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Abstract

An experimental study was conducted to investigate changes of thermal conductivity, suction
and microstructure of a lime-treated silty soil during curing. The soil samples were prepared
with 2% lime and compacted dry (17%) and wet (22%) of optimum. The thermal conductivity,
total suction and pore size distribution were determined at various curing times. Results show
that the thermal conductivity of samples compacted on the dry side decreases slightly with
curing time, while the curing time effect on the samples compacted on the wet side is
insignificant. The total suction generally increases with curing time even though the soil water
content was kept constant. The pore size distribution characteristics are mainly related to its
moulding water content. As the samples are compacted on the dry side, the pore size
distribution shows typical bi-modal characteristics, with a population of macro-pores and a
population of micro-pores. By contrast, as the samples are compacted on the wet side, the
pore size distribution shows typical uni-modal characteristics. It is found that the modal size

of both the large and small pores decreases with curing time.

Keywords: thermal conductivity; suction; microstructure; lime-treated soil; curing time;

mercury intrusion porosimetry.
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INTRODUCTION

Lime treatment is widely applied in geo-engineering constructions such as highway and
railway embankments, levees and slopes. This technique effectively improves the workability
and mechanical behaviour of soils, because lime can significantly modify soil properties
through a series of physical-chemical reactions, including hydration, cation exchanges and
pozzolanic reaction (Bell, 1996; Boardman et al. 2001; Prunsinski and Bhattacharja, 1999;
Umesha et al. 2009). Generally, lime hydration takes place shortly after adding lime into the
soil, and this process consumes a large amount of water. The main products of this first step
reaction is Ca(OH),. The followed ionization of hydration products provides sufficient Ca®"
ions, and induces cation exchanges that lead to soil flocculation/agglomeration. Note that the
cation exchanges and the consequent flocculation process occur rapidly after lime addition,
resulting in changes in aggregate size distribution, plasticity and workability of soil (Bell,
1989; Russo, 2005). Pozzolanic reaction usually takes a longer time and plays the major role
in improving soil geotechnical behaviour, by increasing soil stiffness and shear strength (Bell,
1996; Consoli et al. 2009; Tang et al. 2011; Dong, 2013). Due to the time-dependence of
lime-soil reactions, the geotechnical behaviour of lime-treated soil depends significantly on
curing time (Locat et al. 1990; Bell, 1996; Little, 1999; AL-Mukhtar et al. 2012; DI Sante et
al. 2014). Brandl (1981) and Liu et al. (2012) reported that the strength of lime-treated soil
increased with increasing curing time. By performing bender element tests on lime-treated
soils, Dong (2013) showed that there was a two-stage development for the shear modulus

over time: stage 1 related to cation exchanges and stage 2 to pozzolanic reaction.

In most cases, lime-treated soils are exposed to natural environment or placed in shallow
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depth. They are unavoidably subjected to long-term cyclic climate loadings, i.e. temperature
variations, drying and wetting, which can significantly affect their durability. Recent studies
mainly focus on the effect of wetting and drying cycles on the mechanical behaviour of
lime-treated soil (Khattab et al. 2007; Cuisinier and Deneele, 2008; Le Runigo, 2008; Tang et
al. 2011), and little attention has been paid to the effect of temperature, which is also an
important factor related to climate. Actually, temperature can also significantly affect the
geotechnical properties of soil, such as Atterberg limits, stiffness, strength and volume change
behaviour (Ctori, 1989; De Bruyn and Thimus, 1996; Sultan et al. 2002; Liu et al. 2012; Islam
et al. 2013; Consoli et al. 2014). To assess the temperature effect, it appears essential to
investigate soil thermal properties like thermal conductivity. Indeed, thermal conductivity is
an important parameter in the modelling of the coupled thermo-hydro-mechanical behaviour
of lime-treated soil under climate changes. It takes an important role in the heat
transformation between the soil and the atmospheric air. However, most studies on thermal
behaviour of treated soil involved cement stabilization in the past decades. Farouki (1981)
reported that the addition of Portland cement into sand increased the thermal conductivity of
the mixture in both wet and dry states. Adam and Jones (1995) observed that the thermal
conductivity of cement stabilized soil was higher than that of lime-stabilized soil, and they
explained that the former enhanced soil density while the later reduced it. Nevertheless,
El-Rawi and Al-Wash (1995) indicated that the thermal conductivities of both soil-cement
mixture and concrete decreased with curing time. Lee et al. (2014) tested the mixtures of the
gold tailings and fly ash, showing a decrease of thermal conductivity of the mixtures with

curing time. From these studies, it appears that the changes in thermal conductivity of
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lime-treated soil and especially the effect of curing time have not been well understood yet.

Due to the climate effect, field lime-treated soils are usually at unsaturated state. Thus,
suction is a basic parameter to describe the state of soil-water-air system. For lime-treated
soils, it was found that the cation exchanges and the induced flocculation can modify the
water retention capacity of soil. Russo (2005), Tedesco and Russo (2008) observed an
increase in water retention capacity by lime addition. Russo (2005), Cecconi and Russo (2008)
attributed this phenomenon to the reduced interconnection between pores. Khattab et al. (2002)
compared the water retention curve of a lime-treated clay with that of untreated one, and
showed that the small increase of suction for the treated clay was due to water consumption
by lime hydration. In longer term, pozzolanic reaction becomes dominant in lime-treated soils,
creating cementitious compounds and giving rise to the modification of both microstructure

and water retention capacity of soil.

To better understand the observed macroscopic behaviour of soil such as thermal conductivity,
water retention capacity and stiffness, it is often required to perform soil microstructure
investigation. Mercury intrusion porosimetry (MIP) is one of the most widely used techniques
for this purpose. For lime-treated soils, due to the time-dependence of lime-soil interactions,
their microstructure is time-dependent. Russo et al. (2007) performed MIP tests on
lime-treated silt cured at different times, and highlighted the time-dependency of
microstructure changes: the cation exchanges and pozzolanic reaction reduced the porosity
and increased the quantity of small pores. Khattab et al. (2007) also studied the microstructure
changes of a lime-treated expansive soil under wetting/drying cycles, and found that the total

pore volume of treated soil increased drastically with wetting/drying cycles.
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The above-mentioned studies show that different soil properties have been investigated for
different cement/lime-treated soils, and there is no study on different soil properties with a
fixed soil and a fixed treatment. This appears however essential to well understand different
mechanisms involved in the treatment processes. In this study, the changes of thermal
conductivity, suction and microstructure of a lime-treated unsaturated silty soil were analysed
during curing time. Two groups of soil samples were prepared at dry and wet sides of
optimum. The thermal conductivity, water retention capacity and pore size distribution of the
samples at various curing times (from 1 to 90 days) were determined. Results allowed the
coupled thermo-hydro-mechanical behaviour and the microstructure characteristics to be

analysed.

MATERIALS AND METHODS

Test materials

The soil tested was taken from a site near Héricourt, France. This soil has a fine fraction (< 80
pum) of 65 %. Its geotechnical properties are reported in Table 1. According to
French/European standard NF P 11-300 (1992), this soil belongs to category A2. It
corresponds to a silt of high plasticity (MH) following the Unified Soil Classification System
(USCS). The main minerals are quartz (55%), kaolinite (12%), feldspaths (11%), illite (10%),
goethite (6.5%), montmorillonite (4%), chlorite (1%) and rutile (0.5%) (Deneele & Lemaire,
2012). In Figure 1, both grain size distribution of natural soil and aggregate size distribution
of soil powder used in this study are presented. The grain size distribution was obtained on
the natural soil by the wet sieving method (NF P 94-056, for particles larger than 80 pm, and

by the hydrometer method (NF P 94-057, for particles smaller than 80 pm). Natural soil was

6
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first air-dried, ground and then passed through the target sieve of 0.4 mm (D). The larger
soil aggregates which could not pass through this sieve were ground again, until all soil
passed through (Tang et al. 2011). Then the “aggregate size distribution” was determined by

dry sieving method.

Quicklime was used as additive. It is the same lime used in the embankment construction at
Héricourt, France. The main properties of this lime are presented in Table 2. In accordance
with the lime treatment in the embankment construction at Héricourt, 2 % lime by dry weight

of soil was chosen as the lime dosage.
Sample preparation

After the soil powder was prepared (D,.x = 0.4 mm), 2% quicklime powder was first mixed
with dry soil. Then the soil-lime mixture was humidified by distilled water to reach different
target water contents. According to the compaction curves of lime-treated soil determined
from standard Proctor test (NF P 94-093, 1999) in Figure 2 (where the curve of untreated soil
is also shown), both the dry side (w4, = 17%) and the wet side of optimum water content
(Wwer = 22 %) with the same dry density (ps = 1.65 Mg/m’) were considered. The water
contents and dry density were chosen according to the values applied in the field for the
embankment construction in Héricourt, France. After a mellowing period of 1 hour, static
compaction by 3 layers was performed to reconstitute the samples at the target dry density
and different sizes to satisfy the requirements of different tests. For instance, the samples for
thermal conductivity test had 50 mm in diameter and 75 mm in height; the samples for suction
measurement had 38 mm in diameter and 100 mm in height; the samples for MIP test had 50

mm in diameter and 20 mm in height. Immediately after compaction, sample was carefully

7
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covered by plastic membrane and wrapped in a film. Then the sample was enveloped by
scotch tape, confined in a hermetic box and cured in a chamber at a relative humidity of 100%

and a temperature of 20+2°C.

Thermal conductivity tests

A thermal properties analyzer, KD2 (Decagon Devices Inc.) was used to measure the thermal
conductivity of samples. Its principle is based on the transient hot-wire method. The thermal
probe is a single-needle (KS-1) with a size of 1.3 mm diameter and 60 mm length. Its
accuracy is 5% and the measurement range is 0.02 - 2 W/mK. This device meets the
requirements of ASTM Standards (ASTM D5334-00, 2000). In order to install the thermal
probe into the soil, a hole of 1.3 mm diameter and 60 mm depth was drilled in the centre of
each compacted sample. As shown in Figure 3, a layer of thermal grease was first applied on
the surface of the probe to ensure a good contact between the soil and the probe. Then, the
thermal probe was installed inside of the soil sample. Before starting the measurement, about
10 min was needed for the temperature inside of the sample reaching stability. After that, the
measurement was started by pressing the key “Enter” on the device. It took about 1 - 2 min
for one measurement. Note that the measurement was performed in the laboratory at a
temperature of 20+2°C. This measurement was being conducted during the whole curing

time of # = 90 days for each soil sample.

Suction measurement

Once the samples were compacted, they were covered in watertight plastic films and stored

for 24 h for water homogenization. Then the samples were cut into 6 or 8 small pieces (38
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mm in diameter and 8 mm in height) which were well covered to prevent water evaporation
during curing time. At a given curing time, one small piece was put into the dew point
PotentiaMeter (WP4) to measure its suction. Immediately after the suction measurement, the

water content was determined by oven-drying.

The dew point PotentiaMeter (WP4) measures the total suction in a sample. The total suction

(w) of the sample was determined through Kelvin’s equation:

v =%lnRH (1)

where R is the gas constant (8.31 J/mol K), T is the Kelvin temperature of the sample, M is the

molecular mass of water, RH is the relative humidity.

As RH is dependent on temperature (Tang and Cui, 2005), it is important to measure the
temperature for each RH measurement. In the dew point PotentiaMeter, the dew point
temperature of air is measured by a dew point sensor and the sample temperature is measured

by an infrared thermometer.
Microstructure investigation

For the MIP tests, one small piece (around 1.1 g of dry soil) was cut carefully from the
compacted sample (50 mm in diameter and 20 mm in height) at a certain curing time (t = 1,
28 and 90 days). Each small piece was freeze-dried immediately following the procedure
proposed by Delage and Pellerin (1984), and then subjected to MIP test. Autopore IV 9500
mercury intrusion porosimeter which has both low-pressure and high-pressure systems was
used. The pressure started from a value of 3 to 4 kPa in the low- pressure part up to around

230 MPa in the high-pressure part. With increasing pressure, mercury gradually intruded into
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the sample starting from a maximum entry diameter of 355 pm to a minimum value of 0.006

um according to Laplace’s law:

p =acosﬁ(l+l) 2)

hnon

where 7; and r; are the curvature radii - in the case of spherical interface, r; = r2; o is the
surface tension (taken equal to 0.485 N/m); @ is the contact angle (taken equal to 130°); p is

the applied pressure.

Since the mercury cumulative intrusion can be assimilated to the air intrusion process, the

following equation can be deduced:

40, cosf, 40, cosb,
Py y

d=

3)

where d is the diameter of intruded pore (assumed to be cylindrical), ¢ is the surface tension, 6
is the contact angle, p is the intrusion pressure, subscript m denotes mercury while subscript w
denotes water. In this study, the following values were taken: o, = 0.485 N/m, ¢,, = 0.073

N/m, 6,, = 130° and 6,, = 0°.

The relationship between matric suction (u, - u,) and mercury intrusion pressure p,, can be

deduced from Eq. (3):

(4, -, )= = 22050 )
o, cost,

The water content w and degree of saturation S, can be determined using the following

equations by considering the residual water content w, (Romero, 1999):

w=({1-8 Yw, -w)+w (%)
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S =(1-8 )+ s (6)

where S,., is the degree of saturation of mercury, wy,, is the water content at saturation.

EXPERIMENTAL RESULTS
Thermal conductivity tests

Figure 4 shows the thermal conductivity of lime-treated samples versus curing time on a
semi-logarithmic scale. It can be seen that, for the samples compacted on the wet side, the
curing effect on the thermal conductivity is negligible, the value remaining around 1.50
W/mK. For the samples compacted on the dry side, the thermal conductivity decreases
slightly during curing. At ¢ =1 day, the thermal conductivity is about 1.36 W/mK; it decreases
by 5.1% to about 1.29 W/mK at ¢ = 90 days. The decreasing thermal conductivity with curing
time was also reported for soil-cement mixture and concrete (El-Rawi and Al-Wash, 1995),
gold tailings and fly ash mixtures (Lee et al. 2014), cement paste (Hansen et al, 1982).
Mojumdar et al. (2006) measured the thermal conductivity of synthetic calcium silicate
hydrate (C-S-H), the main cementitious product of lime treatment, and a value of 0.1012
W/mK at 25°C was found. Note that the value for water is 0.6 W/mK, much higher than that
of C-S-H (Van Wijk, 1963; Farouki, 1981). This explains why wet samples (w = 22%) always

have higher thermal conductivity than the dry samples (w = 17%)).
Suction measurement

The suction variations with curing time are shown in Figure 5a. As expected, at given curing

11
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time, the suction of dry side samples (w = 17 %) is generally higher than that of wet side
samples (w = 22%). It is also observed that the suction of all samples increases with curing
time. For the samples compacted dry of optimum, the suction is 270 kPa at t = 2 days; then it
gradually increases to 500 kPa at t = 90 days. Similarly, for the samples compacted wet of
optimum, the suction increases from 170 kPa at t = 4 days to 300 kPa at t = 90 days.
Interestingly, these suction changes occur in almost constant water content conditions. Indeed,
Figure 5b shows that the measured water contents remain almost constant with curing time:
the water content of the wet side samples is about 22 %, and that of dry samples is about 17 %
during the whole curing time. Note that the dry density was monitored during curing and a
variation of 0.119 - 0.850% was recorded. This variation is very small and its effect on
suction changes can be ignored. It can be deduced that the lime treatment increases the water
retention capacity of soils. This is consistent with the observations made by Russo (2005),
Cecconi and Russo (2008), and Tedesco (2007), suggesting that the water retention capacity

of lime-treated soils is improved over time.

Microstructure investigation

The derived curves and the corresponding cumulative curves are presented in Figure 6 for the
samples compacted on dry side, and in Figure 7 for the samples compacted on wet side. It is
observed that the derived curves of the samples compacted on dry side (Figure 6a) show
typical bi-modal characteristics, indicating the presence of two populations of pores:
macro-pores and micro-pores, while the samples compacted on the wet side illustrate typical
uni-modal characteristics, indicating the presence of only one population of pores (Figure 7a).

These observations are in agreement with those of Delage et al. (1996) on compacted silt and

12
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Russo et al. (2007) on lime-treated silt. In Figure 6a, each curve corresponds to a curing time
(t=1, 28, and 90 days). It appears that the average entry diameters of both macro-pores and
micro-pores slightly decrease with curing time. Specifically, the size of macro-pores
decreases from 5.27 um to 4.18 pm after 90 day curing; for the population of micro-pores, its
modal size also decreases from 0.23 um to 0.07 um after 90 curing days. Similar results are
obtained on the samples compacted on wet side. The single peak of pores shifts from 0.28 pm

at 1 day to 0.13 pm at 90 days (Figure 7a).

The cumulative curves are plotted in a semi-logarithmic scale, in terms of mercury intruded
void ratio as a function of entrance pore diameter as indicated in Figure 6b and Figure 7b.
With curing time, the final intrusion void ratio of the samples compacted on the wet side
continues to decrease and does not stabilize (Figure 7b); this decrease is more obvious for the

samples compacted on dry side (Figure 6b).

According to the pore size distribution curves shown in Figure 6a and Figure 7a, the water
retention curves can be determined as explained in section Materials and Methods, and they
are presented in Figure 8. Note that the suction determined from MIP curve corresponds to
capillary suction or matric suction. The corresponding measured total suction values are also
presented for comparison. On the dry side, at w = 17% (Figure 8a), the matric suction
obtained from the curves increases from about 400 to about 1000 kPa when the curing time
increases from 1 to 90 days. Similarly, on the wet side, at w = 22% (Figure 8b), the matric
suction also increases from about 180 to 300 kPa when the curing time increases from 1 to 90
days. In comparison with the direct measurements, the matric suction seems to be higher than
the total suction — the direct measurement points are located beneath the curves from the MIP

13
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tests. This seems to be weird and will be discussed in the following section. On the whole,
both the direct and indirect measurement data illustrate that the water retention capacity of
lime-treated samples is improved gradually with curing time. This is in good agreement with

the results of Russo (2005), Cecconi and Russo (2008), and Tedesco (2007).

DISCUSSION

Soil effective thermal conductivity is significantly controlled by the volumetric components.
Generally, soil consists of solid particles which contain various minerals with different
thermal properties. They are surrounded by pore-air and pore-water. It was reported that the
thermal conductivity of most soil minerals is around 2.7 W/mK (Farouki, 1981). However,
the thermal conductivity value of the main hydration product (C-S-H) of lime is 0.1012
W/mK, much lower than that of water (0.6 W/mK) (Mojumdar et al. 2006; Farouki, 1981).
Thus, the presence of pozzolanic products during curing decreases the effective thermal

conductivity of the whole system.

Soil thermal conductivity also significantly depends on soil structure defined by soil porosity,
pore size distribution, particle contacts, etc. In general, soil compacted at different water
contents presents different microstructures (Delage et al. 1996). As shown in Figure 6 and
Figure 7, the soil compacted dry of optimum (degree of saturation of about 67%) presents
aggregated structure with large macro-pores, which are usually filled with continuous air
phase and discontinuous water phase in case of low degree of saturation, most water being in
the small pores inside the aggregates. By contrast, the soil compacted wet of optimum (degree
of saturation of about 87%) presents a dispersed structure with continuous water phase in the

pores and air phase in mostly occluded state (Delage et al. 1996; Wroth and Houlsby, 1985;

14
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Alonso et al. 1987; Tedesco, 2007). These two different microstructures result in different
thermal contacts among soil grains. It is therefore reasonable that the thermal conductivity of
lime-treated soil is largely dependent on its initial compaction water content as shown by the
results in Figure 4. On the dry side, the thermal conductivity of samples is dominated by the
solid contacts between aggregates. But because in this case the macro-pores are filled with

continuous pore air and discontinuous pore water, the thermal conductivity is relatively lower.

The cementitious compounds mainly coat the surface of aggregates (Deneele et al., 2010), and
therefore modify the thermal contact conditions. Due to the relative low thermal conductivity
of cementitious compounds, the overall thermal conductivity of treated soil decreases with
increasing amount of cementitious compounds. As a result, the measured thermal
conductivity of dry side samples decreases with curing time (Figure 4). On the wet side, the
dispersed structure has more solid contacts between soil particles than aggregated structure of
dry side samples. Moreover, the liquid phase in pores is continuous and dominates the heat
transfer process in soil. As indicated above, the thermal conductivity of water is about 6 times
higher than cementitious compounds of lime. Consequently, the effect of cementitious
compounds on the overall thermal conductivity of soil becomes negligible. This explains the
observation in Figure 4 with the thermal conductivity of the wet side samples remaining

almost unchanged during curing.

The suction determined by both direct and indirect measurements increases over curing time
(Figure 8), while the water content dose not decrease (Figure 5). This is due to the fact that
water consumption of lime mainly takes place in the first step of hydration and becomes
negligible in the later pozzolanic reactions (Prusinski and Bhattacharja, 1999; Umesha et al.
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2009). The increase of suction can be attributed to the pozzolanic reaction which changes the
soil microstructure. The results of MIP tests illustrate that the sizes of both macro-pores and
micro-pores decrease continuously with curing time (Figure 6 and Figure 7). To some extent,
the creation of cementitious compounds with a porous character would contribute to the
increase in the quantity of micro-pores (Cerny et al. 2006; Deneele et al. 2010). Besides, the
cementitious compounds are mainly coating on the surface of soil particles, blocking some
entrances of micro-pores and increasing the occluded pores. Furthermore, cementitious
products which occur at the clay edges, could bind the soil particles together, resulting in a
reduction of macro-pore size and modifying the interconnection of macro-pores. All these
changes would increase the water retention capacity of soil. As far as the difference of suction
between the direct measurement and the indirect measurement is concerned, the water
retention curves determined from MIP data correspond to the drying path, while the direct
measurement points corresponds to a state between the drying path and the wetting path —
they are located in a scanning curve. It is thereby logical to have the direct measurement

points below the curves from the MIP data (Figure 8).

CONCLUSION

A series of laboratory tests were performed on lime-treated silty soil samples compacted dry
and wet of optimum. Emphasis was put on the effects of curing time on thermal conductivity,

suction and microstructure. The obtained results allow the following conclusions to be drawn:

1) The samples compacted dry of optimum show typical bi-modal pore size distribution
characteristics, while the samples compacted wet of optimum show typical uni-modal

pore size distribution characteristics. With curing time, both the modal sizes of micro-
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2)

3)

pores and macro-pores shift to lower values, due to the cementitious compounds produced

from pozzolanic reaction that fill the pores gradually over time.

The thermal conductivity of lime-treated soil over curing time significantly depends on
the moulding water content: for the samples compacted dry of optimum, the thermal
conductivity decreases slightly with increasing curing time; for the samples compacted
wet of optimum, the effect of curing time on the thermal conductivity is insignificant. The
slight decrease observed on dry side can be explained by the production of cementitious
compounds with lower thermal conductivity that coat the aggregates, slightly modifying
the thermal contact conditions over time. For the soil compacted wet of optimum, owing
to the dispersed structure which has more solid contacts and a continuous liquid phase in

pores, this effect of cementitious compounds becomes negligible.

Due to the modification of microstructure by the generation of cementitious compounds,
the suction of lime-treated soil generally increases with curing time, regardless of the

moulding water content.

The obtained results give an insight into the modifications of soil properties induced by lime

treatment during curing, helping better understand the curing effect on the evolutions of

thermal conductivity, suction and microstructure of the lime treated soil. These results can be

further used to analyse the thermo-hydro-mechanical behaviour of lime-treated soil. Moreover,

this study also provides useful elements to appreciate the durability of lime-stabilised soils. It

will be extended to other stabilised soils like lime-treated clay in order to verify the

conclusions drawn.
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524 Table 1 Geotechnical properties of the studied soil

Property Value

Specific gravity, G (NF P 94-054) 2.70
Liquid limit, wz (%) (NF P 94-051) 51
Plastic limit, w, (%) (NF P 94-051) 28
Plasticity Index, 7, (%) (NF P 94-051) 23

VBS (g/100g) (NF P 94-068) 2.19

CaCOs content (%) (ASTM D4373-02:2007) 1.4

Optimum moisture content (%) (NF P 94-093) 17.9

Maximum dry unit mass (Mg/m’) (NF P 94-093) 1.76
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527 Table 2 Parameters of the used lime

Chemical analysis

CaO (%) 97.30
CaO + MgO (%) 98.26
MgO (%) 0.96
COs (%) 0.25
SO3 (%) 0.06

Aggregate size analysis

<80 um (%) 82.7
<200 pum (%) 95.2
<2 mm (%) 100.0
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Figure 1 Aggregate size distribution of soil with D,,,, = 0.4 mm and grain size distribution of natural soil
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