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This study presents the results of large scale laboratory model tests to investigate the behavior of
Compacted Lime —Soil (CL-S) rigid stone columns in soft soils. The unit cell idealization is used for
construction of composite specimens to evaluate the influence of different parameters such as the
diameter of the column (D), the slenderness ratio (L/D) and the area ratio (Ar). Experiments were
carried out on both end bearing and floating columns. Load was applied over entire area of the
specimens to find the stiffness of the improved ground. Based on the results, it was concluded that CL-
S columns increase the load carrying capacity and reduce the settlement of soft soils. In addition, the
results show the influence of model size on the stiffness of the specimens which means that the load
carrying capacity decreases by increasing the size of the model. However, for specimens containing
columns with diameters greater than 100 mm, the variation of stiffness becomes negligible and hence
the results can be used to extrapolate and predict the full size behavior of these columns. The
experimental results were compared with results reported in the literature for conventional stone

columns.
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1. INTRODUCTION

One of the major functions of geotechnical engineering
is to design, implement and evaluate ground
improvement schemes for infrastructure projects.
During the last decades significant new technologies
and methods have been developed and implemented to
assist the geotechnical specialist in providing cost-
effective solutions for construction on marginal or
difficult sites [1]. The choice of appropriate method
depends on many factors such as: structural loads, type
of structure, type of soil, availability of equipment and
material, economical considerations, etc.

One of the techniques extensively used for
improvement of soft soils is stone columns or granular
piles. This method consists of drilling vertical holes in
the ground which are then filled with crushed stones or
gravel to form columns or piles confined by the soil.
Because of the relatively high modulus of the columns
in comparison to the weak soil, a large proportion of the
applied vertical load is transferred to the columns [2].
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Stone columns improve the performance of
foundation on soft ground by reducing the settlement to
an acceptable level and by increasing the load carrying
capacity [3]. Field observations show that stone
columns could also accelerate the rate of consolidation
of soft clays [4]. Stone columns, if installed in loose
sands, reduce the build-up in pore pressure during an
earthquake, and hence decrease liquefaction potential
[5-6]. Stone columns are installed in wide variety of
soils, ranging from loose sands to soft compressible
clays [7]. Beneficial effects of stone columns on the
load-settlement characteristics of stone column
reinforced soft clay deposits have been widely
demonstrated by several researchers [8-17]. Sivakumar
et al. examined the load- deformation performance of
specimens of soft clay reinforced with a floating single
sand column of various lengths. They considered two
different column installations: wet compaction and
previously frozen columns [18]. Black et al. conducted
tests on isolated stone column and on a group of three
columns with the same area replacement ratio and
different lengths under drained triaxial conditions. They
concluded that grouping of columns can lead to a
possible reduction in the stiffness when compared with
a single column at similar area replacement ratio [19].
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It is well established that the stone columns derive
their load carrying capacity from the lateral confining
pressure provided by surrounding soil [20-22]. When
stone columns are installed in very soft soils or in
layered soils where the top layer is very soft, they may
not derive significant load capacity owing to low lateral
confinement offered by soft soils, which leads to
excessive bulging and also squeezing of soft clay into
the void space of aggregates [23]. According to German
regulations, the application of stone columns is
generally limited to soils with undrained shear strength
C,>15-25 kN/m* [24]. Below this strength, the lateral
support provided by surrounding soil may be
insufficient to prevent column failure through excessive
radial expansion [25]. There are two other limitations
with the use of stone columns. One relates to the closer
spacing of the columns (it was suggested that for a
significant improvement in bearing capacity for stone
column treated ground, approximately 25 percent of the
ground should be replaced by the stones [26]). The other
relates to the lower length to diameter ratio of these
columns (about 4 to 5 times of the diameter of the
column [21, 27-28]. In the last decades, these
limitations have prompted investigation into use of rigid
stone columns or rigid inclusions. Unlike stone
columns, rigid inclusions derive their stability without
any lateral confinement of the surrounding soil [29].
These columns have stiffness significantly greater than
that of the surrounding soil. Nonetheless, this stiffness
may vary widely depending on the type of inclusion
developed, which can include: lime column, vibro
concrete column, metal section, etc. [30].

The first applications of rigid stone columns date
from the late 1970s, mainly in road embankments in
Scandinavian countries [31]. A renewed interest in this
technique stemmed from a study about negative side
friction by Combarieu during that time period [32-33].
Rigid stone columns appear to be best suited for
strengthening the stone column in locally weak zones
[22]. From the results of the laboratory triaxial
compression tests, Juran and Riccobono revealed that
low- level cementation in compacted sand columns can
significantly improve the settlement response and load
carrying capacity [34]. Rigid inclusion ground
improvement is now a very cost-effective foundation
solution for common construction projects. Several
landmark applications punctuate its development and
illustrate that this basic concept can be applied equally
effectively to complex construction projects [30].

In spite of the extensive use of rigid stone columns
as an efficient and economical method for soil
improvement, a few number of publications on the
behavior and design of these columns are reported in the
literature  (unlike  other  column-like  ground
improvement methods such as: piles, vertical sand
drains, etc).

The main objective of this research is to investigate
soft soil improvement using CL-S rigid stone columns.
Lime was used in this study due to its relative cost-
effectiveness compared with other materials used in
rigid stone columns such as cement, metal sections, etc.,
in addition to its approved compatibility with soft soils.
The use of lime for soft soils stabilization is not new
and has been studied by many researches [35-39]. Based
on the previous studies, lime stabilization techniques
can be divided into two groups, namely lime columns
and lime mixtures for deep and shallow improvements,
respectively. These studies are mainly focused on
evaluating the effect of percentage of lime content,
curing time, etc. on the behavior of lime stabilized
grounds. The method presented here is totally different
from other lime stabilization techniques, especially lime
columns. Lime columns are constructed by
pneumatically pumping quicklime into the natural soft
soil using a giant egg-beater auger [40]. The CL-S
columns are made by mixing lime and well graded soil,
including coarse aggregates and a specified amount of
clay content, by replacement method [2]. Coarse
aggregates affect the strength, durability and
workability of the column and the clay further increases
its strength. This increment in strength is due to: firstly,
the chemical reaction between lime and silica in clay
(such as: cation exchange, flocculation-agglomeration
and pozzolanic reaction), and secondly, filling the
spaces between coarse grains by clay particles and thus
creating a stronger and more homogenous column [2,
39].

The model tests have been performed at single
gravity and at corresponding low stress level. For the
precise concluding and developing design charts,
centrifuge and full scale tests should be conducted.
However, the main purpose of this research was
comparison of the load-settlement behavior of CL-S
treated grounds with untreated ground as well as
conventional stone column treated grounds using the
laboratory scale tests, and it is believed that the results
are relevant. Similar justifications were given by Wood
et al. [26].

2. THEORETICAL CONSIDERATIONS

For the development of a precise laboratory scale
model, all practical dimensions were reduced by an
appropriate scale factor. It was considered that a well
designed testing program would allow observation of
key aspects of improved ground with CL-S columns.
Special attention was paid to keep the key ratios,
namely the ratio of column length to column diameter,
column diameter to diameter of entire specimen, column
diameter to aggregate size of used soil for construction
of the column, identical with the laboratory modeling
and actual field condition. In practical applications, the
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diameter of the stone columns was chosen based on the
design considerations and construction method. This
value generally varies between 60 to 100 cm for
conventional stone columns and 25 to 60 cm for rigid
stone columns. The other dimensional parameters such
as length of the column and the area ratio have been
presented according to the diameter of the column. The
stone columns are formed with typical aggregates size
of 2-75mm [41]. Hence, the ratio of the column
diameter to the maximum particle size will be in the
range of 8-12mm. These remarks have been considered
in the experimental program.

Unit cell idealization was used to simplify the design
of the apparatus needed to assess the load-settlement
behavior of an interior column in a large group of
columns. For an infinitely large group of columns
subjected to a uniform vertical loading applied over the
area, the behavior of each interior column may be
simplified to a single column installed at the center of a
cylinder of soil representing the column’s influence
zone. Due to the symmetry of load and geometry, lateral
deformation cannot occur across the boundaries of the
unit cell, and the shear stresses on the outside
boundaries of the unit cell must be zero [22]. Pribe
proposed unit cell concept for estimating the settlement
of foundation resting on the infinite grid of stone
columns [42]. This concept has also been used by many
researchers [25, 43-45]. Based on the experimental and
numerical study of Ambily et al, the load-settlement
behavior of a single column in the unit cell and a group
of seven columns are comparable and hence unit cell
concept is valid for S/D ratios varying from 1.5 to 4
(where S is the spacing between the columns).

However, further experimental study is required to
verify the unit cell concept for a closer spacing [44].
Recent studies showed that the deformation behavior of
the individual column in the unit cell is different from
that of an interior column among a group of columns,
since the possibility of a column interaction within the
group is not taken into account. However, for values of
area ratios close to, or less than 10%, the group
interaction becomes negligible, and the columns in the
group behaves as single columns [26, 46].

In this work, the load-settlement and load carrying
capacity behavior of an interior CL-S column among a
group of large number of columns was studied using
unit cell concept. The behavior of columns along the
periphery of the group and the deformation behavior of
CL-S columns were excluded from the present study.

3. EXPERIMENTAL PROGRAM

Two experimental setups were used in this
investigation. In the first setup, primary tests were
carried out to determine the properties of used materials

and to specify the construction method of the CL-S
columns. In the second setup, main tests were conducted
on composite specimens to investigate the performance
of CL-S columns on the behavior of soft soils. The
experiments were carried out on columns with different
diameters and different slenderness ratios. The columns
were surrounded by soft soil in cylindrical tanks of 300
to 1200 mm height, and diameters varying from 160 to
470 mm to represent the required unit cell area of soft
soil around each column assuming triangular pattern of
installation. Hence, the tests were conducted with four
different area ratios: 5, 10, 15 and 20% which
corresponds to spacing of 4.3D, 3D, 2.5D and 2D,
respectively (where D is the diameter of the column).
Experiments were carried out on both floating and end
bearing columns. In specimens containing floating
columns, a layer of soft soil with thickness of 2D was
used beneath the column. The prepared specimens were
kept in plastic covers and tested after curing time of 60
days. In the field, the entire of the CL-S column treated
ground will be subjected to loading from the
superstructure. The same was simulated in the
laboratory by loading the entire area of the specimen to
study the stiffness of improved ground. A 50 mm thick
sand layer was placed below the loading plate to serve
as a blanket. Two dial gauges were fixed at 180° angles
to each other for measuring the settlement of specimens
during the application of the load. A typical test
arrangement is shown in Figure 1.

4. TEST PROCEDURE

The load intensity-settlement behavior of column-
treated soil has been studied by applying vertical load
with the help of loading frame through a proving ring at
the constant strain rate of 0.7 mm/min. The load was
applied over the entire area of the composite specimen
using a steel plate of 20 mm thickness and diameter of
10 mm less than the inner diameter of the test tank. A
sand layer with thickness of 50 mm was placed beneath
the loading plate and the load was monitored at equal
intervals of settlement up to 15 mm.

5. PROPERTIES OF MATERIALS

The clay used was of CL classification, excavated from
a construction site in Kerman, Iran. The properties of
this soil are given in Table 1. The consolidation
properties of the clay were obtained from 1D
consolidation test that was conducted on unremoulded
clay sample with a diameter of 55 mm and height of
19.50 mm. The clay is one the problematic soils which
exhibit high compressibility and reduced strength. The
method proposed in the current study is aimed at
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improving engineering properties of this soil. The soil
used for construction of column was of SW—SC with
clay content of approximately 11 percent by weight.
The grain size distributions of used soils are shown in
Figure 2. Normal hydrated lime was used to construct
CL-S columns.

6. PREPARATION OF LABORATORY SPECIMENS

An identical technique was used to prepare all of the
specimens. To maintain similar properties throughout
the tests, the clay bed was prepared at 12.60% moisture
content and 13.40 kN/m® unit weight (equal to in situ
conditions) in all cases. Before filling the tank with
clay, polythene sheet was laid on its internal walls to
avoid any friction between clay and walls of the tank.
For preparation of each test bed, required clay soil was
air dried and checked for initial moisture content. The
additional water quantity required to achieve desired
moisture content was added and thoroughly mixed to
form a uniform paste. Clay was filled in the tank in
layers with measured quantity by weight. Each layer
was subjected to uniform compaction with a tamper to
achieve 50 mm height and corresponding unit weight.
The constructions of the CL-S columns were performed
by replacement method to obtain reliably repeatable test
specimens [26]. The smear effect in the construction of
conventional stone columns with that of CL-S columns

Load Settlement
dial gauge

400 to 1200 mm

4160 to 470 mm-»|

(@

Steel loading

O /_ plate

Sand pad
50mm thick

Soft clay

CL-S column

is different. This difference arises from the lime
migration to the soft soil in the close vicinity of the
column. Due to undrained behavior of CL-S columns, it
was not possible to extract undisturbed deformed shape
of column using slurry of cement or other methods.
However, investigation of different part of the
specimens after testing revealed that the column
engaged very well with its surrounding soil which
resulted in fractional resistance to be increased.

Thin open-ended steel pipe of various inner
diameters and wall thickness of 2 mm was used to
construct the column. After the bottom layer was
prepared for a depth of twice the diameter of the
column, the steel pipe was placed at the center of the
soil bed, and construction of clay soil and column were
carried out simultaneously. The outer surface of the pipe
was lubricated by applying a thin layer of grease for
easy withdrawal of pipe without any significant
disturbance of the surrounding soil. Construction of the
columns was carried out in two stages; first, specified
amount of materials with optimum moisture content
were mixed completely and then poured into the steel
pipe. Subsequently, it was compacted using 4.5 kg
tamper to attain maximum density. The pipe was then
raised in stages ensuring a minimal of 50 mm
penetration below the top level of the placed soil. The
procedure was repeated until the construction of the
column and surrounding soil was completed to the full
height.

300 to 900 mm

—» D le—

(®)

Figure 1. Laboratory test setups: (a) floating column, (b) end bearing column
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TABLE 1. Properties of used clay soil

Specific Gravity 2.72
Water content (%) 12.60
Liquid limit (%) 42.00
Plastic limit (%) 21.50
Shear strength (kN/m?) 19.00
Compression index (Cc) 0.18
Swelling index (Cs) 0.04
Reloading Index (C;) 0.035

7. RESULTS AND DISCUSSION

7. 1. Primary Tests To compare the strength
behavior of the CL-S specimens which were prepared

with maximum dry density and optimum moisture
content with the strength of the Lime-Soil specimens,
which were made with 34% moisture content in slurry
form, specimens 100 mm in diameter and 200 mm in
height were constructed with different lime contents.
Unconfined compression strength (UCS) tests were
carried out on specimens after 60 days curing time
according to ASTM standard [47]. Variation of the UCS
with lime content is presented in Figure 3.

It has been observed that the compacting of the
Lime-Soil specimens increases the UCS noticeably. For
instance, the improvement in UCS of CL-S specimens
as compared to Lime-Soil specimens, for 15% lime
content, is 234%. Based on results from the these tests,
it can be concluded that in contrast to Lime-Soil
specimens, in CL-S specimens with the lime content
more than 15% the increment in the strength is not
noticeable, and hence composite specimens were
constructed with columns containing 15% lime content.
It should be noted that the percentage of lime content in
CL-S specimens also depends on the clay content of the
soil used for constructing the specimens. Increasing the
clay content increases the strength of the specimens due
to chemical reaction between lime and silica in clay.
According to a previous study, the grain size
distribution of SW- SC soil which was used for
construction of columns was modified so that the clay
content reaches 18% [2]. This procedure was done by
adding required amount of clay to the SW-SC soil until
the desired soil size distribution was achieved.

For determining the optimum moisture content as
well as maximum dry density used for construction of
the above mentioned CL—S specimens, compaction tests
using modified effort were carried out according ASTM
standard [48]. Since the composite specimens were
prepared with columns containing 15% lime and 18%
clay, the results of compaction test for this case is given
in Figure 4.

7.2.Main Tests As mentioned before, for simulating
the load-settlement behavior of CL-S column treated
ground in the field, load was applied over the entire area
of composite specimens in order to evaluate the
improvement of the treated ground’s stiffness. The
results represent the behavior of an interior column
among a group of columns. When entire area is loaded,
failure does not take place even for settlement as high as
15 mm, due to the confining effect of the unit cell.

Figure 5 shows typical relationship between load
intensity and settlement for improved and unimproved
ground for different slenderness ratios when the area
ratio and diameter of the column are equal to 10% and
100 mm, respectively.
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Figure S. Effect of the slenderness ratio on the load intensity —
settlement of composite specimens:
(a) Floating columns (b) End bearing columns

It has been observed that CL-S columns with
different slenderness ratios increase the load carrying
capacity of the soft soils. When the L/D ratio is small
(specimens containing short columns), the load carrying
capacity is high, and as this ratio increases (specimens

containing slender columns), load carrying capacity of
specimens decreases. However, as compared to
untreated clay bed, an improvement of 137% in load
intensity has been observed, when the clay bed is
improved using floating CL-S columns with L/D ratio
of 8. This improvement is 267% for end bearing
columns with the same L/D ratio. Comparison of
Figures 5(a) and 5(b) shows that the variation of the
slenderness ratio has more effect on the behavior of end
bearing columns rather than floating columns. In the
end bearing columns, loads are transmitted to the rigid
bottom and bulging failure takes place when the
slenderness ratio increases. It should be noted that a
conventional stone columns having a length greater than
its critical length (about 4 to 5 times of its diameter)
fails by bulging irrespective of whether the column’s
condition is end bearing or floating [41].

The experimental program was extended to evaluate
the scale effect on the behavior of CL-S columns by
varying the column diameter from 50 to 150 mm. Figure
6 indicates a relationship between load intensity and
settlement for columns with area ratio equal to 10% and
L/D=6. Figure 7 shows the variation of load carrying
capacity (corresponding to 15 mm settlement) with
variation of the column diameter.

As predicted, the load carrying capacity decreases
with increasing the diameter, and the variations of load
carrying capacity of specimens reduces by increasing
the size of the model. For instant, the change of the load
intensity (corresponding to 15 mm settlement) for
floating columns of 50 and 75 mm diameter is 32% and
for columns with diameter of 125 mm and 150 mm is
11%. Since in practice, rigid stone columns are used
with minimum diameter of 250 mm, the results of large
scale tests can be applied to extrapolate and predict the
full size behavior of these columns. Figure 8 illustrates
the variation of load intensity versus settlement for
different area ratios, L/D = 6 and D =100 mm.
Comparing these results shows that CL-S columns
increase the stiffness of soft soils, even for area ratio of
5% (which corresponds to spacing of 4.2D) and
application of end bearing columns further improves the
bearing capacity of soft soils. When the area ratio
increases, load intensity of the specimens increases
significantly. However, when the area ratio exceeds
15%, the increment rate of load intensity is decreased.

It should be noted that, for a significant
improvement in bearing capacity using conventional
stone columns, an area ratio of 25has been suggested
[26]. For important projects, it is desired to carry out
field trials to determine the most optimum spacing of
columns with regard to the required bearing capacity of
the soil, permissible settlement of the foundation,
loading pattern, column dimensions, etc. Accordingly,
rational decisions can be taken to tailor design of
different types of stone columns installation to achieve
maximum performance at optimum cost [3].
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Figure 9 compares the stiffness improvement factor
(B), defined as the ratio of load intensity of the
improved ground to that of untreated ground for the
same settlement, resulted from the present work on CL-
S columns with an existing experimental and numerical
work on conventional stone columns (with angle of
internal friction of stones equal to 43°) for different area
ratios. This work was carried out on a 100 mm diameter
and 450 mm length (L/D =4.5) end bearing stone

column using unit cell idealization [44]. It was found
that CL- S column treated grounds have stiffness
improvement factor significantly greater than that of
conventional stone column treated grounds. The
improvement factor of a ground treated by floating
stone columns (with dimensions of 90 mm in diameter
and 540 mm in height) in soft soil bed for area ratio of
15% 1is equal to 1.25 [45]. In the present study, this
factor is 2.09 for almost the same condition.
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Figure 9. Comparison of stiffness improvement factor from
the present work with on CL-S columns with an existing work
on stone columns
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8. CONCLUDING REMARKS

Experimental investigation was carried out to study the
load- settlement behavior of an interior CL-S column
among a group of large number of columns in soft soils
using unit cell concept. The model tests have been
performed in the laboratory at single gravity and at
corresponding low stress level. Based on the results and
discussion presented, the following conclusion may be
drawn:

1. The CL-S columns exhibit a stiffer and stronger
response compared to conventional stone columns
installed in soft soils. These columns improve the
load carrying capacity and reduce the settlement of
such soils.

2. The results show that the load carrying capacity
decreases by increasing the slenderness ratio and this
ratio has significant influence on the behavior of end
bearing columns.

3. Meaningful scale effect has been observed in the
laboratory models, in such a way that the load
carrying capacity decreases by increasing the size of
models. However, for specimens containing columns
with diameter greater than 100 mm and constant
slenderness ratio, the variations of stiffness become
negligible, i.e. the stiffness tends to converge to a
fixed value and hence the results of large scale
laboratory model tests can be used to predict the full
size behavior of these columns with tolerable error.
Nevertheless, for accurate conclusions, full scale
tests can be recommended in future research efforts.

4. The performance of CL-S column is remarkably
enhanced by increasing the area ratio. However,
when the area ratio exceeds 15%, the rate of
increment of the load carrying capacity is negligible.

5. Comparison of the results of present work with an
existing experimental and numerical works on
conventional stone columns show that CL-S column
treated grounds have stiffness improvement factor
significantly greater than that of conventional stone
column treated grounds.
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