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ABSTRACT

Hydromechanical performances and pore-structure evolution in in-situ lime-treated soil is
influenced by the implemented methodology of execution. In-situ lime-treated soil experiences
kneading action during soil compaction; however, little is investigated regarding the contribution
of the kneading mechanism towards hydromechanical and pore-structure evolution. This study
evaluates the evolution of Unconfined Compressive Strength (UCS), hydraulic conductivity, and
pores of different categories in laboratory kneaded soil. The evaluation involves results from lime-
treated soil subjected to different curing times and temperatures. The results obtained from
laboratory kneaded and cured soils are interpreted with the one obtained from in-situ sampled soil
of the same configuration after 7 years of atmospheric curing. The obtained interpretation provides
an acceptable insight towards the expected long-term hydromechanical and pore-structure
evolution of lime-treated soil. Thus, the study highlights the importance of reproducing an
implementation mechanism in the laboratory which closely represents the field compaction.

INTRODUCTION

Management of natural resources such as soil is essential in any land development project. In this
context, improvement of the engineering properties of natural soil by chemical stabilization using
lime was shown to be an efficient and effective process (Bell 1996; Little 1995). In addition to
chemical stabilization, mechanical improvement, which involves the implementation of control
mixing and compaction conditions by incorporating appropriate water content, binder amount,
compaction energy, and compaction mechanism, was also important (Das et al. 2020, 2021; Le
Runigo et al. 2009, 2011; Makki-Szymkiewicz et al. 2015).

The present literature provides several laboratories (Bell 1996; Das et al. 2021) and few
field studies evidencing the improvement brought in the soil through lime treatment. One such
field study was recently reported by Das et al. (2020). Das et al. (2020) reported the long-term
effect of lime treatment on the compressive strength, physicochemical and microstructural
modification on specimens sampled from an experimental embankment, which has been exposed



to the external atmosphere for 7 years. A significant evolution of average UCS of 3.29 + (0.45)
MPa was reported in core-sampled soil. Besides, a uniform distribution of pH and water content
was reported throughout the embankment. The study concluded that due to controlled mixing and
compaction condition implemented during the construction of the embankment, as reported by
Makki-Szymkiewicz et al. (2015), such homogeneity in the physicochemical measurement was
attained. A similar conclusion was reported by Makki-Szymkiewicz et al. (2015) regarding the
contribution of controlled mixing and compaction condition towards attaining a lower permeability
in lime-treated soil. Thus, the above studies highlight the importance of undergoing a proper
implementation process during the construction of a lime-treated structure.

Of the several parameters maintained during implementation, the compaction mechanism
is an important parameter. However, how well the laboratory implemented compaction mechanism
represents the in-situ implementation mechanism is less investigated. Thus, it is essential to bring
a comparative interpretation between the evolution of properties between filed and laboratory
compacted lime-treated soils. On the field, fine-grained soil, particularly clayey soil, is preferred
to be compacted by a vibratory Padfoot roller. Padfoot roller, during compaction, produces a
combined rolling and kneading action. The impact of the rolling mechanism on natural soil during
compaction was shown by Sedeki et al. (2018). However, the effect of the kneading mechanism is
not well investigated. The importance of implementing kneading action at laboratory scale was
urged by Clegg (1964) and Kouassi et al. (2000), who showed a similar generation of soil structure,
residual interparticle stresses, and other soil properties between in-situ compacted and laboratory
kneaded fine-grained natural soil.

Recently, Das et al. (2021) demonstrated the importance of undergoing kneading
compaction of lime-treated soil by showing the contribution of kneading action towards long-term
strength evolution. Thus, it becomes important to undergo further studies on the lime-treated
kneaded soil and to investigate the relevancy between laboratory and field obtained results. In this
context, this study focuses on evaluating the evolution of Unconfined Compressive Strength
(UCS), hydraulic conductivity, and pore-structure of laboratory kneaded lime-treated soil. The
obtained laboratory results are then interpreted with lime-treated specimens sampled from 7 years
atmospherically cured experimental embankment built with the same soil configuration to
understand the long-term evolution.

MATERIALS

This study involves the use of in-situ sampled soil from a 7 year environmentally cured
experimental embankment, which was built with 2.5% quicklime treated Marche-Les-Dames
(MLD, Belgium) silty soil. Details regarding the sampling procedure and layout of sampling
depths were reported in Das et al. (2020). Compacted specimens in the form of blocks and loose
materials were obtained at a depth of 0.30m and 0.75m from the slope of the experimental
embankment, i.e., specimens were sampled from the core of the embankment.

The same silty soil and lime content were used for the preparation of specimens in the
laboratory. The quicklime used consists of 90.9% of available CaO and a reactivity (¢60) of 3.3
min, as reported by Nguyen (2015). The Lime Modification Optimum (LMO) of the silt was 1%
by weight of lime, which was determined by Eades and Grim test as per ASTM D 6276-99a
(ASTM 2006).

SAMPLE PREPARATIONS



The compaction characteristics of the soil were similar to the one reported by Das et al. (2020),
which were obtained as per ASTM D698-91 (ASTM 2012) before the construction of the
embankment. The maximum dry density and optimum moisture content (OMC) of untreated soil
were 18.4 kN/m? and 14.3%, respectively, and for 2.5% lime-treated soil were 17.1 kN/m?® and
18.5%, respectively.

The experimental embankment was constructed with 2.5% quicklime at a wet of optimum
moisture content (WMC), which was 1.1 times OMC (Makki-Szymkiewicz et al. 2015). Hence,
the laboratory specimens were also prepared at the same lime content and water content. The
prepared soil paste was then placed in sealed plastic bags for 24 hours at ambient laboratory
temperature to allow the soil to undergo moisture content homogenization. Then, the soil paste
was mixed with 2.5% lime and was set aside for 1 hour before the soil mixture was subjected to
compaction. This process of sample preparation employed herein was according to the procedure
mentioned in French GTS Technical Guide for soil treatment (GTS - LCPC-Setra Technical Guide
2000). This reference of sample preparation is also followed during the in-situ construction of
lime-treated structures.

Three cubic specimens of dimension having a length to diameter ratio (I/d) of 1 were
trimmed from the block excavated at the core of the embankment. 2 of these were from the block
sampled at depth 0.30m, and the remaining ones from the block sampled at a depth of 0.75m from
the slope. The former specimen is represented as So3o and the latter as So.7s, respectively, in the
rest of the study. Correspondingly, cylindrical specimens of length and diameter, each of 0.05m,
were prepared by kneading compaction, i.e., the same 1/d ratio was maintained with the field
sampled soil. The kneading compaction was performed by a laboratory-developed kneading tool,
which was reported in the study of Das et al. (2021). During the application of kneading
compaction, specimens were kneaded by rotation of the 3-kneading feet at an angle of 45° between
2 successive loadings. A dynamic load corresponding to the compaction energy as per the ASTM
D698-91 (ASTM 2012) was applied. The process of kneading compaction is similar to the one
mentioned by Das et al. (2021). Nine specimens were prepared, of which 3 were untreated, and 6
were lime-treated soils. The specimens were then wrapped in plastic film. The untreated and 3
lime-treated specimens were cured for 28 days at laboratory ambient temperature of 20°C and the
remaining lime-treated specimens were subjected to accelerated curing at 40°C for 90 days. A
similar level relative humidity is maintained in both curing conditions.

LABORATORY EXPERIMENTS

Two cubic fields sampled soil, i.e., So30 and So.75, and 6 laboratory cured specimens were subjected
to UCS test using a mechanical press with a load sensor at a constant displacement rate of
Imm/min. The 6 laboratory specimens consist of 2 of each 28 days laboratory cured and 90 days
accelerated cured soils.

The remaining one cubic field sampled soil (So.30), and 3 laboratories cured specimens, i.e.,
one untreated 28 days cured, and two lime-treated 28 days and 90 days accelerated cured subjected
to hydraulic conductivity test. The hydraulic conductivity test was performed using a low ionic
strength solution, i.e., 10 NaCl. This is because the in-situ hydraulic structure is in general
subjected to water from natural sources, which may consist of few to numerous dissolved minerals.
Besides, use of 10 NaCl was commonly made in previous studies (Razakamanantsoa et al. 2016;
Sato et al. 2017). The hydraulic conductivity test was conducted using a flexible wall permeameter,
in which water was allowed to pass through the base of the specimens, and the effluents are
collected from the top. This was done to ensure a uniform flow of water through the specimens



and to reduce any entrapped air if present within the compacted soil. A confining pressure of 88+2
kPa and a hydraulic head of 170+5 cm were applied to the specimens during the hydraulic
conductivity test. The applied hydraulic head was intended to keep almost similar to the in-situ
embankment’s height which is about 180 cm, as reported in the study of Das et al. (2020). The
measurement of hydraulic conductivity was conducted until the last five values of Electric
Conductivity measured from the effluents collected became stable.

Loose specimens obtained from the core of the in-situ sampled block (So.30) and those
obtained from laboratory kneaded soil at the end of curing were subjected to pore-structure
analysis. Specimens were freeze-dried and then were subjected to Mercury Intrusion Porosimetry
(MIP), and Brunauer-Emmett-Teller (BET) (Brunauer et al. 1938) tests to analyze the pore-
structure evolution. The procedure of MIP and BET tests can be referred to in studies of Romero
and Simms (2008) and Westermarck (2000), respectively. The discussion made regarding pore-
structure involves the classification provided in [IUPAC (Rouquerol et al. 1994), which categories
pores as macropores (>500 A), mesopores (20-500 A), and micropores (<20 A).

RESULTS
Evolution of Unconfined Compressive Strength in lime-treated soil

Figure 1 presents the comparative evolution of UCS in the kneaded silty soil with and without lime
treatment after being exposed to different curing conditions (i.e., temperature and duration of
curing). The UCS of the untreated laboratory kneaded soil after 28 days of curing at laboratory
temperature was 0.21 MPa. The same soil being treated with 2.5% lime and cured under similar
conditions presented a UCS of 0.70 MPa.

To attain the maximum strength in an acceptable laboratory duration and to compare the
same with the 7 years atmospherically cured soil, 2.5% lime-treated laboratory kneaded soil was
subjected to 90 days of accelerated curing at 40°C. The resulting UCS was 3.80 MPa. The average
UCS obtained from the environmentally cured core-sampled specimens, i.e., from So30 and So.75
was 4.40 MPa.
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Figure 1. Comparative evolution of UCS in untreated to lime-treated kneaded soil
subjected to different curing conditions.



Evolution of hydraulic conductivity in lime-treated soil

The evolution of hydraulic conductivity in the untreated and the lime-treated soil cured under
different conditions was measured up to 100 days of percolation time and is compared in Figure
2.

1.0E-06
Untfreated 28 days cured A Lime-treated 28 days cured

L.OE-07 Lime-treated 90 days accelerated cured Lime-treated 7 years environmentally cured

1.0E-08
)
=

1.0E-09

A
AA AA A AA A L4 Axh A A A LA
1.0E-10
1.0E-11
0 20 40 60 80 100

Number of days

Figure 2. Comparative evolution of hydraulic conductivity in untreated to lime-treated
kneaded soil subjected to different curing conditions.

The measurement of hydraulic conductivity was expressed in terms of the magnitude of
permeability coefficient, k. From Figure 2, it was observed that almost all the lime-treated
specimens, despite being subjected to different curing conditions, attained stability of & after about
20 days of percolation time, which is in the same range, i.e., lower than 10 m/s and higher than
10! m/s. However, the hydraulic conductivity of the untreated soil was slightly higher than the
lime-treated soils.

Evolution of pore structure in lime-treated soil

The hydraulic conductivity of lime-treated soil was demonstrated to be affected by the inter-
aggregates pore of diameter greater than 10000 A (Le Runigo et al. 2009). In this context, the
cumulative macropore volume of pores greater than 10000 A, which was analyzed by the MIP test,
was compared between the untreated and lime-treated soil in Figure 3.

The untreated silty soil was observed to exhibit the maximum cumulative pore volume of
diameter greater than 10000 A. This feature was comparatively lower in the lime-treated soil, and
the minimum was observed for the environmentally cured So.30 soil.

Since lime treatment of soil was shown to enhance the development of pores lower than
3000 A (Das et al. 2020, 2021) thus, the evolution of such pores was expressed by the isotherm
plots obtained from the BET test in Figure 4. This is because BET analysis was shown to provide
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an elaborative explanation of smaller pores formed due to lime treatment in the study reported by
Das et al. (2020).
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Figure 3. Comparative evolution of cumulative macropore volume by MIP test between
untreated and lime-treated soil subjected to different curing conditions.
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Figure 4. Comparative evolution of the characteristics of the isotherm obtained from BET
test between untreated and lime-treated soil subjected to different curing conditions.

From the obtained isotherm plots, three distinct features can be observed, i.e., the evolution
of (i) micropores, (ii) hysteresis thickness, and (iii) the peak of the isotherm. The first feature, i.e.,
the total availability of micropores, is usually demonstrated to corresponds to the range of relative
pressure of 0.05-0.3 (Huang et al. 2014). In the present soil, this feature was slightly lower in the
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28 days cured lime-treated soil compared to the untreated soil. Then with increased curing time to
90 days and under accelerated conditions, this feature increased compared to both the untreated
and 28 days cured soil. However, the preceding feature was significant in the 7 years cured So.30
soil.

The hysteresis region in the isotherm was delineated to be associated with the delay in
capillary condensation and evaporation that occurs in the mesopores (20-500 A) by McGregor et
al. (2014) and Collet et al. (2008). In the present case, the hysteresis thickness was minimum for
the untreated soil and then increased with an increase in curing time and temperature of the
laboratory cured lime-treated soil. However, this thickness is slightly lower for the
environmentally So.30 cured soil compared to the accelerated cured soil.

The peak of the isotherm represents the total nitrogen adsorption capacity of the present
soil in the range of pore diameter of about 20-2000 A, as obtained through Barrett-Joiner-Halenda
pore (BJH) analysis (Barrett et al. 1951). This range involves the total generation of pores lower
than 3000 A due to lime treatment. Thus, an enhanced peak indicates a greater presence of pores
of diameter 20-2000 A. In the present case, the maximum peak was observed for the 7 years So.30
environmentally cured soil, followed by the laboratory accelerated cured and 28 days cured soil.
The minimum was observed for the untreated specimen.

DISCUSSIONS

UCS evolution in lime-treated soil was shown to be contributed by the generation of pores lower
than 2000 A (Das et al. 2021). This evolution of pores is influenced by curing time and temperature
(Little 1995; Lemaire et al. 2013). Again, pores lower than 2000 A involves the complete range of
micropores, mesopores, and a part of macropores as per [IUPAC classification. However, little is
known regarding the evolution of each pore category in lime-treated soil exposed to different
curing conditions and its contribution to UCS. In the present case, the isotherm in Figure 4 provides
a distinguishing feature of the above pore categories. As expected, 28 days cured lime-treated soil
showed an increase in UCS compared to the untreated kneaded soil (Figure 1). This is attributed
to the increased hysteresis peak and hysteresis thickness which indicated the evolution of pores in
the pore range 20-2000 A (Figure 4). However, the slightly lower presence of micropores in the
short-term 28 days cured lime-treated soil compared to the untreated was a consequence of
flocculation of clay particles (Little 1995). On curing the same lime-treated soil at an elevated
temperature of 40°C and for a longer time, the pozzolanic reactions were accelerated, giving to the
quick development of smaller pores, particularly in the pore range 20-2000 A (Figure 4). This
phenomenon resulted in increased UCS by about five times than the 28 days cured soil (Figure.
1). However, the evolution of micropores in the accelerated cured soil though higher than 28 days
cured soil, was less significant. This indicates that accelerated curing brings modifications,
particularly in pores greater than 20 A. At the same time, the same configured soil, after 7 years
of curing, showed the maximum micropores and hysteresis peak (Figure 4). However, the
hysteresis thickness in the 7 years cured soil was slightly lower than the accelerated cured soil.
The preceding observations explain the increased intensities of micropores with increased curing
time due to increased cementitious bonding, which have led to the maximum UCS (Figure 1). The
above discussion helps in visualizing the evolution of pores of different categories in soil exposed
to different curing conditions and its contribution to UCS. Thus, based on the above interpretation
made, the evolution of UCS and pore-structure observed in the in-situ sampled soil can be said to
be an expected long-term evolution of the laboratory kneaded soil.



Short-term cured lime-treated soil was shown to have resulted in an increase in
permeability due to the formation of pores greater than 10000 A as a result of aggregation
compared to the untreated soil (Khattab and Suhail 2002; Rajasekaran and Rao, 2002). However,
Locat et al. (1996) demonstrated that after long-term curing, lime-treated soil shows a decrease in
hydraulic conductivity due to increased formation of smaller pores as a result of pozzolanic
reactions. Recently, Makki-Szymkiewicz et al. (2015) explained that a controlled mixing and
execution process during construction of a lime-treatment embankment could give a level of
hydraulic conductivity close to the untreated soil even after 6 months from construction. This
embankment was the same embankment from which in-situ sampled soil was reported herein.
Figure 2 showed a level of permeability between 10” to 1071 m/s in the in-situ sampled soil, which
was almost similar to the level reported by Makki-Szymkiewicz et al. (2015). This indicates that
though a significant evolution of pores lower than 2000 A occurred during the 7 years of curing
(Figure 4), the level of permeability remained almost the same as the one obtained after 6 months
from construction. The same configured soil, when prepared by laboratory kneading action, gave
the same level of permeability despite being subjected to different curing conditions (Figure 2).
The preceding observations made in the in-situ sampled and laboratory specimens again confirm
the fact that the attainment of lower permeability in lime-treated soil is dependent on the
implementation mechanism. However, the hydraulic conductivity of the untreated soil was slightly
higher compared to the lime-treated soil (Figure 2). This is attributed to the maximum availability
of cumulative pores volume of diameter greater than 10000 A in the untreated (Figure 3). However,
the difference in cumulative pores volume of diameter greater than 10000 A between lime-treated
soil seems to have an insignificant effect on the evolution of hydraulic conductivity.

CONCLUSIONS

This study focuses on interpreting the comparative evolution of hydromechanical behaviors and
pore-structure modifications between laboratory prepared and in-situ sampled lime-treated soil for
emphasizing the relevancy of laboratory and field implemented kneading mechanisms.
Comparison of laboratory kneaded untreated and lime-treated soil subjected to different curing
times and temperatures and 7 years atmospherically cured specimens were made.

1) The evolution of UCS and pore-structure observed in the 7 years cured in-situ sampled soil can
be said to be an expected long-term evolution of the laboratory kneaded soil. The laboratory
kneaded soil showed a rise in mesopores and 70% UCS evolution after 28 days of curing compared
to the untreated soil. After 90 days of laboratory accelerated curing at elevated temperature (40°C),
a slight increase in micropores and significant mesopores and 94% increase in UCS resulted. After
7 years of in-situ curing, the same configured soil showed the maximum micropores and 95%
increase in UCS.

2) Attainment of lower permeability in lime-treated soil is dependent on the implementation
mechanism and is less impacted by curing time and temperature. 28 days laboratory cured, and 90
days accelerated cured laboratory kneaded soil gave a magnitude of hydraulic conductivity almost
similar to the one achieved in the 7 years cured in-situ sampled soil.

Thus, the above discussion confirms the relevancy between the laboratory and field-
implemented kneading mechanism by interlinking the hydromechanical and microstructural



evolution. Hence, the development of kneading action at a laboratory scale is essential to have a
close prediction of the hydromechanical evolution of a lime-treated in-situ structure. Besides, since
the compaction mechanism plays an important role in the hydromechanical evolution of lime-
treated soil, further investigation on the compaction mechanism, which involves kneading and
rolling impact together, should be made. This is because the Padfoot roller, in addition to kneading
action, produces roller action on the soil during in-situ compaction.
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