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Undrained shear strength of lime/cement columns

Résistanceaucisaillementdespieuxencalco-cimentenconditionnondrainée
M . K iv e lô -

DepartmentofSoil andRockMechanicsat DepartmentofCivil andEnvironmental Engineering, Royal Instituteof Technology,
Stockholm, Sweden

A B ST R A C T : Results of laboratory tests on samples retrieved in-situ from lime/cement columns and from unimproved clay are presented in this
paper. The samples were tested for undrained conditions by consolidated triaxial and by direct shear tests. Test results show that the undrained
shear strength increases with increasing confining and increasing normal pressure, becoming constant at a high confining pressure. The
undrained shear strength is composed of cohesion and friction. Test results show that the cohesion varies significantly with the direction of the
loading and that the cohesion decreases significantly after the peak strength has been exceeded while the friction angle is almost constant. A new
shear strength failure criterion for the lime/cement columns by considering the effect of cement content and the moment resistance of the
colum ns on the shear strength is also presented in this paper.
R E SU M E : L e s résultats de tests en laboratoire sur des échantillons prélevés in-situ sur des pieux calco-ciments et sun de l'argile brut sont
présentés dans c e t article. Les échantillons furent testés dans des conditions non drainées, par tests triaxiaux consolidés, et par tests de
cisaillem en t directs. Les résultats montrent que les résistances au cisaillement non drainées augmentent avec un accroissement des pressions de
confinem ent et d e s contraintes normales, et deviennent constantes à hautes pressions de confinement. La résistance au cisaillement non drainée
es! c o m p o s é e de cohesion et de friction. La cohesion décroit de façon significative après que le pic de resistance ait été dépassé alors que la
friction soit restée presque constante. Cet article présente aussi un nouveau critère de perte de résistance au cisaillement pour le matériau de
pieux calco-ciments ainsi qu’une approche qui permet l'estimation de l'effect du moment de flexion sur la résistance au cisaillement.

1INTRODUCTION
The use of cement, lime and gypsum has increased substantially in
many parts of the world to stabilise soft clay. In Sweden, deep
stabilisation with lime only (lime columns) was introduced in 1975.
This method was commonly used until the end of 1980s when
mixes of cement and quick lime (lime/cement columns) were
introduced. Lime/cement columns have today replaced lime
columns to a large extent. Almost all columns which are installed in
Sweden are lime/cement columns. In 1994 the total installed length
of lime, cement and lime/cement column was about 3.4 million
meter.
Lime and lime/cement columns are used to increase the shear
strength and to improve the settlement characteristics o f soft
cohesive soils. During the last 3 to 5 years, lime/cement columns
have frequently been used to improve the stability o f high
embankments. The cement content of the lime/cement columns has
been increased in order to increase the shear strength. Test results
(e.g. Hansson, 1991, Axelsson and Larsson, 1994, Kivelo, 1994,
Green and Smigan, 1995, Ahnberg et al., 1995) indicate that the
shear strength and the stiffness increase with increasing cement
content, that the axial and shear deformations are reduced and that
the behaviour of lime/cement and cement columns is brittle. The
results also show that the anisotropy with respect to the shear
strength generally increases as the column strength increases,
figure 1 illustrates the difference between the stress-strain curves
for soft clay and for lime and lime/cement columns.
Presently used design procedures to stabilise embankments with
lime and lime/cement columns are empirical and based primarily on
experience with lime columns (Broms, 1984, Carlsten and
Ekstrom, 1995). The columns are considered as soil reinforcement
in the soft soil. The axial strain in the columns is considered to be
the same as the axial strain in the unstabilised soil between the
columns. The total undrained shear resistance \ fM, of the column
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Figure 1. Stress-strain curves for lime and lime/cement columns (as
evaluated from triaxial tests) and for undisturbed soft clay.

stabilised soil is assumed to correspond to the sum of the shear
strengths o f the columns and the soil between the columns and is
evaluated from the following equation
=

a + cuV ~ a )

(1-1)

where Tyis the undrained shear strength o f the columns, c„ is the
undrained shear strength o f the soil between the columns and a is
the area ratio of the columns. The present design methods do not
consider lime/cement and cement columns with a high bearing
capacity. Both the stress-strain properties o f the column material
and the interaction between the columns and the unstabilised soil
between the columns are affected.
The high bearing capacity caused by the cement and the increase
of the diameter o f the columns can in addition to the increase of the
axial load increase significantly the moment capacity o f the
columns. Especially the columns located below the sloping sides
and the toe of embankments are affected. The moment resistance
should be preferably considered in the evaluation o f the shear

strength along the failure surface. It should be noted that failure of
the high strength columns may be caused by exceeding the shear
strength in the columns at the intersection with the failure plan, or
by exceeding the moment capacity o f the columns. Failure of short
columns can also occur by exceeding the shear strength of the
unstabilised soil between the columns.
Results from consolidated undrained triaxial tests (CU-tests)
and by direct shear tests on samples retrieved in-situ from
lime/cement columns are presented in this paper. Especially the
undrained shear strength and the anisotropy of the shear strength
have been investigated. This paper presents also a new shear
strength failure criterion for lime/cement columns by considering
the effect of cement content and the moment resistance of the
columns on the shear strength.
This paper is a part of a research project in the Division of Soil
and Rock Mechanics at the Department of Civil and Environmental
Engineering, Royal Institute of Technology (KTH) in Stockholm,
Sweden. The main purpose of this research project is to develop
a more rational design procedure for lime/cement and cement
columns at the ultimate load condition. Results from laboratory
tests, field investigations and investigations of the interaction
between the columns and the unstabilised soft soil for different
loading situations have been considered.

of pressures is a contributing factor. The volume of the air decreses
with increasing total confining pressure on the stabilised soil or
total normal stress on the plane o f failure. The shear strength
as determined by triaxial tests is generally high and the scatter is
small compared with the shear strength determined by unconfined
compression tests.
The interaction between the lime/cement columns and ihe
surrounding soft soil can be limited when the cement content is
high. The failure strain of lime/cement and cement columns is in
general small as compared to the failure strain of undisturbed sofi
clay when the shear strength is high. The shear strength is reduced
significantly when the peak strength is exceeded, as illustrated in
Figure 1. For lime/cement and cement columns both the peak
shear strength as well as the residual shear strength should be
determined. The residual shear strength o f lime/cement and cement
columns is generally low as compared to the peak shear strength.
In order to evaluate the shear strength to be used in a stability
analysis it is necessary to consider both the stresses in-situ and the
direction o f the loading. Samples from representative columns
should therefore be tested by consolidated triaxial (CU-tests) and
by direct shear tests.

3 LABORATORY TESTS ON LIME/CEMENT COLUMNS
2 UNDRAINED SHEAR STRENGTH OF LIME/CEMENT
COLUMNS
The maximum undrained shear strength of lime/cement columns to
be used in design is generally limited to 100 to 150 kPa regardless
of the results from laboratory and field tests. However, the
undrained shear strength of lime/cement columns can vary from
about 100 kPa to 1000 kPa depending on many factors. In many
cases it is not possible to utilise the high shear strength values
determined by laboratory tests.
The shear strength and the bearing capacity of the lime/cement
columns are mainly a function o f the shear strength of the
unstabilised soil, of the lime and cement content and of the mixing
and the test conditions. In general, the shear strength and the
stiffness of the columns increase with increasing cement content,
with increasing shear strength of the soil and with increasing time
after the column installation. Ahnberg et al. (1995) has performed
extensive laboratory tests to analyse for different soil types the
influence of cement and lime on the shear strength.
The shear strength of lime/cement columns to be used in
stability calculations is today mainly based on the unconfined
compressive strength because this test method is easy and
economical to use. The undrained shear strength is usually
assumed to be half of the unconfined compressive strength. In
contrast to the high amount of investigations based on the
unconfmed compressive tests to evaluate the shear strength only
few consolidated undrained triaxial tests and simple shear tests
have been carried out.
Undrained consolidated triaxial, direct shear tests and field load
tests with lime/cement columns have shown that the shear strength
is strongly affected by the confining pressure in the triaxial tests
and by the normal stress in the direct shear tests and that the
undrained shear strength is composed of both cohesion and
friction. The undrained angle of internal friction has been found to
be relatively high at low confining and normal pressures. This
friction angle decreases with increasing confining pressure and is
close to zero when the confining pressure is high. The high value
o f the friction angle at low confining and normal pressures is
probably partly caused by dilatancy due to cracks and fissures in
the stabilised soil. Also air in the stabilised soil at the lower range
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Undrained triaxial compression tests and direct shear tests have
been carried out on samples obtained in-situ from lime/cemeni
columns and from the surrounded soft clay. The purpose of the
laboratory tests was to investigate the effect o f the loading
conditions on the undrained shear strength and to compare the
stress-strain characteristics o f lime/cement columns with those
of the undisturbed soft clay.
Measurements of trial embankments by Vepsalainen & Arkima
(1992) and Amir et al. (1996) have indicated that the permeability
of lime/cement and cement columns is only somewhat higher than
for the unstabilised clay. Due to the low permeability of
lime/cement and cement columns the undrained shear strength of
lime/cement columns is expressed in terms o f total stresses and
total stress strength parameters.
Based on test results by e.g. Hansson, 1991, Goransson and
Larsson (1994), Kivelo (1994), Larsson and Axelsson (1994),
Green and Smigan (1995), Bergwall and Falksund (1996), Kivelo
and Zhu (1996) and the results from the present investigation a new
failure criterion for lime/cement and cement column materials has
been proposed as described in the following.
Samples have been retrieved in-situ from lime/cement columns
and from the unstabilised soft clay between the columns at a depth
of about three meters below the ground surface. The proportion of
lime and cement in the columns was 50/50 and the total amount of
lime and cement 12.0 percent with respect to the dry weight of the
soil. The undrained shear strength o f the soft clay is about 15 kPa.
The natural water content is 100 to 130 percent.
The triaxial and direct shear tests were performed 80 to 100
days after the installation of the lime/cement columns. The samples
were cut by hand from a column section and cured in a cold-storage
room for about 20 to 30 days before the samples were tested. Any
cracks could not be detected during the preparing of test samples.
Two series with consolidated undrained triaxial compression
tests were investigated. The following cell pressures were used, 0,
60, 120 and 180 kPa. The diameter of the samples was 50 mm and
the high was 100 mm. The deformation rate was 0.1 mm/min. The
samples were first consolidated isotropically for 24 hours at
pressures ranging from 60 to 180 kPa. Failure occurred along a
failure plan which was inclined corresponding to the friction angle.

Four series with consolidated undrained direct shear tests were
investigated including four column segments. Large diameter
samples were tested with a diameter of 150 mm and a high of 50

mm. The deformation rate at the direct shear tests was 0.5 mm/min
10 prevent a change of the water content during the testing. The
samples were consolidated axially for 24 hours and tested at normal
pressures ranging from 60 to 170 kPa.
11 Triaxial compression test results
Results from the triaxial tests are shown in Figure 2 where the
deviator stress has been plotted against the axial strain. The
undrained shear strength failure envelopes have been plotted in
Figure 3. It can bee seen that the undrained shear strength of
investigated column samples increased significantly at low
confining pressures. When the total confining pressure exceeded a
certain limit value, 120 to 180 kPa, the shear strength was almost
constant and the undrained friction angle is zero. The excess pore
water pressures in the samples increased generally until the peak
shear strength was exceeded. Thereafter the pore water pressure
decreased. The dilatation after the peak strength was exceeded was
large when th e cell pressures was low. Figure 2 show that the axial
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3.2 Shear test results
Typical stress-deformation curves for column samples determined
by direct shear tests are shown in Figure 4. It can bee seen that
the undrained shear strength increases with increasing normal
pressure. This increase of the shear strength was significant at the
used stress levels. A typical stress-deformation curve for soft clay
as determined by direct shear tests is also shown in Figure 4. It can
be seen that the reduction o f the shear strength is large when the
peak shear strength has been exceeded. The interaction between the
lime/cement columns and the unstabilised soft soil between the
columns can thus be very limited. The brittle behaviour of the
lime/cement columns must therefore be considered in the design.
The results of consolidated undrained direct shear tests have been
analysed using a regression analysis. The envelope with respect to
the peak and residual shear strengths is shown in Figure 5. It can
bee seen that the reduction of the shear strength is large, especially
at low stress levels. The peak cohesion and the friction angle are
160 kPa and 45 degrees respectively. The residual cohesion and the
friction angle are 50 kPa and 40 degrees respectively. The residual
cohesion is thus reduced significantly after the peak shear strength
has been exceeded. The change of the friction angle is small.
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strain at the peak strength is typically only about one percent,
compared to 3 to 4 percent for the undisturbed soft clay. It should
be noted that disturbance during the sampling and the testing o f the
samples will increase the axial strain at the peak shear strength. The
reduction of the shear strength when the peak strength is exceeded
is normally small when the confining pressure is high.
The undrained peak cohesion cuco/ and the corresponding friction
angle <|)u coi for the triaxial test serie (SC 1 to SC 4) are 210 kPa and
44 degrees respectively. The undrained peak cohesion and the
undrained friction angle for triaxial test serie (SC 5 to SC 8) are
170 kPa and 45 degrees respectively. The residual shear strength is
typically 80 percent of the peak shear strength. Both the peak and
the residual shear strengths depend on the confining pressure.
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Figure 2. Stress-strain curves from undrained triaxial tests.
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Figure 4. Typical stress-deformation curves from direct shear tests.
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3.3 Comparison o f triaxial and direct shear test results
p
Triaxial and direct shear tests show that the undrained shear
strength is affected by the confining and by the normal pressure
and that the shear strength increases with increasing confining and
normal pressures. The triaxial tests also show that the increase
becomes less significant when the confining pressure is high. This
behaviour was not found in the direct shear tests probably because
the relatively low normal pressures which were used.
The undrained cohesion and the undrained friction angle as
evaluated by triaxial tests and by direct shear tests are similar and
consistent with the results reported by other investigators (e.g.
Goransson and Larsson, 1994, Larsson and Axelsson, 1994,
Green and Smigan, 1995, Bergwall and Falksund, 1996, Kivelo
and Zhu, 1996). There are, however, significant differences
between the triaxial and the direct shear tests with respect to the
cohesion. The peak and the residual cohesion in the direct shear
tests was smaller than the peak and residual cohesion evaluated by
triaxial tests (CU-tests). This difference was significant with
respect to the residual cohesion.
3.4 Undrained shear strength o f lime/cement columns
The undrained shear strength of the lime/cement column material
proposed in this paper is based on the results presented in
this paper and on results reported by other investigators. The
undrained shear strength is expressed in terms of total stress
strength parameters and is illustrated in Figure 6.
Shear stress, T

1
+ sin h col
1 - sin

(3.3)

The limiting confining pressure g c L is about 150 kPa as indicated
by triaxial tests (CU-tests). The limiting normal pressure o„ Lcan
be evaluated from Equations. (3.1) and (3.2)

°"'L

< ^ (^ -0 + 0 -5
tan

1)
(3-4)

Because the failure strain of the lime/cement column material
is in general smaller than the failure strain of the unstabilised soft
soil the following undrained shear strength parameters are
recommended to be used in the design. Typical values of residual
cohesion obtained by triaxial tests are 50 to 150 kPa or 20 to 40
percent o f the unconfined compressive strength. The residual
cohesion as determined by direct shear tests is typically 30 to 50
percent o f the residual cohesion determined by consolidated
undrained triaxial tests. The undrained friction angle determined by
triaxial and direct shear tests ranges from 30 to 45 degrees. The
scatter o f the shear strength values can be large, especially when
the undrained shear strength is high.
The normal total stress o„ on the failure plane can be estimated
from the vertical stress in the lime/cement columns. It should be
noted that the total vertical stress a coi in the columns at the depth;
below the ground surface corresponds to the sum of the weight of
the columns and the stress increase caused by the embankment.
The total vertical stress in the columns can be evaluated from the
following equation
Clcoi = ycZ + ma,„,

(3.5)

Where yc is the unit weight of the column material, z is the depth

Figure 6. Undrained shear strength of the lime/cement column
material.

The undrained shear strength of the lime/cement column material
can be evaluated from the following two equations depending on
the lateral confining pressure and on the normal pressure along the
failure plane. When the confining or the normal pressure is less
than a certain limiting pressure a cL and o n L respectively then the
undrained shear strength i { of the lime/cement column material is
governed by the following equation
= C.co, +

tan <()„„,

(3-1)

where cUC0l is the undrained cohesion and <t>ura/ is the undrained
angle of internal friction of column material and <T„ is the normal
total stress on the failure plane. When the lateral confining or
normal pressure on the failure plane exceeds CTcZ.and o n,L
respectively the shear strength is constant and equal to
X, = T/m„ = c„„, J K , + ± acL [Kf - l)

(3-2)

where Kp is the coefficient of passive earth pressure of the column
material

below the ground surface, <5,0, is the total vertical stress caused by
the embankment and m is a stress concentration factor. The value
of m depends primarily on the stiffness and the area ratio of the
lime/cement columns and the soil between the columns. The stress
concentration factor m is estimated to 3.0 to 4.5 (e.g. Kivelo, 1994
and Liedberg et. al., 1996). In design it is recommended to use a
conservative value o f 3.0 on m.
4. THE INFLUENCE OF THE BENDING MOMENTS ON THE
SHEAR STRENGTH
Large diameter lime/cement columns with a high cement content
have been used in Sweden during the last few years to improve the
stability o f high embankments constructed on soft clay. When
lime/cement columns are used below the sloping sides of an
embankment, the soil above the failure or slip surface is displaced
with respect to the part located below the slip surface. High
bending moments and high shear forces can be generated in the
columns. The lime/cement columns will fail when the moment
capacity o f the columns is exceeded. It should be noted that the
shear strength is then governed by the moment capacity of the
columns rather than by the shear resistance since the columns
function as dowels along the assumed slip surface.
There is a relationship between the axial load, the bending
moment and the shear strength of the lime/cement column. It
should be noted that the axial load in the column will increase the
moment capacity up to half the ultimate axial bearing capacity of the
lime/cement columns. When the axial load exceed half the bearing
capacity the moment capacity o f the column section is reduced.
However, the shear strength o f the columns depends on the
moment in the columns. There is thus a direct relationship between
the axial load and the shear strength of the lime/cement columns.
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4 1 Moment capacity o f lime/cement columns
A uniform axial compression stress equal to compressive strength
has been assumed in the plasticised zone of the cross-section in the
c a lc u la tio n of the moment capacity of lime/cement columns, as
shown in Figure 7. The tensile strength o f the cross-section is
n e g le c te d . The moment capacity o f a column section M„ has be
e v a lu a te d from the following equation
M„ = N* ep

(4.1)

where N„ is the axial bearing capacity of the column section
N, = o».ccA p

The moment capacity o f a lime/cement column is shown in
Figure 8 as a function of the axial load. It can bee seen that
the maximum moment capacity M ujnax is obtained when half of
the cross-section is plasticised and the axial load is equal to
half the axial bearing capacity of the lime/cement column. The
corresponding eccentricity can be calculated from
(4.7)
where D is the diameter of the lime/cement columns. The maximum
moment capacity of a lime/cement column can then be estimated
from the following simple expression

(4 -2)
M.

where a „xc is the undrained compressive strength of the column
section and A p is the area of the plasticised zone. The moment
capacity of a lime/cement column can then be evaluated from the
equation
M.

cAp ep

= j2

D1

(4.8)

This equation shows that the diameter of the columns has a large
influence on the moment capacity, and that columns with large
diameter should be used when a high moment capacity is required.
Moment capacity, (Mu)

(4.3)

where ep is the eccentricity of the axial load, i.e. the distance from
the axis of the column to the centre o f gravity o f the plasticised
zone.

Figure 8. Moment capacity Mu of lime/cement columns.

4.2 Relationship between shear strength and moment capacity o f
lime/cement columns

A -A
Figure 7. Model for calculation of the moment capacity o f a
lime/cement column.
The undrained compressive strength g u cc of the column section can
be evaluated from the following two equations depending on the
confining pressure CTp. When the confining pressure is less than the
limiting pressure g c L, the compressive strength is equal to
a ^ = 2 c ^ ^ + a p Kp

(4.4)

where c„ coi is the undrained cohesion of the column material and
Kp is the coefficient of passive earth pressure for the column
material given by Equ. (3.3). The confining passive pressure a p
can be estimated conservatively from the equation
op = y z + 4.5 cu

(4.5)

where yz is the total vertical overburden pressure and cu is the
undrained shear strength of the unstabilised soil between the
columns. When the confining pressure exceeds the limit confining
pressure o c L which is equal to about 150 kPa, the compressive
strength is evaluated from the following equation
= o„ + 2 cucoi / Î Ç + a cL {K „ - 1)

(4.6)

A lime/cement column will fail when the maximum bending
moment in the column reaches the moment capacity. If failure of a
lime/cement column occurs when one or two plastics hinges
develop in the columns depends primarily on the thickness of the
sliding soil mass as compared to the column length, on the diameter
and on the moment capacity of the columns as well as on the shear
strength of the unstabilised soil between the columns. The failure
mode with two plastice hinges is analysed in this paper which is
belived to be the most common failure mode.
The shear force and the shear strength of a lime/cement column
when two plastic hinges develop can be calculated from the
assumed earth pressure distribution as shown in Figure 9. The
lateral earth pressure on the column has been assumed to k c u. It
should be noted that a relative displacement of about 10 percent of
the column diameter is required to fully mobilise the ultimate lateral
pressure o f the soft soil around the columns (Broms, 1972,
Matsui et al., 1982). Consequently, the soil deformations which
correspond to the ultimate pressure are relatively high due to the
large lime/cement column diameters which are commonly used.
The lime/cement columns are brittle with respect to the stress-strain
behaviour and the undrained peak shear strength determined by
undrained triaxial tests is normally mobilised at a strain of only
about one percent. The soft Scandinavian clays and gyttja mobilise
normally the peak shear strength at higher strains than lime/cement
and cement columns. Therefore, failure of the columns through the
formation of plastic hinges can occur before the peak shear strength
of the moving soft soil has been fully mobilised. It is also possible
that the shear strength o f the soil has dropped to the residual value
because the large soil movements which are required to fully
mobilise the ultimate lateral pressure.
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Column displacement

Earth pressure

It can be seen from the Equ. (4.10) that the ultimate shear strength
is independent o f the location o f the failure surface and of the
column length.
4.3 Shear strength o f lime cement columns

Rs

Two possible failure modes for lime/cement columns have been
considered in the example shown in Figure 11.

Figure 9. Assumed earth pressure distribution at failure o f
lime/cement columns.

The following evaluation o f the effect of the moment capacity on
the shear strength o f lime/cement columns is based on the work by
Hansen (1948) and Broms (1972). It should be noted that the
undrained shear strength cu o f the unstabilised soil and the bearing
capacity factor k can vary below and above the assumed failure
surface. The shear force T f for the failure mode shown in Figure 9
with two plastic hinges is determined by analysing the three
isolated members of the column, as illustrated in Figure 10.
T =0

Tf

ki Cui

T=0

Figure 10. Earth pressure distributions and boundary conditions
for the column members.
The shear force is determined by using the boundary conditions on
shear and moment and by imposing the equilibrium conditions for
each member. The shear force can then be evaluated from the
following equation

Figure 11. Embankment stabilised by lime/cement columns.
It has been assumed that the lime/cement columns have been
installed below the sloping sides o f an six meter high unstable
embankment. The upper clay layer has a higher undrained shear
strength than the lower layer. The undrained shear strength of
the two clay layer has been assumed to 20 kPa and 15 kPa
respectively. The thickness of both layers is four metres as well as
the depth to the assumed slip surface. The diameter of the
lime/cement columns is 0.8 meter and the stress concentration
factor m has been assumed conservatively to 3.0. The residual
shear strength as evaluated by triaxial and direct shear tests
have been used in the analysis. The total normal stress in the
lime/cement columns at the slip surface as calculated by Equ. (3.5)
ranges from 68 kPa to 428 kPa.
The calculated shear strength has been compared for the
two assumed failure modes in Figure 12. The shear strength as
calculated from Equ. (3.1 and 3.2) corresponds to the residual
shear strength as determined by simple shear tests. The shear
strength as calculated from Equ. (4.10) corresponds to the average
residual shear strength determined by the triaxial tests.

(4.9)

(Equ. 3.1 and 3.2)

/
where Mu is moment capacity of the lime/cement columns, D is the
column diameter, k i cu, is the ultimate lateral earth resistance above
the assumed failure surface and k2 cu2 is the ultimate lateral earth
resistance of the soft clay below the assumed failure surface.
The shear strength of the lime/cement columns corresponding
to this failure mode can be evaluated by dividing the shear force Ty
with the area o f the column section. For example, when the
ultimate lateral earth resistance is assumed to be nine times
the undrained shear strength o f the unstabilised soil (9c„), as
proposed by Hansen (1948) and by Broms (1964), the ultimate
shear strength x{ o f the columns can be calculated from the
following equation
t

V

=24
Jt

(4.10)
D \1+^)
‘■'«I
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Figure 12. Shear strength of lime/cement columns.

The analysis shows that the failure mode and the shear strength of
lime/cement columns can vary below the sloping sides of an
embankment. The shear strength of the columns in Figure 12 varies
between about 100 to 240 kPa. The result indicate that the shear
strength at failure is governed by the shear strength of the columns
when the lime/cement columns are located close to the toe of the

embankment or when the normal stress in the columns at the
location of the failure surface is low. When the axial load in the
columns increases and the height of the embankment exceeds about
one metre, the shear strength will be governed by the moment
capacity of the columns.

5 CONCLUSIONS
Undrained triaxial and direct shear tests have been carried out on
samples obtained in-situ from actual lime/cement columns and from
the unimproved soft clay between the columns. It has been
concluded from the test results that the undrained shear strength
increases significantly at low confining and low normal pressures,
lhat the shear strength is constant when the confining pressures is
high and that the undrained shear strength of lime/cement columns
is composed of both cohesion and friction. Failure of lime/cement
columns occurs at an axial strain of about one percent compared
with 3 to 4 percent for the unstabilised soft clay between the
columns. It should be noted that the behaviour o f lime/cement
columns is brittle in comparison with lime columns and soft clay
and that the cohesion of lime/cement columns decreases
significantly after the peak strength has been exceeded while the
friction angle is almost constant.
The moment capacity and the shear strength of lime/cement
columns as well as the deformation properties o f the lime/cement
columns and o f the soft soil between the columns should be
considered in a stability analysis. The analysis indicates that the
moment capacity of the lime/cement columns can significantly
affect the failure mode and the ultimate shear strength.
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