated clays are plotted in the plane of symmetry,
o’y = o’y In addition, the failure envelopes for these tests
are indicated.
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FIG. 7. Undrained stress paths for normally consolidated
clays projected onto the plane of symmetry, ¢’, = o’

As the actual points representing the stress conditions in
oy > oy > oy tests lie in the plane of (o3 — o03) = const.,
Fig. 3b, the stress paths followed in these tests are projected
onto the plane of symmetry. The failure envelopes for
oy > oy > oy tests, shown in Fig. 7 by the dashed lines,
are drawn by assuming that the Mohr-Coulomb failure
criteria are valid, and that parameters ¢’ and ¢ are con-
stant or independent of the value of the intermediate princi-
pal stress.

From Fig. 7, it will be seen that the shapes of the stress
paths followed in the compression and o, > o3 > o tests
are generally similar, and that the peak values of the effective
stress ratio (¢’;/0’3) for oy > o, > o, tests are greater
than those for the conventional triaxial compression tests.

In Fig. 8 the results of compression, extension, and
oy > o2 > oy tests are shown in the plot of shear stress
%(0’, — o’3) versus normal stress %(¢’; + o’3). There is no
significant difference between the results of compression
and extension tests, and the parameters ¢’ and ¢’ are 0.02
kg/sq.cm. and 33.7°. However, the strength obtained from
oy > oy > oy tests differs somewhat from that obtained in
conventional triaxial tests. The nature of these departures
are examined by projecting the measured stresses at failure
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FIG. 8. Relationship between strength and effective
normal stress; a comparison of the results of o, >
@, > o, tests and conventional triaxial tests.

onto an octahedral plane, using the apex of the failure
envelope as a centre of projection (Wu, et al.).

Fig. 9 shows a right section of the theoretical Mohr-
Coulomb failure surface which is determined by the values
of ¢ = 0.02 kg/sq.cm. and ¢’ = 33.7° measured in the
compression and extension tests. The results obtained from
oy > oo > oy tests are also plotted as points. The actual
failure surface for normally consolidated clays has a curved
form, as shown in Fig. 9 by the dashed line, and the Mohr-
Coulomb hexagon represents the inner limit of the failure
surface of clays. Hence the difference is on the safe side if
our estimates of factor of safety are based on conventional
triaxial tests.

CONCLUSIONS

A series of conventional consolidated-undrained triaxial
tests and tests for intermediate values of the second principal
stress were performed on normally consolidated clays. The
main results obtained are as follows.

1. The shape of the stress-strain curve is influenced by
the relative value of intermediate principal stress, and the
axial strain at the maximum principal stress difference
(o) — o3) decreases with increasing value of the principal
stress difference (o, — oy).
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Legend

FIG. 9. Right section of experimental and Mohr-
Coulomb failure surfaces.



2. The change in pore water pressure due to changes in
the three principal stresses can be adequately expressed as
a function of o, Aoy, and A7, Where o, is the mean
principal stress and 7. is the octahedral shear stress.

3. Close agreement is found in the values of ¢’ for com-
pression and extension tests, but slightly larger values of ¢’
for intermediate stress conditions are obtained.

4. The Mohr-Coulomb failure surface represents the lower
limits of shearing strength, and the actual failure surface
for normally consolidated clays is a curved surface which
circumscribes the Mohr-Coulomb hexagon.
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