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Plane Strain Mechanical Characteristics of Liquefied Cement-Treated Soil
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Abstract: The application of liquefied cement-treated soil has been developed as a way of using surplus soil. Although many studies
have been conducted on the mix design, most were based on the unconfined compression test, and therefore did not address the
mechanical characteristics comprehensively. The liquefied cement-treated soils used in this study were made of two kinds of soil and
different mix designs to have certain unconfined compression strengths. Consolidation and undrained shear characteristics of the
samples were examined under plane strain conditions. The consolidation yield stress and compression index decreased as void ratio
increased. The stress path during shear test was governed by the characteristics of the soil skeleton as determined by the cement

content. The characteristics of the liquefied cement-treated soils made of high consistency clay differed from the other treated soils.

1 INTRODUCTION

It is estimated that in 2001 some 290 million m’ of surplus soil
was generated from a construction site in Japan. More than 40%
of the soil was discarded in a disposal site. For very soft soil that
is difficult to compact adequately, a chemical treatment technique
benefits of saving valuable raw material, there is a growing
interest in finding ways to use the soil.

Stabilizing the soil by mixing with cement has been developed
as a common utilization method of the soft soil to broaden its
application area. When a homogenous cement mix is required for
fine clayey soil, a feasible treatment technique is to slurry the
materials. This explains why the technique for producing a
liquefied cement-treated soil has been developed in Japan. The
‘material is in a flowable state at placement and has the specified
compressive strength when in use as a structure. The American
Concrete Institute (1994) calls a material of this kind “controlled
low-strength material (CLSM)”. By definition, CLSM may have
a maximum compressive strength as high as 8.3MPa.

The advantages of using the liquefied cement-treated soil or
CLSM as a backfill material include the following: (a) the
strength and workability can be controlled by mix design and
(b) no compaction is required for construction.

When a maximum compressive strength of approximately
IMPa is expected, the soil has a further advantage of being “re-
excavatable”.

The flowability, bleeding water and unconfined compression
strength (q,) have to be examined in order to determine the mix
design. When more flowable material is required for a certain
value of unconfined compression strength, both additional water
and cement will be added to the mix. The mix design also
depends on the base soil. Although many studies have been
conducted on the mix design using the unconfined compression
test, few would appear to have addressed the mechanical
characteristics.

For this study, treated soils with equal values of unconfined
compression strength and differences in mix design and base soil
were prepared, after which the differences in mechanical
characteristics under plane strain conditions were examined. The
consolidation test and volume constant shear tests under plane
strain conditions were conducted using a biaxial apparatus. The
value of unconfined compression strength and void ratio were
used for discussing the mechanical characteristics of the treated
soil.

2 PREPARATION OF SAMPLES AND TESTING
METHODS

2.1 Preparation of Samples

The liquefied cement-treated soil is a mixture of clay, ordinary
Portland cement and water. The clays used were a kaolin clay and
a mixed clay constituted of 80% kaolin clay and 20% bentonite
clay by mass. The properties of the clays are shown in Table 1. A
clear difference in consistency is apparent between the clays.

Table 1. Properties of clays.

Clay o Kaolin cla Mixed clay
Particle density (Mg/m’) 265 2.68

Sand content (%) 0 0

Silt content (%) B AR R,
Clay content (%) 60L A

Liquid limit (%) 48 17

Plastic limit (%) 31 [ tad

The Portland cement slurry was made with a cement-to-water
ratio of 1.0. The clay mass with prescribed water content was
mixed with the cement slurry in prescribed proportions. The
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[image: image2.jpg]Fig. 1. Biaxial apparatus.

slurry was poured into a hollow cylinder or a rectangular box.
The inside diameter of the cylinder was 38mm and its length was
120mm. The dimensions of the box were 100x100x50mm. After
several days of curing, the treated soil was extracted from the
cylinder or box and both ends were trimmed flat. The sample was
then completely wrapped in plastic film and cured in a sealed box
to prevent it drying out. The box was placed in a thermostatic
room (20°C) for a prescribed period.

The value of unconfined compression strength is expected to
affect the characteristics of the treated soil. Two pairs of treated
soil were designed such that the soils in each of the pairs would
have the same unconfined compression strength. The base soil,
mix design, physical properties, flow value and unconfined
compression strength are shown in Table 2.

Table 2. Properties of treated soils.

Name of treated soil sl S A R
: Kaolin |Kaolin |Kaolin | Mixed
Base soil
clay | clay | clay | clay
Water content (%) 100 | 130 | 130 | 240
Cement content (%) 15 2700 520 |40
kgm’) [ 95 [ 133 [ 103 | 122
Flow value (mm) 125|205 | 210 | 155
Wet density (Mg/m’) 146 | 139 139 [1.32
Dry density (Mg/m’) 074 | 065 | 063 | 044
Void ratio 259 | 327 [323 |566
Unconfined compression
st (494) 150 | 160 | 130 | 120

The cement content quantity that is expressed as a percentage
in the table is the mass ratio of cement to dry clay, and the
quantity in kg/m’ is the cement mass in a unit volume of treated
soil. Whereas S4 has the highest cement content value as a
percentage, S2 has the highest value in kg/m’.

The flow value and unconfined compression strength were
obtained by the flow test proposed by the Japan Highway Public
Corporation (JHS A 313). The flow value is designed between
110 and 300mm in accordance with the construction.

The sample of S1, S2 and S3 were made of kaolin clay. The
unconfined compression strengths of S1 and S2 were intended to
be equal but differed in the cement content and water content.
Therefore the flowabilities differed. The flowabilities of S2 and
83 were equal but differed in the unconfined compression
strengths due to the cement content. S4 demanded much higher
water content in order to obtain the required flow value because

x

Z & positive value for compression

Fig. 2. Notation of stress and strain in the biaxial test.

of the consistency. Although S3 and S4 were prepared to be
equal unconfined compression strengths, differences in physical
properties remained.

2.2 Unconfined Compression Test

The unconfined compression test has been developed for
evaluating the soil strength of high cohesion soil and is a
common method for determining the relative response of
stabilized materials.

The sample was approximately 38mm in diameter and 76mm
long. The compression test was conducted on the treated soil
after curing for 28 days at an axial strain rate of 1%/min in
accordance with JIS-A1216.

2.3 Biaxial Test

Geotechnical engineering applications frequently encounter plane
strain conditions, which is why model tests are often conducted
under these conditions. However, plane strain element tests are
less common. A biaxial apparatus allows two-dimensional strain
10 be controlled under plane strain conditions.

The apparatus used in the study was designed by Delft
University of Technology (Fig. 1) (Allersma, 1993). The
displacements of the four boundary segments are performed by §
actuators, each of which is driven by a stepper motor. To
eliminate friction as much as possible, pressure transducers are
mounted in the boundary segments, which allow the soil pressure
1o be measured directly at the surface of the sample.

The top of the box was covered with clear glass walls,
allowing the deformation of the sample to be observed during the
test, and image processing to be applied for analyzing the
deformation. Alternatively, the box can be covered with a metal
wall equipped with a pressure transducer.

The axial strains and stresses are defined as shown in Fig. 2
and the mean principle stress s= (5,+0,)/2 is determined. Two-
dimensional compression displacements, £,~¢,>0 and £,~0 (¢ is
positive for compression), were applied in the consolidation test
at a strain rate of 0.00lmm/min up to the maximum stress of
500kPa. The initial sample size was approximately
100x100x50mm. For the undrained shear test, the sample was
consolidated under s, for more than 24 hours, where s, was based
on 6,=6,=20-160kPa. The shear process was then performed. In
view of the difficulty of maintaining the undrained condition
while the apparatus is applying shear, a volume constant test was
carried out as the undrained test. The strain rate was &, =0.044
mm/min and the displacement in the x-direction was controlled
50 as to maintain a constant initial volume.
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Fig. 3. Stress-strain relationship in the unconfined
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Fig. 4. The unconfined compression strength against water-
‘cement ratio.

3 TEST RESULTS AND DISCUSSIONS

3.1 Unconfined Compression Characteristics

The stress-strain curves in the unconfined compression test are
shown in Fig. 3. The curves of S1 and S2 were similar until the
axial strain (g,) reached 1%. A clear peak stress can be observed
in SI and S2 and the value of the unconfined compression
strengths were almost equal. Comparing S3 with S4, the stress-
strain curves were equal while the strain was less than 0.5%, the
peak stresses were also equal, but the stress-strain loci were
different.

Water-cement ratio is considered to be a major factor in
determining the strength of a concrete material, and its
application to the soil is also reported. The unconfined
compression strength (q,) is plotted against the water-cement
ratio (W/C) in Fig. 4. The figure shows that the water-cement
ratio cannot be used to reliably estimate the unconfined
‘compression strength. It is possible that the strength development
mechanism differs in the concrete material and in the other
cement treated soil because of chemical reactions between the
clay and cement when a large amount of water is added to the
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Fig. 5. Stress and strain curves during consolidation.
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mix. It is concluded that the unconfined compression strength
depends on both the cement content and the water content.

3.2 Biaxial Test

3.2.1 Consolidation characteristics

Figure 5 shows stress (0, or o,) and strain (&,) curves during
consolidation. Therefore, €, is a volumetric strain. Comparing S1
with 82, and S3 with S4, each of which have equal values of
unconfined compression strength, the stress-strain curves in o,
show clear differences when the volumetric stress exceeds 1%.
On the other hand, the stress 6, was zero or had a constant small
value until o, showed a clear yield stress, with the exception of
$3. When the chemical bonding does not yield to the stress, the
stress is only governed by the compressed direction,

Void ratios (¢) are plotied on a logarithmic scale of stress (log
p), p=(6*+0,+0,)/3, in Fig. 6. Because the treated soils have high
structure, being a material with a high void ratio compared with
the present stress, a great compression can be observed around
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Fig. 9. Stress-strain curves.

yield stress for $2, $3 and S4, resulting form the rupture of the
chemical bonds.

The values of yield stress (p.), swelling index (Cs) and
compression index (Cc) are developed from Fig. 6. The yield
stress p from an isotropic consolidation test is often discussed
with respect to the unconfined compression strength for a cement
treated soil. The ratio p./q, ranges from 1.2 to 1.3 for a cement-
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treated soil (Terashi er al., 1980) and from 1.2 to 1.5 for an air-
composite-treated soil (Tsuchida ef al., 1996). The ratio p/q, for

treated soils in this study ranged between 0.76 and 1.09. It is
attributed to the differences in stress condition. Because the value
of o, was very small for the plane strain condition, the mean
principle stress p, is estimated 1o be much smaller than 6,. When
the mean principle stress, s, is applied to estimate the yield stress,
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Fig. 10. Stress paths.

the value of s,/q, is increased to between 1.50 and 1.83. The p/q,
and s./q, are plotted with void ratio, which is considered to be the
other important index for the study, in Fig. 7. The values of p./q,
and s,/q, depend on the void ratio; they decreased as the void
ratio increased.

Figure 8 shows the swelling index (Cs) and compression index
(Cs) with the void ratio. The value of swelling index is very small
and no difference can be observed among the samples. The
values of compression index are very large relative to ordinary
overconsolidated clay and they increase with increasing void
ratio. The ratio of Cc/Cs between 5 and 20 resembles ordinary
clay, while the ratio between 38 and 75 represents the treated
soil. Air-cement-treated soil is another artificial highly structured
soil, and it exhibits Cc/Cs values in a similar range, from 20 to 87
(Hayashi, 2001). It is believed that the treated soils have high
resistance to consolidation stress when the stress is small, but
once the chemical bonding yields to the stress, large compression
occurs because the treated soil is too loose to sustain the structure.

3.2.2 Volume constant shear characteristics

Stress-strain curves for all kinds of treated soils with
consolidation stresses of 40, 80 and 120kPa are shown in Fig. 9.
For SI, the deviator stresses, q=0,-0,, increase rapidly with
increasing axial strain o, at the commencement of the shear
process. A peak stress appeared at a smaller strain than that in the
unconfined compression test. The stress then decreased slightly
with increasing €,. The o, fell rapidly from the outset, reaching
zero at a peak stress for each consolidation stress. For S2, the
deviator stress increments and lateral stress o, decrements in a
small strain were more rapid than those for S1. Comparing S2
with S3, the stress increment of o, and decrement of o, for S3 is
slower than those for S2. This suggests that adding cement to the
mix makes the treated soil more brittle. Although S4 contains the
largest cement content as a percentage, the stress-strain behaviors
are the most ductile. It can be concluded that the treated soil is
more brittle when the cement content is increased, whereas
raising the void ratio may buffer the mechanism.

The stress paths to the point where the deviator stress reached
a peak value are shown in Fig. 10. The value of mean principle
stress, s, increased at the onset of shear, and then decreased as the
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Fig. 12. Normalized peak strength plotted with normalized
consolidation stress by the unconfined compression strength.

shear developed. The stress paths are distinguished: left end locus
for S3 and right end for S2 for all values of consolidation stress.
This is attributed to the characteristics of the soil skeleton as a
result of chemical bonding. The stress paths moved to the right as
the cement content (kg/m’) increased, because cement in the mix
produces a stiffer matrix. Before the peak deviator stress
appeared, the lateral stress o, almost reached zero.

Figure 11 shows the peak stress plotted against the
consolidation stress. The peak strength of the treated soils with
higher unconfined compression strength was higher, and appears
to be almost constant for consolidation stresses below 100kPa.

Ignoring the difference of the unconfined compression strength,
both the peak strength and the consolidation stress were divided
by the unconfined compression strength and the result plotted in
Fig. 12. Their yield stresses were s/q,>1.5 so that all the samples
were considered to be in an overconsolidated state. It was found
that the ratio q,q, is almost constant when s./q,<0.5. At higher
values, however, the ratio qy/q,, increases with increasing s./q,.
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‘The value of q,q, is higher than 1.0. This may be attributed to
the difference in both the stress condition and the shape of
sample used in the tests. The value of unconfined compression
strength indicates the safer side for the plane strain shear.

4 CONCLUSIONS

Consolidation and volume constant shear characteristics under
plane strain conditions were examined for four kinds of liquefied
cement-treated soil. The specific conclusions from the study are
as follows:

1) The stress-strain relationship under consolidation differs for
the samples when the consolidation stress is exceeded. The
compression index was high relative to ordinary clay and
increases with increasing void ratio;

2) The yield stress in consolidation decreased as the unconfined
compression strength increased, but decreased as the void ratio
decreased;

3) The stress path in the volume constant shear test differed
significantly between the samples with different soil skeletons as
a result of the cement content and void ratio;

4) The shear strength was almost constant if s/q,<0.5, but no
unique relationship can be obtained by using the normalized
unconfined compression strength. Shear strength increased with
increasing s./q,.

As the liquefied cement treatment technique develops.
increasingly poor base soil is being considered for possible
utilization. Further study of the mechanical characteristics of
treated soil made of high consistency clay is needed.
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