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PREFACE

When judging the shearing resistance of soils, semi-empirical rules have been
used to a great extent in Sweden, for instance the Swedish slip cirele calculation
together with the fall-cone test results. In spite of the fact that low safety
factors are for economical reasons hcquentlv used, even for soft and quick clay
soils, the methads have proved their value in Swedish practice,

Theoretical methods have been elaborated abroad, adapted to the types of
soils and the loadlng conditions prevailing. Attempts to put these methods into
practice in new regions have brought about discussions on the proper field use
of the lahoratory test results as interpreted m the light of the theories.

In the present report the author, utilizing the energy concepts of strength,
has made an attempt at propounding a more general solution to the theory of
the shearing resistance of soils with the intention of bridging the gap between
the different approaches.

Stockholin, March, 1962
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Abstract

The strength of soils is treated from different aspects. The imperfections of the theories and the
limitations of experiences are discussed, mainly in conncction with plastic clays. Attention is drawn
to some fundamental properties which influence the resistance capacity to shearing,

Moreover, a failare theory is introduced in which energy considerations are utilized. The
differences between the stability lailure on one hand and the yicld failure on the other are
diseussed. Finally, some applications on specific cases of stability are demonstrated.

1. Introduction

In the international literature on shearing resistance of soil the discussion usa-
ally is limited to various refinements of the laboratory testing procedurcs to
elicit coctficients applicable to certain strength formulas, gencrally derived with
the Cowlomb equation as a basis.

The normal stress to be used in the equations should be corrected for the
uplift of water, including the pore water overpressuves, as pointed out by
Terzaghi. The difference beltween the total normal siress ¢ and the pore water
pressure

is familiarly called the effective stress and is recognized as a fundamental
quantity for calculating friction.

When a natural, undisturbed soil specimen is placed in a box and loaded, it
is compressed to a small amount until the load has reached the so-called pre-
consolidation load, supposed to have lain upon the natural soil. Additional
load is, in the casc of cohesive materials, then firstly taken up by pore water
pressures, as shown by Terzeghi, which decrease during the ouiflow of water.
When the excess pore water pressures have vanished, the soil is, as is well known,
called rormally consolidated. The consolidation load is thus carried by the solid
phase and can accordingly be defined by the major principal stress, which is
recognized as a fundamental quantity, primarily for calculating cohesion.

Skrmpron (1954) has made a refinement by writing:

du=Bidoy + 4 (doy — o)l ..o (2)
where 4 = coefficient

B = »

gy = major principal stress

Gy == Iminor » »



In normally consolidated clay, 4 and B can often be plotted cqual to one, but
may in other cases differ very much from unity, cspecially in non-saturated

soils.
The major interest concerns the modified Mohr-Coulomb formula of shear

strength:
e b (o w) ban @ (3)

where 7 shear stress at failure

¢’ = apparent cohesion

¢’ - angle of apparent friction

5, = total stress, normal to failure surface
u = pore water pressure in failure surface

In normally consolidated clays ¢’ can usually be omitted, In its original form,
this formnula does not include the hysteresis cffect but may be adjusted to the
actual problem by a suitable choice of the ¢’-value and the ¢’-value.

The relation between the change of void ratio and the major principal stress,
in log-scale, is often almost lincar for the consolidation test, and the aclual
cohesion appearing in the shear test is supposed to be determined by the void
ratio at failure, which thus is recognized as a fundamental quantity for the
cohesion.

Nowadays, the Hvorstev (1937) formula of shear strength is often used in
theory. It is written:

Ty e b (O e W) LA P (4)

where ¢, = cffective cohesion
w, == cffective angle of internal friclion

In this formula

7 (da)
in which x = coefficient for effcctive cohesion
p, = cquivalent consolidation pressurc (belonging to void ratio at
failure)

The pressure 7. is referred to the vertical pressure p, on the virgin eurve in the
£ A 1 =]
oedometer test in Terzaghi’s simplified equation:

P, =Py - BXP !L B (31.—3) | ..................................... (4-1))
where e == void ratio
e, = » » al pressure p,
B’ — coefficient
exp x == e

The basic parameters of the above formulas are shown in Fig. 1.



Streagth volue

Fig. 1. Figure showing a certain strength value
plotted against the cffective stress in the miodi-
fied Coulomb representation, and its separation,
aceording to Hrorslev, in the effective coliesive
and effective frictional components (normally
consolidated clay).

Shear strength

Normal effective stress

Another formula in use for clays is the Krey-Tiedemann formula (sec Muns,
1957), whieh can be written:

=, -b (e, D ARG (d)
where v, — angle of working friction and
G, = 0, TAD g e {5a)
i which ,, = max. working ressure (normal to the failure surface) — initial
consolidation pressure
7, — angle of working cohesion

This formula is often regarded as being a not very satisfactory equation, as it
does not follow the major principal stress and the void ratio requirements,
mentioned above.

At cousolidated undrained shear of a cohesive soil, a case showing up in the
rapid shear-box test, Lhe f “awing equation, also regarded as nol quite satis-
factory, is used:

=g T (o, — ) RAN g (6)
where ¢, = cohesion Inlercept
u#, — pore water pressuve (before lTailure)
7 — angle of apparvent friction

For a normally consolidated clay, ¢, can usually be omitted.

At undrained shear it has been shown that clay behaves as a pure cohesive
material (WESTERBERG, 1921) and the Coliesion method {in international usage
called the ¢ — ¢ method) could be used:

TP = ¢ = 1/’5 (0'1 _— 0'3) ...................................... (4‘)
where
¢ = shear strength, evaluated from test values

In Swedish tradition, for instance, the strength of a clay is often determined
on samples tested according to the fall-cone method (J. Oussow, 1919). This is
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calibrated to full-scale tests on piles and to landslides occurred. Later on Skaven-
Haug, T. Hultin and Caldenius calibrated the method to the shear-box and
the punch tests. The cone test, together with the Swedish slip circle calculation,
thus constitutes a method based on experience which is too well established to
be disregarded for actual clays.

Similar results have been found by means of other apparatus, for instance the
field vane-borer (CapLine & ObpEnstap, 1950). Through investigations at the
Swedish Geotechnical Institute it has been shown that the field vane-borer and
and the fall-cone give similar results, if properly evaluated. This question will be
further discussed in a forthcoming paper from the Institute.

Sxpmperon {1953) has given a diagram showing values of the quotient be-
tweeu ¢ and the effective overburden pressure p as a function of the plasticity
index I,

Supplementary values have been provided for instance by BIERRUM (1954)
and OsTERMAN (1960 a, b). The plasticity index I, for normal Swedish clays or
orgauic soils with clay content, 40 < w; < 150, way be expressed as

I,=082(w,—20) ..o .. (Ta)
where w; = liquid limit

Hawsno (1957) has given the following relation between ¢/p and wj, in the
case of vane tests:

= 0B WP e e e e (7 h)

which fits mosl Swedish clays rather well. The present author believes, how-
ever, that these c-values should be reduced for very soft and organic clays.
Moreover, 1L Is necessary to rcalize that p refers to the effective pressure before
failure. Results from failure tests in the triaxial apparatus must therefore be
corrected to fit in this figure.

From the above it can be seen that the apparent cohesive strength is put equal
to the half of the difference between the major and minor principal stresses (total
or effective) and that it depends primarily on the major principal effective stress.
The expression “total stress analysis” (often met in the literature) on the cohesion
method is thus not fully adequate.

2. Shortcomings in the Shear Stremgth Formulas

For a long time, some shortcomings have been acknowledged in the strength
formulas, and corrections necessary for one or another influence have been
pointed out. :

One of the most important influences is that of volume changes (dilatancy)
dnring shear. Casacrawpe (1936) and others have discussed the influence of
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dilatation in cohesior ss soil and the so-calle eritical density in which state
it can unde  deformation or actual flow without velume change. Additional
ferms neeessary because of dilatation are discussed by Bismor (1930),
HvorsLev (1953), Osternian (1957, 1959), Pooroosnass & Roscor (1961), and
many others.

Morcover, the intermediate principal stress mav huave some influence, a
question touched upon by several authors, and by the author (OstERaaN, 1057)
m conncetion with the question of volume change and boundary effects,

Another important influence is : loading rate and strain. This  estion has
heen discussed by Casscranoe & WiLson (1953), Bserrum ot al. (1938), Craw-
Forp {1959, 1961), Bemarm et al. (1960, and others.

A serious question is to whal extent one should take into account the excess
pore water pressure avising at failure, mentioned by Ostmearax (1960 1) and
ZEEVAERT (1960).

The discussion has mainly dealt with the additional terms in the Afohs-
Coulomb and the Hrorslev formulas, these being the lwo most generally used
cquations whew inlerpreting results from the laboratory. Im the case of the
Cohesion method, eorrections arc recommended for clay fineness, sirength re-
duclions thus being made for the high plasticity clays and organic soifs.

The author raised some objections Lo the Mohr-CoulomD cqualion  sTeR-
aan, 1960 a and by and expressed thal resulls from short-term triaxial lests
gave moderate seatler when the Coliesion method ov the Krey-Tidemann
cquation was uscd.

It 15 interesting to vote that still more severe objections have been raized and
also demands for revision of the strength formulas. As an example, Scnarp ot al.
(1860) have tried to use formulas from Uie theology.

As can he seen from the above. some curious contradictions between ihcory
and practice exist. As the solution of the problem of the stability of natural
slopes became urgent, in conneciion wilh an extensive exploration projeet, the
present author had to examine the Lheories. It was obvious that the funda-
mental theories must reasonably conlain shorteomings, which are dangerous
mainly for regions with soft and scnsitive clays.

The author also finds vefinements necessary in the effective-stress philosophy.
Reeenily, also MireneLn (1961) has discussed a kind of separation of the ef-
fective stresses,

It the last-mentioned paper of the present author is was said 2t the con-
ventional coneept of strength is in reality rather primitive, and that an accurate
estimation of the shearing resistance of a slope calls for an extensive study of
the stability of the systam from the thermodynamical point of view. Normally.,
kowever, one must and can confine oneself to obtaining knowledge of the main
amount of encrgy mobilized at a displacement, arising during an estimated time,
and to finding out if that cvent will oceur during drainage.

In the following some problems taken from the new theoretical aspects will
he discussed.
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3. Separation of the I ‘ective Stresses

In a saturated soil the load is carried by stresses in the soil particles and in the
water. If the measured pore water pressures ave subtracted from the total
stresses, one arrives, as mentioned al ve, at the . ective stresses. For non-
saturated soil the air pressures must be taken nto account (Lanug, 1960).

From the consolidation theory, it is known that the effective stresses should
control at least the primary consolidation process. However, the strength of a
clay creases also dur 2 the secondary settlements, at which the effective stress-
es are almost constant.

During the latter scttlements a crecp is thus in process. Furthermore Fig. 2
shows that, theoretically, bearing in mind the sccondary effects resulting from
carlier loadings, the rate of settlement following the application of a smu
excess load should be of secondary order,

0 Primary settlement —ﬁpq

Secondary settlement _65

q

Extra lead che~-- to give
- N "
~~"a primary setthment'BSq

.‘//
b arp|- 5 i
Primary_set tiement § Fig. 2. Soil clement, (a) sub-
r——g———- s Pla«p) jeeted to primary and secondary
I 1 ___@e‘we—m E’.s(q +p} rousolidation, and (b} loaded by
H — ] ~—T— an additional load which, theo-

retically, should vesult m small
changes of pore water pressures.

!

Obvicusly some repetitive loadings, vibration, ete., influence the orientation
of parlicles. Therefore, the extent to which the secondary cffects refer to over-
consolidation (by vibration cffects. ete.) or to aging may be questioned. In some
respeet, the difference between static and  namic friction shows a re-
semblance to the mentioned cffects, and also to thermal cffects.

This guestion is to some extent connected with the structural models of clay
soil. The model suggested by Enmersox (1959} implics clay consists of a loose
skeleton of coarse minceral grains (composed of foreign crystalline non-argilaceous
material. such as quartz, feldspar, e¢tc)), embedded in a colloidal clay matrix,
(The + aracteristics of the particles as well as organic matter—usually
colloidal dispersion-—clectrolytes, efe. are important for the water sorption.)
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The pore water pressures are, however, measured by means of piczometers,
which do not record the specific pressures on the mieroscopic scale (OsTErRMAN,
1960 b).

The author therefore suggests, in order to make it easier to discuss the be-
haviour of the cohesive materials, a separation of the effective stresses into two
or three groups, wiz. intergranular contact stresses (of the chrystalline solid
phase) and the stress distribution associated with plastic deformation in the
polyphase clay matrix. Since these latter stresses depend to an essential degree
on the intermolecular forces in the liquid phase, they shall, for short, be de-
signated as molecular stresses. Considerable changes in the molecular stress dis-
tribution may, of course, be expected, due to chemical effects or steric blocking
of glide processes at excessive plastic deformation, giving vise, e.g., to system
labilities or strain hardening (stresses in cementations).

That means an expression

O =g o 0e (8)

where

o; = Intergrannlar contact stresses
0,, = molecular stresses
og = stresses in cementations

Below, the question of the release of certain parts of the effective stresses
during the shearing process will also be discussed.

4. Energy Consideration in Commection with Shearing Resistance

The strength of a material means a property enabling the material to withstand
rupture or excessive deformation. At higher stress or increased strain, the ma-
terial fails. The special question of stability means, usually, an investigation
of the risk of excessive deformation at stresses lower than those of rupture.

As an example from a related science, a column is unstable when the work
produced by the column load multiplied by the vertical lowering of the column
top at a virtual deflection amounts o the strain energy of bending. If the
buckling load is lower than the yield load, the column fails by buckling. This
question is disenssed in most of the textbooks on strength of materials.

The same problem also seems to be frequently in question in soil mechanics,
especially concerning the problem if slope failure will occur in undrained or in
drained condition. This question will be dealt with in the following.

The discussion of the failure process must be presented with due regard to
the first law of thermodynamics, viz. that the sum of all the energies iu an
isolated system is constant. No exceptions to this law have yet been found,
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41. Granular Materials

Tn the casc of typical granular materials, such as sand and gravel, the cohesive
strength can usually be neglected. In such a soil, forces between grains exist as
cdge-to-surface contact pressures.

At the Swedish Geotechnical Institute, shear tests on edge-to-surface con-
ditions show angles of friction about 8—10°, in a dry state. The apparent angles
will increase somewhat in water and even more at intermediate humidities, de-
pending on capillary phenomena, ete.

In natural soils, the travel of the contact points of the grains is curved in
space beecause of mterlocking of grains. A discussion of this effect has been made
by Rows (1954) and Ostervax (1959). The effect is obvious even on rough
surfaces.

During shear the frictional component of the contact forees will perform
work at the travelling of the grains, and the shearing of the mass will be encrgy
consuming. she resistance against shear must thus amount to the encrgy neces-
sary for a virtual shearing, Fig. 3. Further, this means that the sheariug forees
necessary for a certain travel must be hi; »r than in the case of edge-to-surface
triction, l.e. a higher friction wi  show .

Fds 2w / Frg. 3. Sod clewment showing positions of work-
) g ) . A
/ 4, . ing stresses aud reactions in different stages of
shearing ifravel at faihere.

By way of simplification, we regard the paths of a soil clement as being linear
and introduce an apparent engle of friction ¢. Under the condition of constant
volume of mass this angle is, for Swedish natural sands, about 32, some vari-
ations being possible depending on shape and roundness of the grains, as well
as on the pressures. At high pressures, the apparvent angle of friction often
decreascs.

1f we plot the shearing resistance r; as a function of the consolidation normal
pressure o,,., we arrive at a slightly curved diagram, which usually may approxi-
mate a linear relationship:
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TP Ope LI 0 o e e e (9)
A back pressure # may be present, the total pressure being o, = o,, + = and
= (a,—w) tan g . e e (9 a)

In the casc of volume change, one can proceed as follows. If the forces are
applied slowly, kinetic energy can be neglected, and the energy equation can
be written

AW =dW, 4+ dW,+dW,+... (10)
where dW — external work
dW, = work absorbed in grain deformation
dW; = » » » friction between grains
dW;= » » » dilatation

The work absorbed in edge rupture, for instance, is taken to be included in the
three terms.

In the case of tightly packed sand, the dilatation will on the whole be posi-
tive. When the applied stresses become high enough, sufficient energy can be
mobilized to overcome the resistance due to both friction and dilatation, as
occurs at the peek point of the stress-deformation curve, The stress then
falls off gradually to the witimate value. In a loosely packed sand no peak
point exists.

Let us consider an element as shown in Fig. 4. At the average angle of shear
dy the unit dilatation will change dd, in a direction normal to the slip surface,
dd, parallel to the surface in the plane of the section and d¢; normal to the
section. The volume change is here supposed to be positive when swelling
OCCurs.

/ g Fig. 4. Element of slip layer, AB, before and after shear.
«slip
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At the peak point
dW = dW,+ dW,
from which one can derive (OsTERMAN, 1957):
_ dan déb‘ déil ............ (11)
rfwo,,tanqa—l—one-——c-l—},—-l-og '-—C‘E-;“-FO‘-}' d‘;’

The dilatation can be prevented from occurring in directions other than normal
to the slip surface. In the case of a shear-box test, and putting ds =k dy, we
get {cf. Bisuor, 1950)

tany =tang 4+ b %ﬂjﬂ_ .......................................... (11a)
by

where y = apparent angle of internal friction.

In a triaxial test apparatus it is possible to compute a dilatation effect as
follows.

We shall assume that the deformation in a unit element will be de; in the di-
rection of the major principal stress g,, and de, in the directions of the both
minor principal stresses o,. For the sake of simplicity, calculate with real de-
formations, thus de; being a compression and de, being an clongation, The total
external work, including boundary energy correction, will be

AW =g, dey—2apdeg .o 12)

Putting volume change dv = 2de, — de, one finds

dW dv
N -+ % G
Both dW and de; contain friction and dilatation parts to an unknown degree,

and the equation must be rewritten to show these contributions explicitly.

Put dey = deyy—deyy and
de, == degp + dey,

where [ stands for friction and d for dilatatiou,

Now
W = dW vy
AW =dW; 1 — a‘ﬁ}; == (0 — 0) dey— (ay— oy) deyg—opdv ... (13 a)
and
dW, _ (o—a)dsgtade (14)
dW, (03 — 03) degy
If pure swelling occurs, de,; == degy = deyg, Bq. (14) can be transformed into
AWy _os+20y  2dsy—de, (14 1)

AW, = o —o,  2des + 2 de,



If the volume change is directed normally to the failure surface, the cquation
will be
AWy 0, 4 o5 cot’a 2 de; — d,
dw, ~ o, —a, " 2'de; + de, cot’y

where ¢ — 45 — /2. As mentioued above, de, is presumed to act in two di-
rections. If not, the change in the equation can easily be computed. Further
reference is provided by Osreraax (1959). Friction at the ends of the samples
should he avoided or corrected for.

T /F’_km-_m

LY Dense materigl
S

~—_ __ . Ultimate value
’,."‘\Corrected for dilatency
Loose material

Angle of shear

Shear stress

Fig. 5. Relation between stress and angle of
shear obtained from shear test on friction
soil,

Plotting the shear stress 7 against the angle of shear y, Fig. 5, the relation is
usually the same as in the casc of a plastic body with a maximum 7; providing
that the dilatancy correction is made. AL the Swedish Geotechnical Tustitute
several tests made on pebbles, macadam, ete. in a large shear box have de-
mounstrated this circumstance.

In an undrained shear test, some important effects will appear. Fig. 6a shows
a box filled with a saturated mass in a loose state of density. Theload is taken up
by intergranular stresses. When shearing the box, the structure breaks down,
Fig. 6b, and the load is carried by pore water pressures. The mass structure is
unstable at shearing.

a.
Ty
WL T
2 -
h
e
L Pore water
Grains in loose Grains in denser
state of compac- state of compac-
tion tion

Fig. 8. Effect of undrained shear of swayable box. Container (a) with loosely filled grains
and water before shear, (b) with grains in denser stute after shear.
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Such a break-down las, in a triaxial test on sand, been recorded by Nasu &
Dixox (1961) as a fast transfer from granular to pore water pressures.

If, on the other hand, the grains in the shear box were densely packed, the
application of shear will tend to disturb the initial packing order, increasing the
pore volume and giving rise to a reduction of the water pressures.

The undrained shearing resistance can thus be lower or higher than the
drained one.

42, Cohesive Materials
420. General

The consolidation of a eohesive material under a given load involves normally
an outflow of water due to pressure gradients. The reason for the water
pressures is mainly an overexertion of the clay skelcton, similar to that
occurring in a bath-sponge compressed by hand. But the reason for excess water
pressures may also, in some cases, be negative dilatation of the inner skeleton,
similar to that of the shearing of loose sand. This possibility of donble reasons
allows for a nisjudgement of events.

In nature, both primary and secondary settlements, as well as chemical aging,
occur simultancously in the various layers, giving rise to irregnlarities in the
stress-deformation curve. Ivregularitics also occur im, for instance, the case of
quick clays, and thus confusing the interpretation of results.

When unloading of frictional material, the expansion is very small but suffi-
eient to ensure the almost perfect vanishing of the internal stresses. In the case
of clay, however, the cxpansiou is greater, although in Swedish clays it is usually
not followed by a release of the molecular stresses, which would necessitate a
sorption of pore water or gases. As a consequence and a reaction, negative pore
water pressures avise to provide eqnilibrium of molecular stresses, Ifig. 7. The
residual bonds are included in the concept of eohesion.

au = al n

Ao = load inerement

Aoge = increase of effective siresses

O == > » molecular »
®= = » le'e water Pressures
Aa and Ab = small quantities

Ayz-a(
{neg)

Fig. 7. Model showing, schematically, a
Lypothetical origin of residual bond in clay.
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In this connection it can be mentioned that Bismop (1961) reports a test in
which a saturated sample from 45 ft below the water table, having a calenlated
in situ vertical effective stress of 5.3 Ib/sq.in., was found to show a negative pore
water pressure of 2.5 lb/sq.in., as measured by a certain apparatus. The size of
the pressure was explained as a consequence of the release of shear stress.

The present author supposes that the suction and water sorption also depends
on clay type and presence of excess water.

421. Properties of Shearing Resistance

Also in a clay, the resistance against shear, even in the case of stability, must
consist of energy mobilized at a virtual shearing.

The coarse grains, being solid, increase the rigidity of the clay matrix. Some
frictional and, in the clay matrix, mainly cohesive energy, and other effects of
thermodynamical natnre, oceur at the shearing. Some long-term reorientation of
soil particles and organie matter also takes place in highly stressed zones.

Normal stress at consolidation

a b
The Tne| T

i - Shearing
: ¢ stress at
i : failure
=

C.

T Slow test

f skl Fig. 8. Element of shear box speci-
Rapid fest men, (a) before and (b} after shear-
ing; (c) relation between shearing
resistance and normal stress at con-
solidation. during slow and rapid
N G_nc fests.,

As mentioned above in reference to undrained shear, one usually finds a lincar
relationship between shear strength 7; and pressure at consolidation stress g, in
a rapid shear-box test, Fig. 8, written.

TP O LML gy o v e e (6 a)

If this rapid test is to be interpreted using effective stresses and parameters, we
must introduce an extra pore water pressure, Au,, arising at failure. By introduc-
ing this in Eq. (8) we obtain
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= {o~—dudtang’ ..o (3a)
or
= (o, —ug—dutang’ ... (3b)

where 2 1s the measured value in the field.

However, this is a question of unloading, where Eq. (3), which in its original
form refers to normally consolidated clays, does not account for hysteresis effects.
If Au; is introduced in Eq. (4), we deduce:

p=c+(o,—uy—dudtang,. .. ... (4c)

The value of Aw, is difficult to measure in the laboratory and impossible to
measure in the natural soil. Only, a vough value of its magnitude can be esti-
mated for the time heing, but it should be possible to compute it by using the
principal stress ellipsoid, and the actual strains. Thus the effeetive-stress
philosophy cannot, without correcting its routine use as proposed in literature,
vet be employed in practice for soft clays.

The reason for the above effect is an inner, negative dilatation of the clay
skeleton. If, on the other hand, the dilatation is positive, the routine interpreta-
tion gives usually a value which differs from reality in another direction.

In the laboratory, the shear-hox test specimen is often sheared slowly under
drainage. Also herc a linear relationship between shearing resistance r; and
effective, norual stress ¢, appears:

=0 BN gy L {15

where ¢, = angle of apparent friction.

It is discussed if this angle and the abovementioned angle ¢ should he equal.
The author believes that this is not the case.

During the shear, consolidation is proceeding in this case, and the effective
principal stresses are in inclination to the direction of the shearing force.

Because of the loss of water, some energy is dissipated in the consolidation
process. Therefore, the extent to which the change of volume should be con-
sidered a pure dilatation effect in the boundary energy correction (Hvorsiev,
1953) may be questioned. However, the problem can apparently be circum-
vented iu most cases.

a. Tests in the Triaxial Principal Stress Apparatus

The loading conditions might, at least theorvetically, be made more pure in
the triaxial principal stress apparatus, in which an isotropic cell pressure and
a vertical extra load are applied to the test specimen.

To fulfill these requirements, the specimen in the undrained test should first
be consolidated aunisotropically, and then sheared rapidly or slowly. At shear,
influence of the horizontal friction at the upper and lower ends of the test
speciwen shonld be avoided, if possible. An extrapolation to the proper situation
of failure, calling for a serics of tests at different stress ratios, seems to be
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necessary. In the drained test of soft soils, the deformations are, however, so
great that the properties become changed, for example: the quick clay loses its
high sensitivity. Such results must be regarded as being not representative for
the original clay.

In the isotropically cousolidated specimen, the effective normal stress in the
surface of failure decreases when a deviator load is applied, the reason being the
high pore water pressures arising as a reaction to the deviator load. An applica-
tion of the effective-stress philosophy in its common usage must here be
erroneous, since the cohesion and friction members of the strength equations
helong to different consolidation pressures.

To avoid these excess water pressures, one can also decrcase both minor
principal stresses to such an extent as to kegp the overpressures at zero. Also,
in this case, the nmormai stress decreases, giving rise to discussion concerning
which interpreting method should be used. Thus, the reason for the constant
pore water pressures is most probably that overpressures, appearing from shear
in the failure zone, are compensated by suction, arising as a reaction to the
decrease in total normal stresses. This may mean that, at least with regard to
the cohesion, the failure occurs in a state of overconsolidation, which demands
corrections of results.

As mentioned above on ¢/p-values, one should use that value of p which
correspouds to the cffective overburden pressure before rapid failure and not at
failure.

Crawronrp (1961) made an interesting study of some shnilar complications of
the triaxial testiug, and stated that “non-uniform consolidation occurs due to
application of all-around pressure and that water moves away from the plane of
shear”, and that “under constant axial stress pore pressure increases in direct
proportion to strain”. It may be such effects which influenced the results of
the triaxial tests on soft clays, discussed by OstErman (1960 b).

In view of the present state of the theoretical development in this field, it is a
major inconvenience of the lriaxial test that it requires a theory for its inter-
pretation.

Obviously, the time has not yet arrived for utilizing triaxial test results fov
soft saturated clays. The apparatus may, however, be used for unsaturated
materials, if the demands on the accuracy are moderate, and for coarse mixtures,
if the cell dimensions are appropriate. If horizontal friction at the ends of the
test specimens occurs, it should be corrected for.

b. Special Influences on Resistance

As in the case of sand described ahove, there may be a kind of eriticel state of
density also in the case of clay. Roscor et al. (1958) state the existence of a
unique eritical void ratio line in the coordinate space, defined by ¢/, void ratio
e and shear strength ;. For heavily overconsolidated clay, Au; may become
negative. (A clay was considered as heavily overconsolidated when it had been
loaded eight times as much as the extsting overburden.)
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Samples on the wet side, contract in drained tests or show a positive pore
pressure change in undrained tests; whereas those on the dry side dilate or
develop a negative pore pressure change. In reality the terminology wet and
dry implies an oversimplification, since the very complex phenomena in the
deformation of the clay matrix play an important 16le in the case of clay soils.

In this connection a rather intricate question is to what extent the shearing
resistance, due to overconsolidation, will be reduced by swelling from water flow
and gases.

In the Swedish clays swelling occurs if water flows through the overconsolidated
clay due to a pressure gradient caused by an artesian water pressure, an excess
pore water pressure from a load giving a flow through a dry crust, efe. In a
certain river, for instance, softening has been observed 2 &4 3 m below the bed
surface, which is quite reasonable. Fissures are observed in Swedish clays,
especially in the upper layers of the clay.

The softening of zones i stiff fissured clay has been discussed several times in
a series of articles on London clay.

When evaluating the possibilities from the specifies of the natural case, it is
therefore necessary to know which Lest method is utilized and if the clay in
question has been influenced by excess loadings or artesian pressures.

c. Sensitivity

Sensitivity wusually means the quotient between the strength of natural
undisturbed clay and that of remoulded clay, in the case of undrained tests. As
the remoulded strengths are often low, the results are highly dependent on the
test methods used. The author prefers to employ a test with the fall-cone
apparatus,

When discussing the strength of disturbed clays, it is necessary to be judicious
in the use of the above formulas, as is made clear from the following.

Fig, 9 shows the relation between consolidation pressnre and compression for
undisturbed and remoulded samples, respectively. At the same compression, the
quotient between the higher and the lower stress can be regarded as a certain
factor, correlated to the sensilivity, but giving another sense than that mentioned
above. The vertical difference indicates a structural influence.

There are two major reasons for a high seusitivity, namely, a reversible effect,
thizotropy, and an unstableness of the soil skeleton, quickness, as described
helow.

e 1. Thizotropy

When a clay is remoulded, the inner structure and the equilibrium of the
molecular stresses are disturbed. This means that the bonds belween particles
are weakened and the resistance to shear is decreased. Apparently some particles
having edge-to-surface orientation have turned to positions in parallel. Present
knowledge has been discussed by Lanpe (1958) and by Scep et. al. (1960), and
others.
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Verticat effective pressure {log scale}
— i 1

I
\ Undisturbed clay samiple
¥

T

Rernoulded

Vertical compression

Fig. 9. Relation betuween results of undisturbed and remoulded clay consolidated in
oedometer. The difference is shown in resistance to external load at one water content,
and in internal soil structure at the sawme verticd effective pressure.

The energy put in during remoeulding brings about an unstable structure, in
which the particles and the water will move to more stable positions.

The build-up of the new slructure thus necessitates a rearrangement of parti-
cles and water, which takes time. During the rearrangements, the strengthened
bonds must be hrought inle equilibrium and this demands pore water suction.
Thus, pore water suction is built up during the hardening.

The increase with time of the tension of the pore water has heen observed by
Bisnor (1961).

It follows from the above that the restoralion of strength, thixetropy, must
reasonably be higher the higher the cohesion, or rather the fineness. and, to a
certain extent, the water content. The thixotropy is also depen nt on the
particle structure.

¢ 2. Quickness

A quick clay may be  fined as a elay whieh, when undisturbed, possesses a
certain strength and can be considered a solid, but which when distu  eod ecan
apparently be considered an imperfect liquid. If the sensitivity exceeds a certain
number, say 30--30, depending on the method of determination, a clay is in
practice termed quick.

The transition point of the clay from the plastic to the liquid state can, as a
rule, be identified with the d#terberg percussion liquid limit 1w, or with the
fineness number w; (SWEDISH STaT: Rarmwavs, 1922, and R. Karessox, 1961).
Both methods give nearly the same values, apparently a little on the dry
side, especially for some organie clays.

The liquid limit (or, as sonmetimes advocated, the plasticity index) can thus
be roughly correlated to the sorption capacity or apparent fineness (the total
arca) of the particles.
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The reasons for the possibility of the excess iu the water content may be a
skeleton of coarser materials and perhaps also the hardening of the clay during
the reortentation of the grains at the secular deformations. These extra bonds
should, in such cases, correspond to cementations between the particles. At
shearing the intergranular an  cementation stresses may he released.

The sorption capacity of the pa s of & ¥ can be changed by adding
dispersing agents, v ich scem fo b » most important mfluence (SOpERBLOM,

1960), or by removing or adding other chemieals, or also by hoth processes.
There are scveral substa es possessing dispersing effects on clay, natur
humates and carbonates, and . o other chemi

If these changes ave not followed by correspo  ng changes in - @ water con-
tent, the water can exceed that of the liquid linit. Usua -, the quick clays pos-
sess some 20 9 excess water.

The sodium-chloride and similar clectrolytes gencra - hinder the formation
of guick clays (Rosexqvrsr, 1958). Thus, the quick clays are found in deposits
sedinented in fresh water or in salt water and leached ou

As can be seen from the above, the restoration of strength cannot he made
reversible by reforming the clay. ITowever, it is possible to change a consolidated
clay by osmotic ~+ other processes.

Natural quic lay deposits often oceur in Sweden, especially in ¢ south-
western region. They are mostly confined to small arcas and have a thickness
of some metres, From a study of diagrams of the sensitivity in relatic  to the
soil types, the present author arvived at the conclusions that quick clays are
often situated close to more permeable layers and that water flow might often
he present.

In nature one can find guick clays having sen  wvity values up to 630 or
even more. In the lahoratory it is possible to break down the honds as to form
sensitivity values up to about 1,500, Since the strength results are dependent
on the veloeity of festing and methods used, these results are ratlier arbitrary.

In some respeet a sand, built up of a loose skeleton with local contact bonds,
a “true” quick sand, may behave in a similar way as certam quick clays,

422, Stability and Yield Condilions
a. Quick Failures

I a clay slope or other carth mass, the wargin of satety may he jeopardized
by some rapid loading. When the critical situation has thus been built up, the
state of consolidation corresponds te a pre-existent stress distvibution, here
usnally with lower mtensity.

The ealentation should be made under the assnmption of quick, undrained
shear.

Encrgy is stored in lhe system by the position of the soil mass with its load,
which ¢ failure are assumed to slide on a slip surface or, rather, on a soil layer
set in motion. At failure, this mass @ moves a certain distance during a time-
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IMomentury rotation
- point for sliding body

/£ = angle between radius veclor (to
a certain point) and the vertical
axis

Ao =value of # 1o the point of
gravity of sliding body

L = length of slip eircle

¥ db = lenglh of element of slip cirele

Fig. 10. Supposed failure layer in ¢ clay slope. Notations used.

interval, dt, the vertical component of the distance multiplied by the weight
forming the external work.

If t - slip surface is assumed to be cireular, as in the casc of Fig. 10, and the
distanee between the momentary rotation point and the centre of gravity of the
sliding body is , and the a1 e to the vertical is A, the work done at an angular
change d7 is calculated at:

d =Qrsinfodp. o (16)

In the slip layer, with thickness £, an clement with the unit wi h and the
length &b is influcnced by the normal stress 5, and the shear stress 7,. The nuer
work will correspond to the expression:

I
dW,= frphdydb. ... o (17)

0

By assuming hidy —= Rdj, we derive
LA
¢ =R / [rf dﬂ_] dab !
0
and, if 7; is constant during the shear, also
L-
dW; =Rdg [, db
1
Therefore:

i
Qrsin g, = Ru/- dh (18)
D

* This presumes an integration with respect to df from 0 Lo df .yitical.
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which corresponds to the common calculation.
By plotting + sin 8, =% and M, = @ and also L = 2aR,
and assuming t; = ¢ = constant, we find

as usual. In certain cases this may thus involve unpermissible simphfications
of Eq. (17).

It can be seen from the above that calculations in this specific case can be
transferred iuto the simple assumptions of equilibrium, provided that z; is con-
stant during the shcar and that no veolume changes occur. A release of certain
parts of the effective stresses is, however, possiblel.

If the shearing resistance ; is dependent on the shearing deformation y, as for
instance in the case of pore water changes, TFig. 11, the variation of the re-
sistance must be taken into account when solving the integrals.

Fig. 11. Variation of pore waler pressure
during the shearing process, in prineiple.

;i»——zv Shearing process x(t)

In practice, a value is employed which has been derived from a test process
in which similar pore pressure effects become apparent, such as the fall-conc
or quick shear-box tests or the vane test. When utilizing these methods, es-
pecially the shear-box test, it is necessary to take into account the state of
consolidation owing to the fact that the pore pressure set up at shearing is de-
pendent hereon, Of course, in the samples used in the cone test, there inay exist
extra disturbances from the sampling operation or swelling, ete.

Morcover, if the shear strength is dependent on loading rate, for instance in-
creases with velocity because of viscous effects, theoretically one should replace
dy by wdt, which means:

p=F (o, tou) ... ... (19)

The question of which failire velocity will arise is also connected with the rate
of excess of load and kinetic effects. The influence of dynamic effects, vibration
ete., is especially important for the ocewrrence of secondary slides.

Generally one has to reckon with a possible minimum of shearing resistance
at least for the initial slide. At investigations after a slide, care should be exer-

* The possibility may be explained fromn Fig. 6. If the voids, instead of pore water, contained
normally consolidated clay, we realize that the intergranular pressures will be interchanged for the
pore water pressures in the clay during a rapid shearing.
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cised in the analyses of the soil and samples should also be taken adjacent to
the slip layer in which the soil might have been subjected to thermal effects.

Finally, upon sliding the clay will lose a part of its resistance by sensitivity
effects.

In the laboratory there is a risk that stability break-down can escape obser-
vation becausc of a time lag in the measuring system (or because of hydraulic
loading or controlled strain systems).

In the opinion of the author only the quick failure may be regarded as a
stability case.

b. Slow Failures

Slow failurcs in elay slopes are rather infrequent in Sweden and would imply
that the value of the resistance against shear is velatively constant or, also, that
the resistance, and the exertion, undergo some change.

At low failure velocities one may, in fissured and perhaps also in very coarse
clay, assume a pore water flow and dilatancy, which must be taken into con-
sideration,

Where there are dilatation effects in the slip zone, the failure can be dis-
cussed on the assumption that the strain-work iu the sliding mass can be dis-
regarded, and that the encrgy equations can be studied by taking the total
external work, now from action stresses 7; and also g,. If compared with a sinilar
occurrcnce in a laboratory test, the problem of the work done by water flow
may be circumvented.

At variance with the quick failure, the course of slow failure can more casily
be studied in the laboratory.

In the opinion of the author the slow fallure may be regarded as a yield
failure.

423. Natural Clay Slope Applications
a. Initial Slides

In a natnral slope the margin of safety against instability or yield failures
can gradually vanish, see Fig. 12, for instance by successively increased loading
due to land heave or changed water levels or to fissures. Decreasing resistance
capacity due to softening from water sorption, chemical aging, etc. may also
oceur,

A change of resistance because of orientation of particles and organic
substance can show up during creep, i.e. a type of long-term stability question.

When the critical state has thus slowly been built up, the clay is consolidated
aud in some high-stressed zones deforined excessively by creep. In the layer of
the potential failure, the clay has been adjusted to some principal stresses gy,
and g,, (the quotient of which corresponds velatively well to the coefficient of an
active earth pressure) and to the intermediate principal stress o, Fig. 18 shows
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Shearing_resistance

Loss by ercsion, dredging, swetling
Mﬂf’giﬂﬁ Lleaching, chemical agents, etc.

\Shearing_exertion,with variations,

due to changes in tead,artesian
pressure, vibration, etc.

Potential ¢copacity

Fig, 12. Variation of shearing
resistance and exertion as a
function of time, in principle.

Tirme

a sketch of the failure situation. In the slope shown, it is assumed that the
relation between ¢; and dy may vary along the potential slip surface, e.g., by a
snpposed removal of mass below the original ground surface. For calculating
such a case, it can be necessary to perforru special tests on clay from various
points to find out the behaviour of the layer in the actual failure conditions.

The shape of the slide bottom can often be recorded very accuvately by
means of electrical resistivity measurements. The method Implies the obtaining
of a jump in the resistivity log, caused by the changed position of the sliding

Originol ground surface Lip surfoce
i LA

Zone of
scftening+ .+

Fig. 13. Possible differences in the relationship between resistance 7; and average shearing
dy during the critieal time,
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mass. This method was first used at the investigation of the landslide at Géta,
near Gothenburg, 1957,

It is often argued that, in a natural slope, one has to consider a drained
failure. The author feels justifed in asserting the following opinion.

Obviously, drainage mmay occur from consolidation, swelling or osmotic in-
fluences ete. during the long-term existence of a natwral slope before failure,
However, it is the condition of the slope and not its age which is the pertinent
factor,

Thus, when dealing with normally consolidated or slightly overconsolidated
clays, and with due regard to the negative dilatation of the inner structure, the
failure occurs when the stability of the slope is hazarded at a virtual shearing.
In the case of heavily overconsolidated clays, and with due regard to the positive
dilatation of the inner structure, the failure occurs when the shearing resistance
of the slope is exceeded,

The causative factor in the sliding of a mass is thus the lowest active exertion,
load or vibration at which the reactive forces are unable to re-establish a stable
position. If the loading or reactive ability can be altered by factors, snch as the
swelling of the clay, the calculation of stability may require an examination of a
couple of situations or procedures.

A natural slope can thus fail under quick shear, and that case would be the
most frequent in Sweden, where the clays mostly are normally consolidated or
slightly overconsolidated, thus being on the “wet” side of the critical state of
density or critical void ratio.

b. Secondary Slides

When an initial slide ean occur for some reason, it is of the utmost interest to
estimate the risk of secondary slides. The occurrence of secondary slides is rather
frequent in Sweden, especially in regions of quick clays.

At the vanishing of the earth pressures belween the initial slide and the
secondary one, a shearing strain in the slip layer of the secondary slide is
released by the draw-down of the mass involved in the initial slide.

A certain inner deformation of the mass of the polential secoudary slide may
cause uneven stress distribution. A deviation from the circular form of the initial
slide often seems to develop a tension at the rear of the sliding mass, which is
to be added to the mentioned strain of the masses behind.

That means not only that the slip layer (in this case often composed of both
linear and circular parts) is rapidiy loaded but also that vibration effects can
appear due to the rebound from the rapid change of loading. Such a vibration is
most serious in quick clays or other metastable struetures.

The author has made calculations of a couple of secondary stides, and there
the excess influences seemingly amounted to the size of the earth pressures
released at the previous sliding, or also an uneven stress distribution of the
same influence is built up.
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