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THE IMPORTANCE OF SHEAR IN CONSOLIDATION
L'ITMPORTANCE DECISAILLEMENT D ANS CONSOLIDATION

E.T. HANRAHAN, M E. .Ph.D.M.I.C.E.
J.A. MITCHELL,B.E.

University College, Merrion St., Dublin,2,ireland

SYNOPSIS The basis of the paper is that deformation of soll undergoing consolidation comprises two components
viz. compression and shear, which are largely independent of each other and must, therefore, be separately
evaluated. A forecast of the consalidation of thick deposits based on a single test such as the oedometer, would
not appear to be possible, because such a test could not take into account the number of variables involved.

Plane strain consolidation, in which a continuous equality of both magnitude and rate of each process is
required, 1s analysed. It 1s shown that for the condition of constant O, this equality is achieved by adjust-
ment of the lateral pressures, The lateral pressures are determined by Variables such as dimensions, mean
stress, stress history and water—content.

The rate of consolidation is determined by the slower of the two rates, (l.e. compression ar shear). In thin
specimens the rate of shear i{s likely to be the deciding facter. In thick deposits the converse is likely to
obtain, thus emphasizing the error of basing forecasts of consolidation in the field on that of laboratory be-
haviour of thin specimens.

Tests are proposed for providing basic data and suitable apparatus described. Comparisons between forecast
and observed values of lateral pressures are given for both small and large specimens.

INTRODUCTION (1)

The well-known theories of Terzaghi 1925 (primary strain (Fig.1).
consolidation), and Buisman, 1936 (secondary con-

solidation) assume that consolidation is the response lq
of the soll to compressive stress only and do not _ ¥

consider the equally important and complementary
shearing effect.

It 1s the purpose of this paper to demonstrate the 3
important, and sometimes dominant role, played by
shearing stress throughout the whale process of N

consalidation, __(_, L

It is shown that the boundary stresses are determined
by the relationship between the rates of compressive
and shearing strain, Unless these boundary stresses
are known, it may not be possible to evaluate soil
behaviour under varlous headings such as secondary
consolidation, lateral pressure of cohesive salls, [4_4
inconsistency in measurements of compressibility, :
varation in rates of consolidation (i) between field 1

and laboratory values, (ii) between normally and over 1
over-consalidated solls, and (ili) due to differences e——|t— e=e- eK
in values of load increments. G

-
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The test results given are all based on specimens of
remoulded peat, However, the theory is believed to
apply equally to clays and other two-phase materials.

THEORY (2)

The application of a principal stress system to an
element of soll results in two distinct types of

FIG. 1. Showing net strain as algebraic sum of two
separate components,

A. e, caused by change in valume of element

k
B. eg caused by change of shape of element.

The net strain is the algebraic sum of ey and eg
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A method of analysing these strains for any system
of unequal principal stresses in any direction has
been proposed (Hanrahan 1968). The following brief
comments on the two components of strain are re-
stricted to the speclal case of axisymmetric consol-
idatlon.

A. Component of Compressive Strain e
(a) Magnitude of e

k
The magnitud_g of e is governed by the
equatlon &y + "2 g,
ek = Ck

3
where e, = component of compressive strain in
any desired direction

(In this paper e, = horlzontal compress -
ive strain)

& 6\,’, = Major and Minor principal effective
stresses, respectively

ck = Coefficient to correct for strain in any
desired direction
K = (Inelastic) bulk modulus.

For the limited purposes of this paper in which the
required knowledge of strain is limited to either the
vertical or horizontal directions only, it is conven-
ient to refer to Fig.2 in which the relationship is
shown between e, and volume of water (4 V) removed
by drainage.
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FIG. 2 Relationship between AV and horizontal com-
component of compressive strain e

The L.H.S. scale refers to a specimen initially
3" x 13" diameter. The R.H.S. scale refers to an
8" x 4" specimen which 1is approximately 19 times
greater volume.

%
(b) Rate of change of ey ek

bt
This rate is influenced by a number of factors includ-
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S, + 29

3
(11) Hydrodynamic effects i.e. length of drainage

path and rate of reduction of porewater pressure.

(1) Magnitude of applied stress,

(i11) Solubility characteristics of air in voids.

(iv) Secondary consolidation, and miscellaneous
'secular effects' (De Jong 1968) e.g. viscous
characteristics of solids skeleton, size differ-
ences of pores, and viscosity of bound porewater.

in the author's opinion, while some secular effects
are to be observed, simple shearing strain accounts
for much the greater part of so—called secondary con-
solidation. Accordingly, for the present purpose,
only factors (1) and (i) above will be considered.

B. Component of Shearing Strain, eg
(a) Magnitude of eg

The magnitude of e for the axisymmetric condit-
ion is governed by the equation
e, =cg(0'i —O'é) Givvrnnnn Eq. 2
where e = Component of shear strain in any desired
g direction (In this paper e = Component
in horizontal direction)

q
Q

Major and Minor principal stresses

4
1 8 respectively.
c = Coefficient to correct for strain in any
9 desired direction (Hanrahan 1968).
G = Inelastic shear modulus.

Again, since in this paper, interest is being restrict-
ed to strains in the hoiizontal direction only, it is
convenlent to give direct measurements of e versus
time, for a range of values of shear stress ahd time
as shown in Fig. 3. It will be seen that different
values of shear stress and water—content can be con-
veniently presented in a single dlagram by using the

dimensionless quantity T where
. T,
o) o) f
v = 13
2 O’l - O‘é
'C't = peak value of BT — for an arbit-

rary rate of deformation of . 06" per minute.

Fig. 4 shows a relationship of 2 C'f versus water -

content, \o -
g

(b) Rate of change of eg . ‘ﬁ

At any specified water—content b e is mainly
bt

dependent on the magnitude of (C}"1 - 0'3)

especially in solls such as peat which are not mark-
edly dilatant or compressible during shear, Tests on
twe sizes of specimen (8" x 4" diamn. and 3" x 1%"
diam.) indicated that both e and eq

were independent of size of specimen. specimen.
It is reasonable to assume that this finding applies
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TIME: MINUTES

FIG. 3 Relationship between time and horizontal component of shearing strain eg for various stresses.
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FIG. 4 Relationship between water—content and peak
stress (O’1 - 0'3) e

equally to all other sizes of specimens, and thick-
nesses of strata, so long as the water-content remains
constant,

LABORATORY APPARATUS (3)

A simple modification of the triaxial apparatus which
is convenient for the measurement of strains has been
described. (Hanrahan 1968a) and is shown diagram-
matically in Fig. S and also in Fig. 6.

Briefly it consists of an inner open-ended cylinder
containing coloured water, which surrounds the
cylindrical specimen wrapped in a rubber membrane.
A clear vegetable oil fills the remainder of the
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FIG. 5 Diagrammatic arrangement of plane strain

triaxial cell.
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FIG. 6 Pnotograph of plane strain cell for 3" x 1"
diameter specimens,

perspex pressure cell. Strains may be computed from
observations of the fluctuation of the water-oil inter-
face, by means of a cathetometer, in conjunction with
the volume of water expelled in drained tests, as well
as the axial shortening of the specimen.

A special feature of the apparatus is the use of a load-
ing ram of the same cross-sectional area as the speci-
men. A load applied to the ram produces a constant
axfal stress O, which is not affected by variations in
cell pressure, " as long as the dilameter of the speci-
men remains constant.

This size of ram has a further important advantage in
connexion with plane strain consolidation tests. In
such tests, since the diameter of the specimen is not
allowed to change, any loss of volume 1is, therefore,
exactly compensated for, by the increased penetration
of the ram, Thus, to maintain plane strain it is
necessary only to keep the water-oll interface at a
constant elevation throughout a test.

The cylindrical shape of the specimen is more easily
preserved by radial drainage, as with axial drainage
soft solls become distorted near drained boundaries.
The ends of the specimen rest on greased membrane-
rubber discs.

A large apparatus of similar design was constructed

for plane strain consolidation tests on 8" x 4" diameter
specimens. (Fig. 7). In this apparatus the water-oil
interface is more easily observed in an extemal glass
tube, the ends of which are connected to the water and
oll respectively in the pressure cell,

High strains, negligible air—content and low cell
pressures were features assoclated with the choice of
peat as a test material in the present series. Conse-
quently certain corrections (Bishop 1963) e.g. for air-
content and volumetric strain of perspex which would
be required in tests on other soils were not deemed
necessary. o

BASIC LABORATORY TESTS ( 4)

As indicated in paragraph 2 above two separate and
almost wholly independent processes are involved in
consolidation. Thus a single test such as in the

186

"
=
B
r 3
e .

ar

y ¢t

e

FIG. 7 Photograph of plane strain cell for 8" x 4"
diameter specimens.

oedometer cannot provide adequate information for an
accurate forecast of consolidation rates of larger
specimens, or in the fleld. Instead, two serles of
test which have the object of evaluating separately
(A) the compressive, and (B) the shearlng character-
istics of the specimen are required.

A, Compressive Characteristics

The compressive characteristics may be conveniently
measured by applying a range of cell pressures to a
radially drained cylindrical specimen and abserving
the quantity of water expelled at various time inter
vals. If axial strain is observed simultaneously the
radial strain (e, ) can be approximately computed and
the results presented as, for example, in Fig. 2.

B. Sheardng Characteristics

The radial component of shear strain (e ) is similarly
established from observations of both akial strain and
the fluctuation of the water-oll interface. These
observations are made over a period of approximately
24 hours, on undrained specimens, at various values
of water—content and for a range of values of

(C)"1 - 0,). While e_is essentially due to change
in shape of the spech%en, and thus not involving any
change in volume of the specimen, a displacement

of the water surface does, in fact, take place, as a
consequence of the extra penetration of the loading
ram as the height is decreased. Some volume changes
in the specimen may also occur due to dilatancy
effects, and elastic compression, In these instances
corrections must be applied if found to be significant.

The results are plotted as in Fig. 3. The linearity of
the relationships expressing €g versus log time
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will be noted. This enables values of e at extended
times to be forecast readily. 9

PLANE STRAIN CONSOLIDATION (5)

A number of tests, in which shear and consolidation
were simultaneously in operation, were carried out
with the obj ect of establishing the validity of the
equation

enet = ek

In each case it was shown (Hanrahan and Quinn 1968,
Quinn 1967, Mitchell 1968) that the measured values
of the net horizontal strain ( e_ ) corresponded with
values predicted from the baslc':1 relationships de-
scribed in paragraph 4 above.

+ e

Considering only the important condition of plane
strain consolidation, two conditiuns require to be
satisfied throughout the whole duration of such a test.

1) e, = eg and
() 7)ek - ® eg . ...Egs.3
Bt Tt
e
(Note:- More accurately, e = k . How-
9 1 - %k

ever, except for large strains, this correction may be
unnecessary).

This equality of magnitudes and rates of strain emphas-
izes the importance of studying separately both shear
and compression characteristics, which would not
seem possible when only the oedometer test is

carmried out.

It 1s necessary to investigate the mechanism whereby
the equality required by eqs. 3 is achieved during
plane strain consolidation. An examination of the
various parameters as set out in paragraph 2 above
indicates that the applied stress is the single factor
which 1s most capable of rapid alteration for this
purpose. As the vertical component of stress is
frequently a constant, it follows that adjustment of
the lateral stress is necessary throughout consolidat-
ion, For example, consider an oedometer specimen
which is subject to a constant axial stress O"l If, at
any stage, the rate of positive lateral compressive
straln Vekx exceeds the rate of negative tensile

Bt de
strain caused by shear __g an adjustment in the
lateral stress must be ¥t made, if the plane
strain condition is to be maintained. Thus the lateral
stress must be reduced, which has the twofold effect
of increasing the shear stress and decreasing the com-
pressive stress. This has, in fact, been observed in
all tests carrlied out to date in the apparatus shown in
Figs. 5, 6. A varlation in the value of O3 durng
consolidation is inevitable as the a1
porepressure 1s reduced, e.g. Barden 1968. The

L}

ratio % (i.e. K'o ) is generally believed to

1 remain constant e.g. Bishop 1963.

In the present serles of plane strain consolidation
tests it was difficult to confirm the validity of the
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latter finding. With radial drainage, both total and
effective stresses on horizontal planes are constant
throughout the height of the specimen at any instant.
In the radial direction, however, the porepressure
varles from zero at the drained curved surface to a
maximum on the vertical axis.

The lateral pressures required to maintain plane
strain are influenced by the dimension of the speci-
men, Thus, in a thick specimen, or in the field, it is
prabable that the rate of compressive strain 3 ek

is the slower and consequently for plane
strain, the lateral pressures will differ from
those acting on thin specimens. In the field they
may, perhaps, increase continuously during thecon-
solidation phase, thus adding incrementally to the
mean stress, O, and continuously maintaining an
excessive pore - water pressure. This effect may
account for the observed efficiency (Sheedy and
Plant, 1968) of consolidation acceleration devices in
field tests on peat, where the danger of lateral creep
and plastic flow has been eliminated.

dt

The rate of consolidation is governed by the slower of
the two values Ve, and Ve _ The danger of using
—k —9q*
Dt Dt
a laboratory test for forecasting the rate of consolid-
ation of thick deposits, 1is, therefore, evident.

CONTFIRMATORY TESTS (6)

(a) Lateral Pressures in plane strain Test.

Fig. 8 shows a typical result of a plane strain con-
solidation test on a remoulded peat in the apparatus
shown In Figs. 5, 6. The curve marked ' &, con-
stant' shows the continuous reduction of ceh press-
ure required to maintain equality between ek and e
thus indicating a reducing compressive 9
stress and an increasing shear stress. The curve
marked 'C°, constant' indicating similar behaviour,
was obtained by adding extra weights to the loading
ram of Fig. 6 while keeping the cell pressure con-
stant.

Both curves show the lateral pressure reducing almost
to zero after the volume has been reduced by a certain
amount, and the linearity of the "talls" suggests

that eventually a lateral tensile stress would be
required to maintain plane strain. The discrepancy
between both curves may be explained by the slight
degree of over-consolidation which the outer drained
layers suffer by the reduction of cell pressure,

(b) Forecast of lateral pressure from basic laboratory
tests.

The accuracy of using data from the proposed basic
laboratory tests for the purpose of estimating lateral
pressure during plane strain consolidation tests, may
be investigated by comparing forecast with abserved
values., In the laboratory, the forecast may be based
on measurements of the volume of water expelled
with time, as shown, for example on Fig, 9. From
this curve the following information can be obtained
for all times within the duration of the test.

(1) Average water content

(41) Values of ex (in conjunction with Fig. 2)
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(111) Values of ( O"l =) 0’3) i.e. (in con-
f

junction with Fig. 4)

From the conditions of plane strain (eqs. 3) values of

e are then available, which, when combined with the
a?ready known values of T, yleld the required values

of T by reference to Fig.3, If O"l is constant, 0'3
is then known, Detalls of the computation of
O’ at stated Intervals are set out in Appendix 1.
Results of typical tests are given in Fig. 10,

(c) Forecast of lateral pressures in larger specimens
from basic laboratory tests on small specimens,

in this instance the procedure is similar to that de-
scribed in the preceding paragraph. To produce com-
pressive strains of the same magnitude as in s ualler
specimens, however, greater quantities of water
expelled, and longer times are involved, as seen in
Fig. 9 i.e. the rate of compressive strain 'bek

is slower for the larger specimen., The

rate of shearing strain Ve is independ-

vt
ent of the dimension of the specimen, Consequently
to satisfy eqs. 3, a lower value of (&7 - 0'3 ) 1s
required and, therefore, generally 2 f
higher values of & for the larger specimen. A
typical test result " for the larger specimen is also
shown in Fig. 10

t

TABLE NO, I
Test Specimen Initial Water Initial Weight
Content % am.
1 3" x 13" dia 532 86.4
2 8" x4" " 532 1730.0
3 3'x13v v 485 87.7
4 V3o x 1de v 550 89.1
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during radial consolidation.

9% 20
x-18
9% 16
g 19x- 14 S
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S 9x- 8 g
> ~~
< 9x- 6 z
4r SEE TABLE NO.1{ 19%- 4
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o ] 1 1d |
{ 0 10?

TIME: MINUTES

FIG. 9 Relationship between time and amount of
water removed for small and large specimens

(radial drainage).

COMMENTS ON RESULTS OF CONFIRMATORY TESTS (7)

The curves shown on Fig. 10 are representative of the
order of agreement between computed and observed
values of lateral pressure from approximately 30 such
combined tests. Generally the discrepancy increases
as quantity of water expelled exceeds about 30% of
that present initially in specimen. A number of
explanations may be put forward to account for the
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FIG. 10 Comparison between computed and observ-

ed values of lateral pressure for small and
large specimens.

discrepancy including

(1) Unavoidable errors of instrumentation and observ-
ation,

(11) The shearing characteristics shown in Fig. 3 refer
to specimens with uniform water—contents through-
out., In the combined tests, because of radial
drainage, the water—content varied in the horizon-
tal planes, the outer layers being drier than the
core.

(11) In carrying out the tests it was found more con-
venient to maintain plane strain by decreasing
the cell pressure than by the alternative of in-
creasing the axial stress., This method, regret-
tably, introduces the complication of pre-consol-
idation in the outer layers, thus giving rise to a
distribution of porepressure and effective stress
in horizontal planes, at variance with that which
existed in the specimens on which Fig. 3 was
based.

(v) In the higher regions of strain, peat becomes
pronouncedly anisotropic. Corrections for this
effect were not applied in the present instance.

PORECAST OF LATERAL PRESSURES IN CONSOLIDATING
FIELD LAYERS (8)

In a thick stratum which is undergoing consolidation,
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the rate of reduction of porepressure du is a
variable in the vertical plane. It Dt
follows that the rate of compressive strain ®e
also varies throughout the height of the
stratum. Akai and Adachi (1965) proposed
the alteration "that the fundamental equation of one-
dimensional consolidation should be considered in the
form

k

1_5_9, = Cv - 2u + R
5t >z 2 Z:'x
where Rz ) may be expressed as the rate of the inter-

’
nally variable excess porewater pressure produced by
the decrease in mean stress (O'm ) and the increase in
deviator stress (Oi' - 0'5 y "

However, they also stated that "the determination of
Rz is one of the statically indeterminate problems,
and at present there appears to be no method of
solution without using the cbserveddata *,

Using the proposed basic laboratory tests, a trial and
error solution for finite time intervals would be poss-
ible. The suggested procedure is

(1) A tentative value of cell pressure O"m is applied
hydraulically to a cylindrical specimen with
axial drainage.

(11) Observations are made, using the apparatus of
Figs. S5, 6 of ek versus water-content and ek
versus time,

(i11) The water-content of the incremental layer of
thickness H required to produce equivalent
values of e, may then be computed from the
relationship.

AV = AV 2 H x unit area
field lab

volume of lab. specimen

(lv) The rate of compressive strain be‘k for the
field layer may be computed St
from the relationship

de  Be, LABORATORY DRAINAGE PATH)Z

== X

btﬁel d Dt iSE FIELD DRAINAGE PATH

(v) The methods of paragraph 6 (b) are then employ-
ed to forecast the resulting value of O at the

completion of the stated time interval.

(vl) A comparison is made between the assumed and
computed values of @ and the computation
must be repeated untilmthe two values agree,

CONCLUSIONS

(1) Two independent and co-equal processes, viz.
compression and shear, are simultaneously in
operation durling consolidation.

(11) Each process must be separately investigated as,
for example, by means of the basic laboratory
tests proposed in paragraph 4.

(111) The rate of compression is mainly dependent on
the length of drainage path. The shearing rate
is virtually independent of dimensions.
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(tv)
(O’ constant), vary throughout the test. The
latéral pressures are influenced by magnitude
of mean stress, stress history, initial water-
content and dimensions, as well as by the
basic properties of the solil,

In the consolidation of thin specimens, (i.e.
high rate of compression) lateral pressures
decrease during consolidation. In the interior
of thick strata, the converse is likely to

(v)

obtain,

(vi) Lateral pressures may be forecast with fair
accuracy by the method proposed in para-
graph 6.
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APPENDIX I
e, €r ... & = Total strains (ek or eg)
at times to’ tl, tZ, ..... tn
T,T.,T, T = Total shear stresses
o 1 2
attimest_, t., t,,..... t
o’ 1" 2 n

AC’I Aﬁ'z A'Ca Ve AC‘;1 = Increments of shear stress
..... t

at times t_, t,, t.,
1’ 2" 73 n
Ae. .Ae,Ae., . Ae_ =Increments of strain
1 2 3 n
attimes t,, t,, t.,..... t
1’ 2 73 n
e = A ak
'C'f (Atl): ‘cf(AtZ), t'f(Atn) verage pe

shearing strength of soil at
specified rate of strain during
time intervals A tIAtZ,

Ata L A tn respectively.

Example of method of computing 'C'n

t'n -1 4 t’n 'C'n
T (at_ ) t'f @t )
Notes:
(1) From the data en =e -e _
and t=Atn=tn-tn_l
Un
‘W is read from Fig. 3

(11) The assumption is made that at the commence-
ment of the time interval A t the specimen
is unstrained. Thus, because of plane strain
conditions the net strain

(l.e. e - e ) attimet
g n

X is zero.
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