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ABSTRACT

Soft soils are well known for their low strength properties, high compressibility and high
swell-shrinkage characteristics. Thus, they are inappropriate for building foundation or
for other geotechnical works. Deep cement mixing has recently been used to face these
problems by improving the strength and reducing the deformation of soft soils. The
present study examines the parameters which influence significantly the strength of a
cement stabilized soil. These are: the water and sand content, the liquid limit, the amount
of the added cement and curing time. A comprehensive laboratory work was carried out
in order to study the compressive strength of nine different silty-clay soils stabilized with
various quantities of cement. The laboratory results were used for the development of a
non linear regression equation that best relates the compressive strength of a stabilized
soil to the aforementioned parameters considered as descriptor variables.
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INTRODUCTION

The Deep Mixing Method (DMM) is today accepted world-wide as a soil improvement
method which is performed to improve the strength, deformation properties and permeability
of the soil. It is based on mixing binders, such as cement, lime, fly ash and other additives,
with the soil by the use of rotating mixing tools in order to form columns of a hardening
material since pozzolanic reactions between the binder and the soil grains are developed. The
most common binder that is used in DMM, because of its appreciable effect on improving the
soil properties, is cement.

This method is often applied on many geotechnical and foundation applications such as the
stabilization of deep excavations or high embankments, the reduction of settlement or the
increase of soil strength for building foundation, the slope stability, the tunnel support, the
water retention etc. The strength of soil-cement mixture (the most common binder that is used
in DMM) is influenced from many parameters like physicochemical properties of the soil,
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geological and hydrogeological conditions of the area, the properties and the quality of the
used binder or the additive, the mixing method and consequently the mechanical equipment,
the curing conditions (Porbaha, 2000). Because of the aforementioned parameters, a
significant deviation between the laboratory measurements of strength of soil-cement
specimens and the corresponding one taken from in situ is usually observed.

A significant research has been done from Omine and Ohno (1997) concerning the estimation
of the in situ compressive strength based on laboratory measurements of compressive strength
and other parameters obtained from the construction phase of soil-cement column. The model
which is suggested has a good approach. Consequently, the measurement of the strength of
soil-cement mixtures in laboratory and the determination of the parameters which affect it is
still very important for the estimation of strength of mixture in situ (Porbaha, 2002).

The objective of the present paper is to develop a new model, based on regression analysis,
for predicting the compressive strength of a cement stabilized soil under laboratory conditions
from parameters such as liquid limit (w.)of the soil, water content (w), percentage of the
added cement, sand content and curing time which strongly affect its value. The quality of
cement was not taken into account on the proposed model, since previous studies has shown
that it has a limited influence on the strength of the stabilized soil (Ahnberg et al., 2003).

Materials used-laboratory procedure

The soil type can affect significantly the efficacy of cement stabilization (Puppala et al.,
2003). For this reason, nine types of soils were stabilized with different quantities of cement
in order to obtain a large variation of compressive strength values. Seven of the soils were
inorganic clays of high plasticity (CH) with some of them containing considerable amount of
(SO.), one soil was inorganic clay of medium plasticity (CI) and one soil was organic clay
of high plasticity (OH) containing 10% of organic material. Table 1 represents the basic
geotechnical properties of the used soils. Portland cement with blaine fineness of 4,500cm?/g,
specific mass of 3.15g/cm® and 28-day compressive strength of 45 MPa, was used for
stabilization experiments. Soils were treated with cement dosages ranging from 5 to 30% by
dry unit weight of soil. Cement-soil specimens tested in unconfined compression were
prepared by initially mixing the relevant quantities of dry soil and water for at least 5 minutes
with a high rotating stirrer; the cement was then added to the mixture and further mixing was
performed until it was homogeneous in appearance. Cylindrical specimens were prepared by
pouring the soil-cement material into moulds, 35.5mm in diameter and 72mm height (ASTM,
1996). Compressive strength tests were performed under a constant strain rate of 0.6604
mm/min. Table 2 shows the curing time of soil-cement mixture specimens and the percentage
of water-cement addition.

Results and discussion

Figures 1(a)-(c) present the compressive strength values of different soils stabilized with
cement dosages ranging from 5 to 30% by dry weight of soil at 7, 28 and 90 days of curing. A
significant variation of strength values for all ages of curing and for all cement dosages is
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Table 1: Basic properties of the tested soils

Properties Si S, S3 Sy Sg Se S; Sg So
Depth (m) 10-12 10-15 36 25 35  10-15 1520 10-15 10-15
Density (Ym®) 1592 1668 155 152 123  1.62 1596 1644 167
Unitweightof o 0 520 273 236 287 28 276 285
solids (t/m°)
Liquid limit (%) 87 4354 70 66 170 694 69 706  73.96
Plastic limit (%) 35 2532 24 23 64 267 279 284 28.92
Pws“igé'”dex 52 1822 46 43 106 427 411 422 4504
Silt-clay
content(%) 90 67 63 72 80 90 93 89 91
Sand content(%) 10 33 37 28 20 10 7 11 9
soil CH cl CH CH OH CH CH CH CH
characterization
Ph 8.7 8 7.6 8.7 85 796 82 813 808
S0.2 (%) 017 007 005 018 02 006 011 01 0.1

Table 2: Curing time of specimens and the percentage of water-cement addition

Soil Water addition Cement addition Curing time
(% by weight of dry soil) (% by weight of dry soil) (days)
5
7
110 10
st 137 20 sg
30
10 7
S2 60 28
20 90
30
7
S3 78 6,5 28
90
7
S4 89 6,5 28
90
7
S5 220 8,5 28
90
5 7
Se 25,3 10 28
90
7
S, 27 150 28
90
5 7
S8 27,5 10 28
90
7
s9 26 > 28
10

90
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Figure 1: Variation of compressive strength of soil specimens stabilized with different
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amounts of cement: (a) 7 days; (b) 28 days and (c) 90 days.
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Figure 2: Compressive strength of soil specimens stabilized with 5 and 10% cement in
relation to the consistency index: (a) 7 days; (b) 28 days and (c) 90 days.

observed. This fact reflects the substantial influence of the soil chemical composition and the
water content over the development and progress of pozzolanic reactions and consequently
over the early and final strength of the soil-cement mixture. For example, addition of 10%
cement in different soils had as a result strength values ranging from 80 to 2110 kPa at 7 days
of curing, 102 to 2600 kPa at 28 days of curing and 131 to 2990 kPa at 90 days of curing.
Soils with high liquid limit or high water content exhibited the lowest strength at all ages even
though a large amount of cement was added. This is attributed to the intense hydrophilic
behavior of soils which is characterized from high liquid limit values. These soils attract and
retain high amount of water limiting to some extent pozzolanic reactions and consequently the
adhesion between the soil grains and cement crystals affecting adversely the development of
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strength. Also, the occurrence of large amount of water, leads to the creation of a weak
structure between the formed cement crystals and the soil particles. The influence of w, and
w on strength is shown in figures 2(a)-(c) at which the compressive strength of soil-cement
specimens containing 5% and 10% cement is correlated with the consistency index I.. The
graphical plots visibly indicate the wide variation of compressive strength values at all ages of
curing, despite the specimens were stabilized with the same cement dosage. Indicatively
reported, addition of 5% cement resulted in 7, 28 and 90 day strength values ranging from 45
to 1040 kPa, 52 to 1196 kPa and 62 to 1690 kPa, correspondingly.

Regression models

Based on the laboratory results and using SPSS 14.0 statistic program a non linear regression
model was developed which correlates the compressive strength g of cement stabilized soil to
the five variables (water content w (%), liquid limit wy (%), cement content C (%), sand
content S (%) and curing time CT (days)) as follows:

q=-326.77 —1170.09 In(w) + 1292.06 In(w,) + 0.523 (C) (S)***" (In(CT))**® (1)

The reliability and accuracy of the model were checked by comparing the predicted values of
compressive strength from this model and the measured values, and computing the correlation
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Figure 3: Cross plot of measured compressive strength vs. computed values using equation 1.
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Figure 4: Cross plot of measured compressive strength vs. computed values.
(a) 7 days (eq. 3); (b) 28 days (eg. 4) and (c) 90 days (Eq. 5).

coefficient. Figure 3 illustrates a plot of the measured values of compressive strength versus
the computed values using the non linear regression model. The straight line in the figure
represents the line of perfect equality, where the values being compared are exactly equal.
The correlation coefficient R* at 95% confidence interval is 0.877, meaning roughly that
87.7% of the variance in compressive strength is explained by the model. This value is
statistically significant and therefore suggests that the measured and calculated values of
compressive strength are comparable.

In order to obtain a more accurate regression model the curing time was left out as a
descriptor variable in the regression equation. The model that gives the best correlation is of
the following form again:
q=ao+a; In(w) +a, In(w,) + a3 (C) (S)* (2)
The resulting regression equations that best relates the compressive strength to the four
structural descriptors of the soil properties are given:
For 7 days of curing:
q=-316.79 —1015.82 In(w) + 1116.03 In(w,) + 0.964 (C) (S)***°
R*=0.845 (3)
For 28 days of curing:
q =-308.32 —1152.96 In(w) + 1268.29 In(w,) + 0.958 (C) (S)****
R?=0.902 (4)
For 90 days of curing:
q=-560.71 — 1329.13 In(w) + 1538.22 In(w,) + 0.808 (C) (S)*>*
R*=0.8915 (5)
The predictive model of 7 day strength has correlation coefficient (R? = 0.845) slightly lower
than the one of the initial model utilized the curing time. On the contrary, the models of 28
and 90 day strength appeared to have correlation coefficients slightly higher. Figures 4(a)-(c)

depict the correlation between the measured and the calculated values of compressive strength
obtained from the application of Equations 3-5.
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CONCLUSIONS

Both laboratory and field procedures employed in the determination of compressive strength
of soil-cement column material are time consuming and expensive. An alternative to the
experimental approach is the prediction of compressive strength from parameters easily
recorded and measured. The present study used laboratory results in order to obtain a model
that best relates the strength to the above aforementioned parameters. Two general models
were developed. The first relates the strength to the five structural descriptors whereas the
second model does not include the curing time as a variable. Both models show high values of
R? and the comparative assessment indicates that the developed models provide a very good
agreement with the measurements.
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