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Abstract

Lime treatment is a technique which greatly improves the workability and the mechanical
behaviour of problematic soils. However, the sustainability of this treatment in the earthworks
for the long term is an important issue for their stability. Besides, the aggregate size resulting
from the construction procedure is an essential parameter that may influence the behaviour of
treated soils in field construction.

The present work deals with the thermo-hydro-mechanical properties of lime-treated soils,
with an emphasis put on the curing time and the aggregate size effects.

Lime-treated soil samples (both silt and clay) were prepared with different sizes of aggregates
and cured during different periods. Afterwards, these soils were studied through
microstructural observations, mineralogical analyses, thermal conductivity, air permeability
and water retention capacity measurements, as well as the determinations of compressibility
and small strain shear modulus. The results show that significant changes of
thermo-hydro-mechanical behaviour of soils are induced by lime treatment after curing.
Moreover, the aggregate size also plays an essential role in the behaviour of treated soils.
Samples prepared with the large aggregates present higher thermal conductivity and air
permeability, but with lower water retention capacity, poorer compression behaviour and
smaller stiffness.

Keywords: silt, clay, lime treatment, aggregate size, curing time, microstructure, mineralogy,
thermal conductivity, water retention properties, air permeability, compression behaviour,
small strain shear modulus.
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Résumé

Le traitement à la chaux est une technique qui améliore considérablement la maniabilité et le
comportement mécanique des sols à problèmes. Cependant, la durabilité de ce traitement dans
les ouvrages en terre sur le long terme représente un enjeu important pour leur stabilité. En
outre, la procédure de mise en place, et par conséquent, la taille des agrégats qui en résulte, est
un paramètre essentiel qui peut influencer le comportement des sols traités à la chaux utilisés
dans le domaine de la construction d’ouvrages.

Ce travail de thèse vise à étudier le comportement thermo-hydro-mécanique des sols traités à
la chaux, et plus particulièrement les effets du temps de cure et de la taille des agrégats.

Des échantillons de sols limoneux et argileux traités à la chaux ont été préparés avec des
agrégats de différentes tailles puis soumis à des temps de cures plus ou moins longs. Ces
matériaux ont ensuite été étudiés à travers des observations de la microstructure, des analyses
minéralogiques, des mesures de la conductivité thermique, de la perméabilité à l’air et de la
capacité de rétention d'eau, complétées par de la détermination de la compressibilité et des
mesures des modules de cisaillement en petites déformations. Les résultats montrent que le
traitement

à

la

chaux

modifie

de

manière

significative

le

comportement

thermo-hydro-mécanique des sols. De plus, le comportement des sols traités est fortement
influencé par la taille des agrégats. Plus celle-ci est grande, plus la conductivité thermique et
la perméabilité à l'air est importante. En revanche, la capacité de rétention en eau est diminuée
de même que la compressibilité et la rigidité du sol.

Keywords: limon, argile, traitement à la chaux, taille des agrégats, temps de cure,
microstructure, minéralogie, conductivité thermique, propriété de rétention de l’eau,
perméabilité à l’air, comportement en compression, module de cisaillement à faible
déformation.
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Introduction

Introduction
Lime treatment is an economical and efficient soil improvement technique, widely used in
earthworks such as highway and railway embankments (Celauro et al., 2012; Bicalho et al.,
2015), dikes (Herrier et al., 2012; Makki-Szymkiewicz et al., 2015) and slopes (Rogers et al.,
2000; Puppala et al., 2013). It is employed to improve the workability and the mechanical
behaviour of problematic soils with low engineering performance, which cannot meet the
requirement for constructions. Though lime-treated soils prepared in the laboratory
demonstrated good mechanical behaviour even at long terms (Locat et al., 1990), previous
studies on treated soils taken from field often showed lower performance and poor durability
(Puppala et al., 2006; Cuisinier and Deneele, 2008). Thus, it appears essential to improve the
knowledge on the thermo-hydro-mechanical behaviour and the durability of lime-treated soils
in field conditions.

Several studies reported that the climatic conditions such as wetting/drying cycles and
freezing/thawing cycles would influence the long term hydro-mechanical behaviour of
lime-treated soils in field (Cuisinier and Deneele, 2008; Al-kiki et al., 2011). Besides, Tang et
al. (2011) and Dong (2013) suggested that the aggregate size also plays an essential role in the
efficiency of lime treatment. Indeed, in the field construction, the size of soil aggregates can
reach several centimetres even though necessary scarifying/pulverizing process is applied
before the lime treatment, while the soils tested in the laboratory are usually air-dried, ground
and sieved into few millimetres. Tang et al. (2011) and Dong (2013) revealed that the stiffness
of lime-treated soil decreased with the increasing maximum aggregates size, and the sample
prepared with larger aggregates were quite sensitive to the wetting/drying cycles.
Nevertheless, comprehensive studies of aggregate size effect are still scarce. Further
investigations are required to better understand the different mechanisms involved in the lime
treatment through microstructural observation, mineralogical analyses, thermal conductivity
measurement and hydro-mechanical behaviours description, with emphasis put on the
aggregate size effect. This constitutes the main objective of this work.
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This dissertation contains four chapters.

In the first chapter, the current application of soil stabilization technique including lime
treatment is presented. Then, the construction procedures using lime treatment in field are
introduced and the differences between field and laboratory conditions are described.
Thereafter, the fundamental mechanisms of lime treatment involving physical/chemical
reactions are given and some factors influencing the efficiency of lime treatment are detailed.
After that, the commonly applied experimental methods and the recently obtained results on
microstructure, mineralogy, thermal conductivity and hydro-mechanical behaviours of
lime-treated soils are presented.

The second chapter is devoted to the description of the tested materials (silt, clay and lime),
and the sample preparation methods applied in this work, such as the different compaction
conditions (dry and wet sides of optimum), the different soil aggregate sizes (Dmax = 5, 2, 1
and 0.4 mm) and the different curing times. A detailed test program is presented, aiming at
investigating the effects of curing time and aggregate size on the thermo-hydro-mechanical
behaviours of lime-treated soils. Besides, the experimental methods employed in this study
are presented, including the techniques for studying the soil microstructure and mineralogy,
thermal conductivity, water retention property, air permeability, compression behaviour and
small strain shear modulus. In addition, a newly proposed method (S+P method) that is
mainly based on the comparison between the S-wave and P-wave received signals is
introduced and validated. It renders the determination of the arrival point of S-wave signal
more objective in the bender element testing.

The third chapter presents the experimental results of the compacted lime-treated soils cured
for different times. Results illustrate the curing time effect on the thermo-hydro-mechanical
behaviour of lime treated soils. Note that the study of silt and clay samples is performed using
microstructural and mineralogical analyses, the water retention curve measurement and the
small strain shear modulus determination. After the analyses of the curing time effects on the
behaviour of silt and that of clay respectively, silt-rich and clay-rich soil behaviours are
compared and discussed. Additionally, the thermal conductivity and air permeability
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measurements are conducted on silty material.

The fourth chapter compares the results obtained on samples prepared with different
aggregate sizes (Dmax ranging from 5 mm to 0.4 mm). The main purpose of this chapter is to
characterise the effect of aggregate size on the microstructure, the mineralogical composition,
the water retention capacity, the air permeability, the compressibility and the small strain
shear modulus of lime-treated soils (both silt and clay). Moreover, the aggregate size effect on
the treated silt is put in parallel to that on the treated clay.

Finally, a general conclusion is drawn on the basis of the obtained experimental results,
interpretations and discussions. Some recommendations are also proposed for further studies.
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Chapter 1. Literature Review
In this chapter, the current application and encountered problems of lime treatment technique
in the constructions are first presented, followed by the description of the fundamental
mechanisms of lime treatment. The commonly applied experimental methods and the
representative

results

on

microstructure,

mineralogy,

thermal

conductivity,

and

hydro-mechanical behaviours of lime-treated soils are also presented.

1.1. Lime treatment technique
1.1.1. Soil stabilization
Problematic soils cannot be directly used in the constructions since their geotechnical
properties are unsuitable for acting as the structure parts with the required performance. When
using these soils, soil treatment is necessary for stabilising them. Soil improvement
techniques are usually economic and environmentally friendly with less additional costs
compared to supplying and transportation of suitable soils from other sites (Bell, 1996;
Cuisinier et al., 2011; Di Sante et al., 2014).

The existing soil stabilization methods can be classified into two categories: mechanical
stabilization and chemical stabilization. Mechanical stabilization can be achieved through
compaction, fibrous or other non-biodegradable reinforcement of soils (Baumann and Bauer,
1974; Maher and Ho, 1994; Hejazi et al., 2012; Sadeghi and Beigi, 2014; Butt et al., 2015).
Chemical stabilization is much widely used in field construction. The commonly used binders
are lime, cement, fly ash, rice husk ash, bitumen, blast furnace slag, pozzolanas as well as the
combination of these materials and other additives (Sherwood, 1993; Bell, 1996; Ferrell et al.,
1988; Lim et al., 2002; Barstis, 2003; Beeghly, 2003; Basha et al., 2005; Kolias et al., 2005;
Alhassan et al., 2008; Altun et al., 2009; Okafor and Okonkwo, 2009; Amadi, 2010;
Jauberthie et al., 2010; Joel and Agbede, 2010; Okyay and Dias, 2010; Solanki et al., 2010;
Yuan et al., 2010; Azadegan et al., 2011; Hossain et al., 2011; Kalkan , 2011; Sharma et al.,
2012; Sirivitmaitrie et al., 2011; Harichane et al., 2012; Manso et al., 2013; Yadu and Tripathi,
2013; Yi et al., 2013; Khemissa and Mahamedi, 2014; Goodarzi and Salimi, 2015;
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Izemmouren et al., 2015; Puppala et al ., 2015; Modarres and Nosoudy, 2015; Sadeeq et al.,
2015; Kézdi, 2016).

1.1.2. Application of lime treatment
Lime treatment is a commonly used soil improvement technique. According to the objective
of the treatment, lime can be used for modification or stabilization. In the aim of modification,
limited quantity of lime is used to dry and temporarily modify the soils for making a working
platform for construction or temporary roads. Besides, lime addition for the modification
purpose can effectively improve its workability and temporary strength to fit the special
demand or specifications of construction. More amount of lime is needed for producing
permanent structural stabilization of soils used in road construction, railroad and airport
construction, embankments, backfill for bridge abutments and retaining walls, canal linings,
housing and engineered fills (Arabi and Wild, 1989; Little, 1995; Bell, 1996; Highways
agency, 2000; Qubain et al., 2000; Consoli et al., 2001; National Lime Association, 2004;
Beeghly and Schrock, 2010; Yang et al., 2012).

In general, quicklime or burnt lime (calcium oxide CaO), hydrated or slaked lime (calcium
hydroxide Ca(OH)2), or lime slurry (a suspension of hydrated lime in water) can be used for
soil treatment (Dermatas and Meng, 1996; Rao and Thyagaraj, 2003; National Lime
Association, 2004; Harris et al., 2004; Lin et al., 2007; Wilkinson et al., 2010; Cuisinier et al.,
2011). Among these lime products, quicklime has distinguished advantages as compared with
hydrated lime: higher available free lime content per unit mass; economical because denser
quicklime requires smaller storage facilities; and also high capacity of heat generation
decreasing soil water content and accelerating soil strength gain. However, more attentions
should be paid when using quicklime to ensure abundant water provided, mellowing time and
more thoroughly mixing. The application of hydrated lime usually encounters problems of
dust due to fine particles. Though the application of slurry lime is dust-free, slower rates and
higher costs are its main disadvantages (National Lime Association, 2004; Makusa, 2012).
Agricultural lime mainly consists of calcium carbonate (CaCO3), which is ineffective for soil
modification and stabilization (Greaves, 1996).
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1.1.3. Description of construction procedures in field
For both soil modification and stabilization purposes, quicklime treatment in field follows
similar procedure (National Lime Association, 2004):
a) Scarifying and initial pulverizing of soil
Prior to lime treatment, soil can be scarified to the specified depth and width, and then
pulverized. The scarification and pulverization processes enlarge the soil surface contact area
between lime and soil particles.
b) Spreading lime
Both self-unloading trucks or trailers, and a gravity drop into a windrow can be applied for the
spreading quicklime.
c) Preliminary mixing and watering
Mixing is required to distribute the quicklime throughout the soil and water addition. This
mixing can start with the scarification process and water should be added during or
immediately after this mixing process. To ensure complete hydration of lime, adequate water
should be added before final mixing.
d) Mellowing period
A mellowing period is necessary to allow the reactions among the lime-soil mixture to modify
the soils. The duration of the mellowing period is typically 1 to 7 days, largely dependent on
the soil type.
e) Final mixing and pulverization
Thorough final pulverization of soils and distribution of lime are important to ensure
complete stabilization. The process of mixing and pulverization should continue until all the
non-stone particles pass the 1-inch sieve (25 mm) and more than 60 % of non-stone soil
particles pass the number 4 sieve (4.75 mm) in field.
f) Compaction
Compaction should begin immediately after the final mixing. For longer delays (more than
four days), it is necessary to add a small amount of lime into the soils.
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g) Final curing
Final curing should be allowed before the following construction stage. During this curing
period, the surface of lime-treated soils should be kept humid.

Besides, slight modification of the construction steps can be made for different types of
quicklime applications.

1.1.4. Different conditions between field and laboratory
Studies assessing the efficiency of lime treatment in field and in the laboratory showed that
the lime treatment in field usually has a lower performance with respect to that in the
laboratory, such as lower strength, smaller moduli, higher hydraulic conductivity and higher
swelling potential of lime-treated soils (Bryhn et al., 1984; Locat et al., 1990; Lorenzo and
Bergado, 2004; Puppala et al., 2005; Bozbey and Guler, 2006; Horpibulsuk et al., 2006;
Kavak and Akyarh, 2007; Cuisinier and Deneele, 2008; Snethen et al., 2008; Tang et al.,
2011a; Dong, 2013). These authors attributed the lower efficiency of lime treatment observed
in field to various factors: climate effect, heterogeneity of lime-soil mixture, differences in
aggregate sizes, in compaction method and in curing conditions. Among them, the climate
effect and the aggregate size effect can take essential roles.
1.1.4.1. Climate effect
In most cases, lime-treated soils are exposed to natural environment and placed in shallow
depth. They are unavoidably subjected to long-term cyclic climate loadings, i.e. water content
changes induced by wetting and drying cycles, temperature variations, freezing/thawing
cycles etc., which can significantly affect the efficiency and durability of lime treatment in
field conditions.

The effect of wetting/drying cycles on the reduction of the efficiency of lime treatment has
been reported by many authors (Gutschick, 1978; Kelley, 1977). Specifically, the
wetting/drying cycles decrease the lime treatment effect on the swelling properties (swelling
potential and swelling pressure) of soils (Rao et al., 2001; Khattab, 2002. Guney et al., 2007;
Yong and Ouhadi, 2007; Cuisinier and Deneele, 2008; Pedarla, 2009; Kasangaki and Towhata,
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2009; Stoltz et al., 2010; Al-kiki et al., 2011; Kalkan, 2011; Akcanca and Aytekin, 2012).
Additionally, the mechanical behaviours of lime-treated soils seem to be degraded by the
wetting/drying cycles (Zhang and Tao, 2008; Harichane et al., 2010; Tang et al., 2011a, Dong,
2013). Tang et al. (2011a) studied the changes of small strain shear modulus (Gmax) induced
by wetting/drying cycles of lime-treated soils through controlling the water content of
samples. Their results indicate that a slight increase of Gmax occurred after the first
wetting/drying cycles with the minimum water content higher than initial one, and a drastic
decrease after an intensive drying with the minimum water content lower than initial one, as
shown in Figure 1-1.

Figure 1-1. Changes in small strain shear modulus induced by wetting/drying cycles for a lime-treated silt
(Tang et al., 2011a)

In addition, freezing and thawing cycles can also have a detrimental impact on the stabilized
soils due to the occurrence of significant volume changes and fissures of soils (Thompson and
Dempsey, 1970; Andres et al., 1976; Al-kiki et al., 2011). Yarbasi et al. (2007) performed a
series of experimental tests on the stabilized soils with waste additives (silica fume-lime, fly
ash-lime, and red mud-cement additive mixtures) under the effects of freezing/thawing cycles
and reported that the compressive strength, the CBR, and the pulse velocity decrease with the
increase of freezing/thawing cycles as illustrated in Figure 1-2. Al-kiki et al. (2011) also
reported that the freezing/thawing cycles have a negative impact on the structure of a
lime-treated clayey soil.
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(a)

(b)

(c)

(d)

Figure 1-2. Effects of freezing and thawing cycles on the compressive strength (a); the CBR (b); the
ultrasonic pulse velocity (c); the dynamic shear modulus (d) (Yarbasi et al., 2007)

1.1.4.2. Aggregate size effect
One of the main factors causing the difference between lime-treated soils in the laboratory
conditions and that in the field conditions can be the difference in soil aggregate size (Tang et
al., 2011a). Generally, in the field condition, soil aggregates may reach several centimeters
after the scarification and pulverization processes as presented above. By contrast, the soil
prepared in the laboratory is always well ground before lime treatment into a desired size, of
few millimetres in general.

Basically, soil aggregate can be defined as a group of primary particles that cohered to each
other more strongly than to other surrounding soil particles (Kemper and Rosenau, 1986).
Kemper and Rosenau (1986) also stated that the stability of aggregates is ensured when the
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cohesive force between the particles has withstood the applied disruptive force. Soil aggregate
size can make a fundamental impact on the soil geotechnical properties and mechanical
behaviours. Christensen (1969) indicated that as the particle size decreases, the surface area of
a given amount of soil greatly increases. Prunsinski and Bhattacharja (1999) reported that the
rate of dissolution of lime depends on the particle size: finer gradations generally have higher
rate of dissolution into solution because of the higher exposed surface area. Similarly, Horn et
al. (1994) noted that the larger the aggregates, the smaller the release rates of cation at given
bathing solution. Braunack et al. (1979) presented that smaller aggregates usually have a
larger tensile strength than larger aggregates; and the smaller aggregates would be less easily
compacted than larger aggregates at the same water content.

Tang et al. (2011a) and Dong (2013) studied the aggregate size effects on the stiffness of
lime-treated soils during curing. They concluded that the larger the aggregate size the lower
the small strain shear modulus for treated soils, as shown in Figure 1-3. Dong (2013)
investigated the aggregate size effect on the mechanical behaviour of lime-treated soils under
wetting/drying cycles. His results indicated that the failure initiation number of cycles
corresponds to the beginning of aggregates failure (Nf) and the degradation ratio (R =
(∆Gmax/∆cycle)/G0) of the aggregates failure are strongly influenced by the aggregate size,
especially for samples compacted dry of optimum: the larger the aggregate size, the smaller
the Nf and the higher the degradation ratio.

Figure 1-3. Aggregate size effect on the small strain shear modulus after stabilization for a lime-treated silt
(Tang et al., 2011a)
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Dong (2013) also examined the water content/degree of saturation changes of both untreated
and lime-treated soils induced by the wetting/drying cycles. The results illustrated that the
water content/saturation degree of soils usually decreases at the beginning, corresponding to
the first coating phase, and then increases slightly at the second degradation phase. The
changes of water content/degree of saturation are largely dependent on the aggregate size: for
the untreated soils, the larger the aggregates, the lower the increase of degree of saturation; as
for the lime-treated soils at the second degradation phase, the larger the aggregates, the higher
the increase of degree of saturation, which suggested that the changes in degree of saturation
are related to the breakage of the aggregates.

1.2. Mechanisms of lime treatment
1.2.1. Physical/chemical reactions
When lime is mixed with soil in the presence of water, the following physical/chemical
reactions take place, as described in details by other researchers (Le Runigo, 2008; Umesha et
al., 2009):
(1) Hydration of quicklime
CaO + H2O → Ca(OH)2 + 15.5 kJ.mol-1

(1-1)

Generally, the reaction of quicklime hydration occurs immediately after adding lime into the
soil-water mixture, and this process consumes a large amount of water by chemical
combination with water, leading to soil drying. In addition, the heat released in the reaction
can accelerate the evaporation of water of soil.
Ca(OH)2 → Ca²+ + 2OH-

(1-2)

The followed ionization reaction of calcium hydroxide (Ca(OH)2) provides sufficient calcium
ions (Ca2+), which induces cation exchanges with clay minerals. The released hydroxyl ions
(OH-) from the ionization reaction greatly improve the pH value of pore solution, which
favors the subsequent cation exchange.

(2) Cation exchanges
Ca²+ + Clay → Ca²+Clay + (Na+, K+)

(1-3)
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Cation exchanges take place between the calcium cation (Ca2+) from the hydrated lime and
the cations (mainly Na+ and K+, etc.) associated with the surface of the clay particles.

(3) Flocculation/Agglomeration
Clay particles are surrounded by a diffuse hydrous double layer. The cation exchanges
significantly reduce the thickness of this diffuse hydrous double layer, resulting in
flocculation/agglomeration of clay particles. These modifications of clay particles induced by
lime addition will largely improve the workability of soil by reducing its plasticity (Hilt &
Davidson, 1960; Brandl, 1981; Rogers & Glendinning, 1996; Al-Mukhtar et al., 2012), and
swelling and shrinkage potentials (Bell, 1989; Russo, 2005). Besides, increase of the optimum
moisture content and decrease of the maximum dry density are also observed for the
lime-treated soil (Bell, 1996; Cuisinier et al., 2011).

(4) Pozzolanic reactions
Ca²+ +2OH- + SiO2 → C-S-H

(1-4)

Ca²+ +2OH- + Al2O3 → C-A-H

(1-5)

The highly alkaline pH condition (pH ≥ 12.4) benefits the dissolution of silica ions (Si4+)
and alumina ions (Al3+) from the soil minerals. Subsequently, the silica ions (Si4+) and
alumina ions (Al3+) react with the calcium ions (Ca²+) to form cementitious compounds such
as calcium silicate hydrate (C-S-H), calcium aluminate hydrate (C-A-H), and calcium
aluminosilicate hydrate (C-A-S-H). These processes are denoted as pozzolanic reactions
which would last as long as high calcium ions (Ca²+) and high pH value in the pore solution
exist (Bell, 1996; Al-Mukhtar et al., 2010; Al-Mukhtar et al., 2014).

Pozzolanic reactions usually play a major role in improving soil geotechnical properties by
increasing soil stiffness and shear strength (Bell, 1996; Consoli et al., 2009; Tang et al., 2011a;
Dong, 2013). Due to the time-dependence of lime-soil reactions, the geotechnical properties
of lime-treated soil depend 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 increases with increasing curing time. By
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performing bender element tests on lime-treated soils, Dong (2013) showed that there is a
two-stage development for the small strain shear modulus over time: stage 1 related to cation
exchanges and stage 2 related to pozzolanic reactions.

1.2.2. Factors influencing the effect of lime treatment
The effect of lime treatment can be influenced by lime dosage, clay mineralogy and curing
conditions.

The optimum additive percentage of lime required for the soil treatment is primary dependent
on the reactive nature of clay minerals and the treatment target. Specifically, after lime
addition, calcium ions (Ca²+) are adsorbed onto the surface of clay particles to satisfy the
affinity, which is termed as lime fixation. The amount of lime fixed in the clay particles is
regarded as the lime fixation point, Lm, or initial consumption of lime, ICL, (Hilt and
Davidson, 1960). The determination of Lm with clay fraction (≤ 2 µm) is given by the
following equation:
L m=

Clay fraction( %)
+1.25
35

(1-6)

Any further addition of lime beyond Lm allows free calcium ions (Ca²+) to participate in the
pozzolanic reaction in long curing term. Eades and Grim (1966) defined the “optimum lime
content (OLC)” as the amount of lime which is sufficient for both the cation exchanges in the
short term and the pozzolanic reaction in the long term. The OLC corresponds to the
minimum lime content to reach a pore solution pH of 12.4 (Eades and Grim, 1966).

Le Runigo (2008) measured the lime-soil-water mixture pH with various lime dosages, as
presented in Figure 1-4. The results showed that the OLC value of the tested silt which has a
29.4 % clay fraction is about 1 %.
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Figure 1-4. Variation of soil pH with respect to lime concentration for a silt (Le Runigo, 2008)

However, this determination of optimum lime content is limited by the combined influences
of the reactive nature of clay minerals. Actually, different clay minerals have different
physical/chemical reactivity with lime during both the short- and long-term treatment
processes (Al-Mukhtar et al., 2014; Cherian and Arnepalli, 2015). Generally, kaolinite
presents a lower reactivity with lime due to its strong hydrogen bonding, low pH and
deficiency of inter- and intra-layer spaces, which reduce the capacity to provide reactive silica
and alumina ions. By contrast, montmorillonite has a relatively higher reactivity due to its
weaker bonding, higher pH and larger inter- and intra-layer spaces (Cherian and Arnepalli,
2015).

The cation exchange capacity (CEC) is defined as the amount of exchangeable cations per dry
weight that a soil is capable to hold at given pH, and available for exchange with other cations
in the soil solution (Mitchell and Soga, 2005). Different clay minerals present different cation
exchange capacities. Montmorillonite has a high CEC of 80-150 meq./100 g, while kaolinite
has a very low CEC of 1-15 meq./100 g, that of illite being in between, from 15 meq./100 g to
40 meq./100 g (Arabi, 1986; Bell, 1996). Moreover, the CEC of kaolinite is largely dependent
on pH since the OH- dissociation from clay edges is the predominant source of charge
(Cherian and Arnepalli, 2015). Besides, Christensen (1969) pointed out that the surface area
of a particular soil increased as the particle size decreased. Especially, for kaolinite and illite,
smaller particle size will result in higher cation exchange capacity. Additionally, the rate of
dissolution of lime is greatly influenced by particle size: finer grains lead to faster rate of
dissolution because of the larger surface areas (Prunsinski and Bhattacharja, 1999).
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Furthermore, different clay minerals are also characterized by different kinetics in the
long-term pozzolanic reaction. Al-Mukhtar et al. (2014) studied the lime consumption of
different clayey soils and reported that the pozzolanic reactions, which develop with the lime
consumption, are very slow in the kaolinite and illite soils, while faster lime consumption was
observed in montmorillonite due to its high cation exchange capacity and soft structure. Thus,
the lime available after short-term reactions is greater for kaolinite and illite than for
montmorillonite. Besides, they also showed that the growth of well-crystallised Ca-hydrates is
not promoted on the surface of soil particles with sufficient montmorillonite, owning to the
poor-ordered layer structure and soft and thin sheet of particles.

The efficiency of lime treatment is greatly influenced by the curing conditions such as curing
time, curing temperature and curing moisture environment. Curing time can have an
important influence on the improvement of soil mechanical behaviour since the pozzolanic
reactions are largely time-dependent (Locat et al., 1990; 1996; Bell, 1996; Little, 1999; Tang
et al., 2011a; Dong, 2013). Dong (2013) monitored the small strain shear modulus (Gmax) of
2 % lime-treated silt samples (compacted both dry and wet of optimum) during a long curing
time, as shown in Figure 1-5. The results revealed that the stiffness (Gmax) of lime-treated soil
increase progressively during curing. Specifically, a nonlinear two-stage Gmax development
was observed. These two stages of Gmax development corresponded to two mechanisms
induced by lime treatment, respectively: cation exchanges and pozzolanic reactions.
800
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Figure 1-5. Small strain shear modulus (Gmax) versus curing time for a silt soil treated with 2 % lime
(Dong, 2013)
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Curing temperature also plays an essential role in lime treatment. Anday (1963) pointed out
that the temperature increase with heat release during lime hydration accelerates the
subsequent pozzolanic reaction. Glenn and Handy (1963) showed that higher temperature
accelerates the reactions and promoted the formation of more organised crystalline phases.
Other studies also reported similar results: the reaction progress is accelerated, improving the
soil strength; in contrast, lower temperatures retard or cease the reaction (Arabi and Wild
1986; Bell, 1996; Boardman et al., 2001; Rao and Shivananda, 2005; Mooney and Toohey,
2010). Al-Mukhtar et al. (2010 a, b) performed a series of laboratory tests on a lime-treated
expansive clay at a curing temperature of 20 and 50 °C, respectively. The results indicated
that the higher curing temperature (50 °C) increases the kinetics of the lime-clay reactions;
increasing curing temperature from 20 to 50 °C increases the rate of pozzolanic reaction. As
shown in Figure 1-6, for 20 % lime, the CAH-related peak intensity increases quickly at a
curing temperature of 50 °C; by contrast, the amount of CAH is always lower at a low
temperature of 20 °C.

Figure 1-6. Temperature effect on the CAH-related peak intensity during curing (Al-Mukhtar et al.,
2010b)

Besides, the curing moisture environment also plays an important role in the efficiency of
lime treatment. Di Sante et al. (2014) studied the effect of curing moisture state (saturation
and unsaturation) on the development of lime-soil reaction products. They reported that the
crystalline with more brittle structure was detected in the case of immediate saturation with an
un-uniformed distribution in pore size, whereas the unsaturated curing conditions promoted
the formation of amorphous, uniformly distributed cementitious compounds, with a more
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homogeneous pore size distribution.

1.3. Microstructure and mineralogy
1.3.1. Mercury Intrusion Porosimetry (MIP)
Mercury Intrusion Porosimetry (MIP) is the most commonly used technique to determine the
pore size distribution of soils. It is based on the progressive intrusion of a non-wetting liquid
(mercury) into a porous material under controlled pressure. External pressure should be
applied to push the mercury into the pores against the opposing force of the surface tension of
mercury. According to the Washburn equation, the required pressure is inversely proportional
to the size of pores, which are usually assumed to be cylindrical. MIP usually includes both
low pressure and high-pressure systems, providing a wide range of pore sizes.

The main limitation of this technique is that a pore size measured by MIP is the entrance pore
diameter, not the real inner size of the pore. Thus, the closed pores cannot be measured. The
size of constricted pores is usually underestimated because these pores are accessible only
through smaller pores. Besides, the pores larger or smaller than the pressure limits of the used
MIP device are non-detectable (Giesche, 2006; Romero and Simms, 2008). As a consequence,
the total mercury intrusion porosity is smaller than the real porosity of the sample. To
determine the constricted porosity, an intrusion/extrusion cycle and a second intrusion of
mercury can be performed on the same sample, since some mercury can be permanently
entrapped in the constricted pores.

Microstructure changes induced by lime treatment during curing have been investigated by
several studies. Russo et al. (2007) reported that the time dependency of microstructure
changes is greatly influenced by the initial moulding water content. The quantity of large
pores increases immediately after the lime addition and decreases with curing time. This
effect is more significant for the treated samples compacted at optimum water content and
that compacted wet of optimum, and less significant for dry sample as shown in Figure 1-7,
1-8 and 1-9. They attributed the increase of large pores to the cation exchange which causes
the flocculation of aggregates, while the reduction in large pores is attributed to the
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cementation of the aggregates. Russo and Modoni (2013) performed MIP tests on a
lime-treated silty soil with application of both intrusion/extrusion cycles and of a second
intrusion. The results revealed that the constricted pores are distributed in the whole range of
pore sizes. They also pointed out that cementitious compounds being formed at the particles’
contact edges lead to the reduction in the entrance pore diameter, enhancing the entrapment of
mercury inside the pores and modifying the non-constricted small pores to the constricted
pores. Cuisinier et al. (2011) studied the microstructure of a lime-treated silt soil and reported
that the newly-formed small pores with a diameter lower than 0.3 µm might be due to the
flocculation/aggregation processes. Lemaire et al. (2013), by investigating a lime and cement
treated silt, indicated that the macro-pores are skewed with a smaller average diameter,
induced by the formed cementitious compounds. Moreover, the average diameter of the
micro-porosity decreases during curing with a further tightened pore size distribution. The
MIP analysis of Metelkova et al. (2012) on a lime-treated loess showed that the
macro-porosity increased with the lime content due to the flocculation process, while the
meso-porosity remained unchanged. Over the curing time, a decrease in macro-porosity and
an increase in meso-porosity were detected due to the creation of new products from the
pozzolanic reaction.

Figure 1-7. Cumulative intrusion curves (a) and pore size distribution (b) of lime-treated samples
compacted at optimum (Russo et al., 2007)
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Figure 1-8. Cumulative intrusion curves (a) and pore size distribution (b) of lime-treated samples
compacted wet of optimum (Russo et al., 2007)

Figure 1-9. Cumulative intrusion curves (a) and pore size distribution (b) of lime-treated samples
compacted dry of optimum (Russo et al., 2007)

The microstructure of lime-treated clayey soils has also been investigated by several
researchers. Tran et al. (2014) reported that lime treatment does not affect the intra-aggregate
pores but does affect the inter-aggregate pores, mainly through the lime hydration and
modification processes. Locat et al. (1996) conducted MIP tests on a lime-treated soft
inorganic clay, and their results indicate that the cementitious compounds produced by
pozzolanic reactions not only fill the inter-aggregate pores but also coat the aggregate surfaces,
leading to a less accessible intra-aggregate pore network. The authors also pointed out that
lime addition results in larger pore sizes, which are mainly induced by the cementation and
the increased flocculation.
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Besides, microstructure of the newly-formed C-S-H phases from the pozzolanic reaction has
also been investigated. Locat et al. (1996) reported that the secondary minerals have a pore
radius which was usually less than 0.2 µm. Similarly, the cementitious compounds,
C-(A)-S-H gels, contain a majority of micro-pores with an entry diameter between 0.01 µm
and 1 µm as observed in the lime and cement treated silt sample by Lemaire et al. (2013).
According to Daimon et al. (1977), the diameter of inter-gel pores (inner C-S-H), which could
be entered by water molecules, appeared in the range from 0.1 to 0.2 µm. Moreover, some
studies indicated that the porosity of C-S-H phases was normally smaller than 0.01 µm
(Espinosa and Frank, 2006; De Belie et al., 2010). Jennings (2000) and Collier et al. (2008)
attributed the pores of a size of nano-meters to the inter-layer pores of the created CSH gels.

1.3.2. X-Ray Diffraction
X-ray diffraction (XRD) is a non-destructive analytical technique applied for identifying the
crystalline phase, arrangement of atoms and other structural properties, such as lattice
parameters, phase composition, orientation etc. In the mineralogy analysis on lime-treated
soils, XRD is a primary method to determine the mineral composition of soils and to find the
new reaction products (cementitious compounds).

Mineralogical studies of cementitious compounds created by pozzolanic reactions in the
lime-soil-water system have been undertaken in recent years. The cementitious compounds
can be of various forms due to the different mineralogical composition of soils. Generally, the
main cementitious compounds are calcium silicate hydrate (C-S-H), calcium aluminate
hydrate (C-A-H) and calcium alumino-silicate hydrate (C-A-S-H) (Diamond and Kinter, 1965;
Boardman et al., 2001; Khattab, 2002; Al-Rawas and Goosen, 2006; Rios et al., 2009;
Maubec, 2010; Al-Mukhtar et al., 2010 and 2012). Note that many kinds of calcium silicate
hydrates are known. For example, there are two common phases: C-S-H (I), a
quasi-crystalline phase with tobermorite-like structure and C-S-H (II), related to jennite. The
term “C-S-H” is generally for all of them.

Particularly, the production of C-S-H, C-A-H and C-A-S-H in the reactions between kaolinite
and lime was reported by many researchers (Goldberg and Klein, 1952; Midgley, 1957; Eades
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and Grim, 1960; Glenn and Handy, 1963; Heller and Taylor 1965; Willoughby et al., 1968;
Wild et al., 1993; Bell 1996; Rajasekaran and Rao, 1996). In the case of lime-treated
montmorillonite, C-S-H and C-A-H were also detected (Bell 1996; Hilt and Davidson, 1960).
Arabi and Wild (1989) noted that the presence of C-S-H hydrates in the lime-treated marls
containing illite, quartz and feldspar. Eades et al. (1962) and Glenn (1967) identified the
creation of C-S-H in the lime-treated quartz.

In addition, several researchers reported that no strong evidence could be obtained for the new
formation of cementitious compounds by means of XRD technique (Taylor, 1984; Arabi and
Wild, 1986; Wild et al., 1986; Al-Mukhtar et al., 2012 and 2014). It is possible that the
cementitious compound phase is poorly crystallized, or in very small crystalline exceeds the
limit of XRD detection, or in amorphous form, or in the gel-like phase, or in small quantity.
Furthermore, broad reflections related to C-S-H have been reported in some studies and these
broad reflections were attributed to the poorly crystallized feature, the small size of coherent
domains, the presence of micro-defects and the minerals lacking long-range order but with
some short-range order (Choquette et al., 1987; Guinier, 1994; Torrance, 1995). For example,
Lemaire et al. (2013) performed XRD test on 1 % lime and 5 % cement treated silt samples
cured for 1 to 300 days at both 20 °C and 50 °C, and found a very slight camber attributed to a
poorly crystallized compound of C-(A)-S-H, whose 2θ ranged from 29° to 29.5°, as illustrated
in Figure 1-10. This camber occurred after 1 and 28 days at 20 °C and after 28 days at 50 °C.

The formation of calcite crystals (CaCO3) due to carbonation reaction between lime and
carbon dioxide (CO2) in air has been reported in several studies (Rossi et al., 1983; Bell, 1996;
Le Runigo, 2008; Millogo et al., 2008; Maubec, 2010; Deneele et al., 2010; Al-Mukhtar et al.,
2012; Metelkova et al., 2012; Lemaire et al., 2013). Carbonation is regarded as a negative
mechanism since it usually leads to a reduction in the mechanical strength of lime-treated soil
(Wild et al., 1986; Deneele et al., 2016). Carbonation can take place during lime production
and storage, mixing, curing etc.
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Figure 1-10. XRD patterns of lime and cement treated silt of Héricourt. From bottom to the top: untreated,
20 °C (1, 7, 28, 90, 300 days), 50 °C (3, 28, 90, 300 days) (Lemaire et al., 2013)

1.3.3. Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy (SEM) is a useful technique to generate images by scanning
the surface of samples using a focused beam of high-energy electrons. The interactions
between the electrons emitted from the device and atoms in the sample produce signals that
provide information about the surface morphology of the sample. Secondary electrons and
backscattered electrons of the signals are most common SEM modes for imaging samples:
secondary electrons provide morphology and topography of samples and backscattered
electrons are used for illustrating the contrasts in composition in multiphase samples.
Moreover, SEM is also used to qualitatively or semi-quantitatively analyse the chemical
compositions at the selected locations of sample with Energy Dispersive X-ray Spectroscopy
(EDS), which separate the characteristic X-rays of different elements to form an energy
spectrum allowing the determination of the specific elements. Thus, SEM is commonly used
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to investigate the evolutions of lime-treated soils and observe the newly-formed phases.

Using the SEM observation, Locat et al. (1996) reported that a reticular C-S-H phase filled the
pores in a clay treated with 10 % lime. Rao and Rajasekaran (1996) used this technique to see
the lime-treated clay particles, which were assembled in a flocculated arrangement, and the
newly-formed gels cementing the particles to form aggregated crumbs. Garcia et al. (2010)
analyzed the SEM observation on recycled metakaolinite mixed with saturated lime
dissolution and confirmed the appearance of C-S-H gel. This was also identified by
Kawamura and Diamond (1975) as binders acting on clay particles to bond them together,
thereby forming a well-knit framework. Deneele et al. (2010) observed a lime-treated Manois
argillite after 90-day treatment and reported that the cementitious products linked the soil
particles by covering the soil grains and filling the inter-aggregate porosity. Arabi and Wild
(1986) pointed out that the new phase which consisted of an interlocking network of fine
plate-like particles occurred at both the edges and the surface of soil particles. During curing,
the interlocking network of plate-like particles developed in the interstices to form a
continuous network. Jha and Sivapullaiah (2016) performed SEM observation on a gypsum
lime-treated montmorillonitic soil and found the creation of cementitious gel with small
ettringite needles within soil matrix. Kassim and Cherin (2004) observed a newly-formed
phase with an interlocking network of needle-like crystals in a 6 % lime-treated kaolin after
1-year curing, and these interlocking networks of needle-like products grew into the
interstices to form a continuous network. Similar observations were made by Dermatas and
Meng (2003) who studied the clay sand mixture treated with lime and sodium sulphate. Di
Sante et al. (2014) reported that a crystalline with more brittle structure was detected in the
lime-treated clay cured in saturated condition, while amorphou, and uniformly distributed
cementitious compounds with a more homogeneous pore size distribution was observed in the
unsaturated curing conditions, as shown in Figure 1-11.
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(a)

(b)
Figure 1-11. SEM-EDX analysis on the lime-treated soil cured under saturated conditions (a) and under
unsaturated conditions (b)

1.4. Thermal conductivity
In the most cases, lime-treated soils are exposed to natural environment or placed in shallow
depth. They are therefore unavoidably subjected to long-term cyclic climate loadings, i.e.
temperature variations, drying and wetting cycles, which can significantly affect their
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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. 2011a), and little attention has been paid to the effect of
temperature which is also an important factor related to climate changes. In fact, 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 the soil thermal properties like thermal
conductivity. Indeed, the latter is an important parameter in the modelling of the coupled
thermo-hydro-mechanical behaviour of lime-treated soil under climate changes. Also, it plays
an important role in the heat transformation between soil and atmosphere. Besides, the
thermal conductivity of soils is also an essential property used in the analysis of heat flow in
the ground surrounding earth-contact engineering facilities (Bovesecchi and Coppa, 2013),
such as heat losses in buried cables containing hot fluids (Al-Saud et al., 2008; Moya et al.,
1999); daily and seasonal temperature variation at the ground depth (Duan and Naterer, 2009),
and ground utilization as heat storage (Gauthier et al., 1997).

1.4.1. Mechanisms of heat transfer in soils
The thermal conductivity of soil (denoted as λ) is defined as the heat energy transmitting
through a unit cross section under a unit temperature gradient applied in the direction of this
heat flow (Farouki, 1981). Heat conduction, convection and radiation are the possible
mechanisms of heat transfer in soil. The predominating factors affecting the heat transfer is
the soil grain size and degree of saturation as shown in Figure 1-12 (Farouki, 1981). It can
also be seen that the heat conduction is the predominating mechanism in the soil under such
conditions. Johansen (1977) also reported that the particle and pore size distributions of most
geo-materials allow the heat transfer by conduction only while that through convection and
radiation is neglected.
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Figure 1-12. Regions of predominant influence of the various heat transfer mechanism in relation to soil
grain size and degree of saturation. Expected variations in degree of saturation under field conditions lie
within the region bounded by dashed lines. 1- thermal redistribution of moisture, 2-vapor diffusion due to
moisture gradients, 3-free convection in water, 4-free convection in air, 5-heat radiation

Heat conduction can take place in solid soil particles, pore water and pore air. The main path
for heat transfers is through solid particles contact points even if a contact resistance exists,
which may cause discontinuity in the heat flow at the boundary surface between a gas and a
solid or liquid (Farouki, 1981). Since most heat transfer takes place through the contact areas,
especially in the dry samples, the number and nature of the contacts among soil particles are
important parameters affecting the thermal conductivity.

1.4.2. Measurement of thermal conductivity of soils
According to the definition of thermal conductivity (λ), the determination of λ can be given by
the following equation (Farouki, 1981):

λ=

q
A(T2 − T1 ) l

(1-7)

where q is the heat flow, A is the cross section, T2 and T1 are the higher temperature and lower
temperature respectively, l is the length of the element.

There are two main methods to measure the thermal conductivity: steady state and transient
methods. Generally, in the steady state method, a measurement is performed by establishing a
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temperature difference in the sample. There are several commonly used steady state
techniques: absolute technique (Shi et al., 2003; Zhang et al., 2006; Stojanovic et al., 2009;
Marconnet et al., 2011; Shahil and Balandin, 2012), comparative cut bar technique (Xing et
al., 2014), radial heat flow method (Flynn, 1992) and parallel thermal conductance technique
(Zawilski et al., 2001; Dasgupta and Umarji, 2007). The disadvantages of this steady state
method are a long duration required for reaching a steady state, parasitic heat losses and
contact resistance of temperature sensors (Presley and Christensen, 1997; Zhao et al., 2016).
The transient method allows measurement without reaching a state of equilibrium, which
makes it much faster. The transient hot wire method (Stalhane and Pyk, 1931; Festa and Rossi,
1999; Abu-Hamdeh, 2001; Franco, 2007; Assael et al., 2015), transient plane source method
(Gustafsson, 1991; Bouguerra et al., 2001; Gong et al., 2014; Bentz, 2007; Li et al., 2014),
pulsed power technique (Sundqvist, 1991; Maldonado, 1992; Kennedy and White, 2005;
Miller et al., 2012; Whitman et al., 2012; Romao et al., 2014;) and laser flash thermal
diffusivity method (Campbell et al., 1999; Min et al., 2007; Ruoho et al., 2015) are the widely
used transient techniques.

1.4.3. Factors influencing the thermal conductivity of soils
The thermal conductivity of soil is governed by its composition and its mineralogy. Quartz is
a mineral playing an essential role in soil thermal conductivity due to its relatively high
thermal conductivity, of about 8.4 W/mK, the value being around 2.9 W/mK for other soil
minerals. The thermal conductivity of water is around 0.6 W/mK and that of air is around
0.026 W/mK (Johansen 1977; Farouki, 1981). Thus, the relative volumetric ratios of various
soil constituents define the effective thermal conductivity of soil.

Because the thermal conductivity of water is much larger than that of air but considerably
smaller than that of soil minerals, the structure and arrangement of pore water should have a
determining effect on the effective thermal conductivity of soil (Al Nakshabandi and Kohnke,
1965). Al Nakshabandi and Kohnke (1965) reported that the relationships between the
thermal conductivity and the soil suction were similar for different tested soils (fine sand, silt
loam and clay) as shown in Figure 1-13. The authors further found that in dry soils, the water
layer is only of about few molecules thick, which is not sufficient to bridge the air gaps
between the individual solid particles. Thus, the thermal conductivity begins to rise as the
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hygroscope point contacts between particles are made by water. Generally, soils show a high
increase rate of thermal conductivity in the range of low water contents due to the
development of water bridges (or water film) at the contact points that gives rise to a
continuous binding surrounding the particles (Farouki, 1981). Furthermore, Kaune et al.
(1993) explained that at low water contents the distribution and geometry of water menisci are
likely to be important for conductive heat transfer because the water menisci enlarge the
contact area between adjacent soil particles and thus increase the cross section available for
heat conduction.

The dry density of soil also has a great impact on the effective thermal conductivity. The
thermal conductivity increases with the increase of dry density. In the case of large dry
density, more solid fractions with less pore air or less pore water per unit volume are expected
and heat transfer become easier (Farouki, 1981). Presley and Christensen (1997) also revealed
that the thermal conductivity appeared to increase linearly with the increase of bulk density.

Figure 1-13. Thermal conductivity of three soils versus soil moisture tension (Al Nakshabandi and Kohnke,
1965)

The effect of aggregate or grain size on the thermal conductivity of a soil is still an open
question. Tavman (1996) performed an experimental work on a construction sand of various
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grain sizes and different porosities. The results reveal that the effective thermal conductivity
increases with the increase of grain size, which might be explained by the fact that as the
grains size decreases, more particles are necessary to get the same porosity, which induce,
thus, more thermal resistances between particles. Xu and Chung (2000) pointed out that larger
particle size results in much smaller interface area, which is responsible for the lower specific
heat and the higher thermal conductivity. Note that the interface acts as a thermal barrier,
which has a high thermal resistance, decreasing the thermal conductivity. Al Nakshabandi and
Kohnke (1965) also showed that the thermal conductivity of soils increase with the grain size
under a constant density; however, this grain size effect is very small on the thermal
conductivity. Similarly, and based on numerical simulations, Coté and Konrad (2009) stated
that the effect of grain size and pore size distributions is not significant on the thermal
conductivity. They also noted that in three-phase porous geo-materials, the grain size
distribution would influence the water distribution in pore-space, giving rise to different
thermal bridge effects at the solid-to-solid contacts. Carson et al. (2003) also reported that the
contact between pores or particles and the designation of components as continuous or
dispersed phases are more significant factors than the size or shape of individual pores or
particles.

Several studies have been also reported in the past decades on the thermal behaviour of
cement treated soils. Farouki (1981) indicated that addition of Portland cement into sand
increases its thermal conductivity in both wet and dry states. Adam and Jones (1995)
observed that the thermal conductivity of cement-stabilized soil is higher than that of
lime-stabilized soil, and explained that the former enhances the soil density while the later
reduces it. Nevertheless, El-Rawi and Al-Wash (1995) indicated that the thermal
conductivities of both soil-cement mixture and concrete decrease with curing time, as shown
in Figure 1-14.
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Figure 1-14. Effect of curing time on the thermal conductivity of soil-cement samples and concrete
samples with the same cement content (El-Rawi and Al-Wash, 1995)

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, and attributing this decrease to water
loss by hydration of fly ash and evaporation. Hansen et al. (1982) documented a decrease of
thermal conductivity during hydration of rapid hardening Portland cement. Cerny et al. (2006)
observed a lower thermal conductivity of the lime-pozzolana plaster, which is attributed to the
porous character of the products from pozzolanic reaction, mainly the CSH gels, which
increase the porosity of the material.

1.5. Hydraulic behaviour
In this section, the water retention properties of lime-treated soils are first introduced,
followed by the hydraulic conductivity. The effect of lime treatment on air permeability is
discussed.

1.5.1. Water retention capacity
The water retention curve of soil is defined as the relationship between the suction and the
amount of water contained within the soil (Fredlund and Xing, 1994). It is an indicator of
water retention capacity or storage capacity. The water retention curve constitutes an essential
method to understand the hydro-mechanical behaviour of unsaturated soils, such as pore
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water/air flow, strength and volume change behaviour.

Figure 1-15 shows a typical water retention curve (Vanapalli et al., 1996). It can be observed
that the drying path of the water retention curve contains three stages: the boundary effect
stage, the transition stage and the residual stage of unsaturation. In the boundary effect stage,
the soil is almost saturated. After the air-entry value, the soil starts to become unsaturated.
The residual stage defines the water state as discontinuous.

Figure 1-15. A typical water retention curve (Vanapalli et al., 1996)

1.5.1.1. Suction measurement
The total suction is defined as the free energy or the relative vapour pressure (relative
humidity) of soil water. It consists of two components: matric suction and osmotic suction.
The matric suction is the pressure difference between the pore air and the pore water. The
osmotic suction is the suction caused from the difference between the salt concentration of the
soil water and that of free pure water (Aitchison, 1965; Krahn and Fredlund, 1972; Fredlund
and Rahardjo, 1993).

The commonly used techniques for measuring suction (total suction, matric suction and
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osmotic suction) and their detailed information about the measured suction ranges and the
equilibrium times are given in Table 1-1.
Table 1-1. Techniques for measuring soil suction (after Fredlund and Rahardjo, 1993; Agus and Schanz,
2005; Cui et al., 2008; Tang et al., 2008; Pan et al., 2010)

Suction
measured

Technique

Range of
measurement (kPa)

Equilibrium time

Non-contact filter paper

3000~100000

7-14 days

Psychrometer

100~10000

1 hour

Relative humidity sensor

100~120000

Hours-days

Chilled-mirror hygrometer

0.1~300000

10 minutes

In-contact filter paper

0~1500

7-14 days

Tensiometer

0~800

Hours

Axis translation technique

0~1500

Hours

Thermal conductivity sensor

0~400

Hours-days

Time domain reflectometry

0~1500

Hours

Electrical conductivity sensor

50~1500

6-50 hours

Pore fluid squeezing technique

(Entire range)

Days

Total suction

Matric suction

Osmotic
suction

Besides, the suction control techniques include the axis translation technique, the osmotic
technique and the vapour equilibrium technique (Tessier, 1984; Romero, 1999; Delage and
Cui, 2000; Villar 2000; Tang and Cui, 2005; Blatz et al., 2008; Delage et al., 2008). The axis
translation technique can be used to control matrix suction by means of liquid phase transfer
through a saturated interface (a saturated ceramic disk with high air-entry value or a cellulose
acetate membrane) (Tarantino et al., 2000; Hoffmann et al., 2005; Delage et al., 2008). The
osmotic technique controls the matrix suction by means of a semi-permeable membrane with
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an aqueous solution containing large-sized soluble polyethylene glycol molecules (PEG) (Cui
and Delage, 1996; Delage et al., 1998; Delage and Cui, 2008a; Delage and Cui, 2008b; Blatz
et al., 2008). In the vapour equilibrium technique, the total suction of soil is controlled in
sealed containers by means of the chemical potential of solutions ((Delage et al., 1998;
Romero, 1999; Delage and Cui, 2000; Tang and Cui, 2005; Blatz et al., 2008).
1.5.1.2. Water retention curve of lime-treated soils
Some researches were reported on the water retention properties of lime-treated soils. Russo
(2005), Tedesco (2006) and Tedesco and Russo (2008), who performed a series of
measurements on a lime-treated alluvial silty soil from Italy, reported an increase in water
retention capacity induced by lime addition as shown in Figure 1-16. Russo (2005) pointed
out that in the low suction range, the soil water retention is controlled by the inter-aggregate
porosity and an addition of lime mainly reduces the interconnections between pores.

Figure 1-16. Water retention curves of untreated and 3 % lime-treated samples (C1 and C2) (Russo, 2005)

Tedesco & Russo (2008) explained that the increase of water retention capacity during curing
is due to the larger amount of small-sized pores. The cementation bonds between aggregates
increase the frequency of ink-bottle pores. The smaller the narrow openings of the link bottle
pores, the higher the suction values needed to desaturate the soil. Cecconi & Russo (2008)
attributed the increase in water retention capacity to the reduction of interconnection of
inter-aggregate pores and the increase of occluded intra-aggregate pores. Tedesco (2006) also
indicated that at constant suction, lime-treated soil samples compacted dry of optimum
exhibits a lower water retention capacity than the treated samples compacted at higher
moisture contents. This could be attributed to different soil fabrics of soil samples: the
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samples compacted dry of optimum have macro-pores among the aggregates, and the water
retained by macro-pores represents a great part of water retained, whereas the micro-pores are
responsible for the high suctions.

Besides, 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 is due
to water consumption by lime hydration. At longer term, pozzolanic reaction becomes
dominant in lime-treated soils, creating cementitious compounds and giving rise to the
modification of both the microstructure and the water retention capacity. Locat et al. (1996)
showed that the development of cementitious compounds resulting from the pozzolanic
reaction lead to an increase of both the surface tension and the capacity of soil to maintain a
high water content. SEM observation demonstrated that the cementation process produces a
very fine pore space composed of minerals with their own microscopic pores, which act like a
sponge and give the soil very high water retention potential. Similarly, Aldaood et al. (2014),
who tested a lime-treated gypseous soil, also observed a higher water retention capacity for
the samples cured for 180 days than those cured for 28 and 90 days. In addition, the curing
time effects are greater in lower suction range (< 10000 kPa), as shown in Figure 1-17. They
attributed the curing time effect to the formation of cementitious materials: during curing, the
pore space decreases due to the increase in hydration products and the formation of more
cementitious materials.

Figure 1-17. Water retention curves of lime-treated gypseous at 20 °C and at different curing times
(Aldaood et al., 2014)
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However, different results were reported by other studies. Mavroulidou et al. (2013) and
Zhang et al. (2016), by studying the water retention capacity of a lime-treated high plasticity
clay (London clay), reported a reduction in water retention capacity with a lower volumetric
strains upon drying or wetting process, which was attributed to a more open structure enabled
by the flocculation and chemical bonding effects.

1.5.2. Hydraulic conductivity
1.5.2.1. Measurement of hydraulic conductivity
Hydraulic conductivity of soil is a measure of its ability to transmit water (Klute and Dirksen,
1986). The most commonly used tests for measuring the hydraulic conductivity of soil in the
laboratory are constant-head method and falling-head method. Generally, the constant-head
method is usually used for granular soils with relatively high hydraulic conductivity, whereas
the falling-head method is preferred for fine-grained soils.

In constant-head method, water passes through the sample under a steady head and the
volume of water flowing through the sample is measured during a period. The hydraulic
conductivity, K, can be deduced from Darcy’s law as follows:
K=

Q⋅L
t ⋅ A⋅ H

(1-8)

where Q is the quantity of water discharged, L is the distance between manometers, and A is
the cross-sectional area of sample, t is the total time of discharge and H is the difference in
head on manometers.

In the falling-head method, the water pressure head declines as water passes through the
sample. The calculation of the hydraulic conductivity, K, on the basis of the various water
heads is given by:

K=

aL  h1 
ln 
A∆t  h2 

(1-9)

where a is the cross-sectional area of the reservoir containing the influent liquid, ∆t is the
interval of time (t2 - t1), h1 and h2 are the head losses across the permeameter/sample at time t2
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and t1, respectively.
1.5.2.2. Hydraulic conductivity of lime-treated soils
A number of researchers measured the hydraulic conductivity of lime-treated soils, and
widely varied findings were reported. Some studies suggested a reduction in the hydraulic
conductivity with lime treatment (Fossberg, 1965; Terashi et al., 1980; Ghazali et al., 1991),
while others reported that hydraulic conductivity of soils should increase with lime treatment
(Ranganatham, 1961; Townsend and Kylm, 1966; Broms and Boman, 1979b; Brandl, 1981;
Hunter, 1988).

Generally, the hydraulic conductivity of lime-treated soils may be influenced by several
factors, such as lime dosage, curing time, compaction conditions and curing conditions.
Nalbantoglu and Tuncer (2001) performed one-dimensional consolidation test on the
lime-treated expansive clayey samples. Their results showed an increase in hydraulic
conductivity with the increase in lime added to the soils as illustrated in Figure 1-18.

Figure 1-18. Variation of hydraulic conductivity with lime added into the soil under a pressure p = 800 kPa
(Nalbantoglu and Tuncer, 2001)

However, Osinubi (1998) suggested that the coefficient of permeability obtained from the
samples compacted at the energy of standard Proctor increased to a maximum at 4 % lime
content and then decreased with further addition in lime content as illustrated in Figure 1-19.
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This observed increase is attributed to the flocculation process induced by cation exchanges,
while the decrease is probably due to the excess amount of lime available for long-term
pozzolanic reactions. Different variation of permeability with the increase of lime dosage was
detected on the lime-treated samples compacted at the energy level defined in the West
African Standard: a decrease of permeability is presented with the increase in lime content,
which might be connected to the closer packing of the soil-lime mixture resulted from the
higher compaction energy.

Figure 1-19. Variations of coefficient of permeability of treated samples with lime content (Osinubi, 1998)

De Brito Galvao et al. (2004) measured the permeability of two kinds of soils (soil 1: a brown
saprolitic soil and soil 2: a red lateritic soil) treated with lime. Their results indicated different
effects of lime content on the different tested soils: the permeability of soil 1 increased about
fivefold when 2 % lime was added and then decreased on further addition of lime, which
might be attributed to the creation of chemical bonds and aggregations. By contrast, that of
soil 2 decreased as lime was added, due to the same mechanisms except that the bonds were
weaker than those developed in soil 1, as illustrated in Figure 1-20a and Figure 1-20b.
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(a)

(b)
Figure 1-20. Changes in coefficient of permeability with lime content for Soil 1 (a) and Soil 2 (b) (De Brito
Galvao et al., 2004)

Curing can also greatly affect the hydraulic conductivity of lime-treated soils. An increase in
hydraulic conductivity with curing time was reported by Nalbantoglu and Tuncer (2001), as
illustrated in Figure 1-18. They explained this increase by the development of the
cementitious compounds from pozzolanic reaction. The formation of stronger lime particle
aggregates turns the soil into a material with more open fabric and gives it a higher resistance
to compression. Tran et al. (2014) studied the hydraulic conductivity of a lime-treated clay
and observed that the hydraulic conductivity of lime-treated soil increased progressively at
first and, thereafter, reached the stabilisation phase as shown in Figure 1-21. They attributed
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this increase to the increase of inter-aggregate pore size induced by flocculation process.
Moreover, they also pointed out that a decrease of hydraulic conductivity might be expected
in longer time due to the formation of cementitious compounds. Similar results were reported
by other researchers (Locat et al., 1996; Osinubi, 1998; Metelkova et al., 2011) who showed
that the hydraulic conductivity of lime-treated soil first increased with curing time and then
decreased in longer curing time. This is due to the cementitious compounds created in
pozzolanic reactions, reducing the effective pore size and increasing the length of the flow
path.

Figure 1-21. Variation of hydraulic conductivity with curing time (Tran et al., 2014)

Another important factor influencing the hydraulic conductivity is the compaction condition.
In fact, the hydraulic conductivity is greatly related to the largest pores volume, which is
strongly controlled by the compaction state. Specifically, from a study involving the effect of
compaction water content on the hydraulic conductivity of a low plasticity silt, El-Rawi and
Awad (1981) concluded that for the sample compacted at water content below or equal to the
optimum water content (OWC), the hydraulic conductivity of the lime-treated soil was one
order of magnitude higher than the hydraulic conductivity of the untreated soil, whereas for
the sample compacted wet of optimum, the hydraulic conductivity of the treated soil was of
the same order of magnitude as the untreated one. In addition to the compaction water content,
the compaction procedure and compaction energy can also greatly affect the hydraulic
conductivity as reported by McCallister (1990). For example, the treated samples compacted
at different conditions, i.e., at the energy of standard Proctor and West African Standard
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respectively, presented different effects of lime treatment on the hydraulic conductivity
(Osinubi, 1998), as presented above. Cuisinier et al. (2011) also studied the lime-treated
samples compacted under two different compaction procedures including the standard Proctor
compaction and the kneading compaction. They concluded that the kneading compaction
allowed reaching the lowest hydraulic conductivities for both treated and untreated soils.

The curing conditions also affect the hydraulic conductivity of lime-treated soils. Di Sante et
al. (2014) measured the permeability from oedometer tests on the compacted soil-lime
samples which were cured in saturated and unsaturated conditions, respectively. Significant
decreases in permeability of lime-treated soil were observed on the samples cured for a long
period in the unsaturated conditions. As shown in Figure 1-22, the immediately saturated
sample has a high permeability and the value decreases with the time spent in unsaturated
condition. This phenomenon was explained by the crystalline pozzolanic products which
occurred only in the immediately saturated samples, maintaining the structure locally open,
leading to a nonhomogeneous pore size distribution with large pores and then resulting in a
higher permeability.

Figure 1-22. Results of permeability tests carried out at 35 kPa confining stress on samples saturated after
different times (Di Sante et al., 2014)
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1.5.3. Air permeability
Air permeability is defined as the rate of air flow through a given surface under a prescribed
air pressure difference between the two faces of the soil sample. It can be recognised as one of
the most appropriate parameters for assessing the soil compaction, which acts as a major
process affecting the mechanical strength, water and gas transports in soils (Tang et al.,
2011b). Besides, the measurement of air permeability is important because it can provides
valuable information about the soil structure, pore size network and thus saturated hydraulic
conductivity (Poulsen et al., 2001; Shukla and Lal, 2006).

According to Darcy’s law, air permeability (ka) can be defined by (Kirkham, 1946):
k a = qη a

dx
dp

(1-10)

where q is the volume flux per unit area, ηa is the dynamic viscosity of air, p is the air
pressure, x is the distance in the flow direction. Note that ka is regarded as the intrinsic air
permeability (Reeve, 1953), which is independent of the pore fluid.
1.5.3.1. Measurement of air permeability
The measurement of air permeability generally is comprised by the steady-state methods and
the transient methods. In the steady-state methods, both constant pressure gradient and
constant flux can be applied. When a constant pressure is applied, the rate of air flow passing
through the sample is measured. This method is suitable for soils with high air permeability
(Tanner and Wengel, 1957; Janse and Bolt, 1960). When a constant flux is selected,
especially for the less permeable soil, the pressure difference across the sample is measured
(Blackwell et al., 1990; McCarthy and Brown, 1992). In the transient methods, less air
volume is required and the duration of the measurement is short. During this test, the
reduction of air pressure is recorded as a function of the elapsed time, enabling the calculation
of air permeability (Yoshimi and Osterberg, 1963; Delage et al., 1998; Tang et al., 2011b).
1.5.3.2. Factors influencing air permeability
The air permeability of soil is greatly dependent on the soil capacity parameters such as water
content (Barden and Pavlakis, 1971; Sanchez-Giron et al., 1998), degree of saturation
(Seyfried and Murdock, 1997; Delage et al., 1998; Samingan et al., 2003; Juca and Maciel,
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2006) and air-filled porosity (O'Sullivan et al., 1999; Olson et al, 2001; Moldrup et al 2003;
Tuli and Hopmans, 2004). Generally, the air permeability decreases with the increase in
moulding water content at given compression stress (Sanchez-Giron et al., 1998). Moon et al.
(2008) suggested that the lowest air permeability occurs at the optimum moisture content
(maximum dry unit weight) and the air permeability of the samples compacted wet of
optimum is lower than that of samples compacted dry of optimum at the same porosity, as
shown in Figure 1-23.

Figure 1-23. Air and rigid-wall hydraulic permeabilities of compacted silt liner samples at different
moulding moisture contents (Moon et al., 2008)

They explained that the sample compacted wet of optimum has a dispersed structure and
smaller pores than that compacted dry of optimum. Tang et al. (2011b) performed
measurements on three various soil textures, with a large range of water content and porosity.
They reported that air permeability is lower for soils with a higher degree of saturation and a
lower air-filled porosity, as shown in Figure 1-24. Delage et al. (1998), by measuring the air
permeability of an unsaturated compacted silty soil, concluded that the air-filled porosity is
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the unique parameter affecting the air permeability of soil. Seyfried and Murdock (1997) gave
the relationship between degree of saturation and air permeability for an unfrozen soil. They
indicated that the air permeability is zero even though the degree of saturation is less than one
(> 0.8) due to the presence of trapped, non-conducting air in the pore.

Figure 1-24. Effects of air-filled porosity (a) and degree of saturation (b) on the air permeability of the
remoulded soil from Epernay (Tang et al., 2011b)

The effect of applied stress on air permeability has been also investigated. The air
permeability was found to be inversely related to the compression stress (Sanchez-Giron et al.,
1998). Horn et al. (1995) found that the air permeability decreases slightly with the increase
of applied normal stress that is lower than the pre-compression stress, and then reduces
sharply as the load exceeds the pre-compression stress. Mosaddeghi et al. (2007) pointed out
that the loading type (maximum applied load and also the number of loading cycles) can
significantly affect the air permeability of soil. Even though the pre-compression stress is not
exceeded, the air permeability declines significantly by the cyclic loading. Similarly, by
performing air permeability tests on remoulded soils, Tang et al. (2011b) found that the air
permeability is strongly correlated with the applied vertical stress for sandy loam: a

43

Chapter 1. Literature Review

quasi-linear relationship was obtained between air permeability and vertical stress in
semi-logarithmic scale with similar slopes for all tests; but no correlation could be established
for clay samples.

Basically, the air permeability of soil is greatly related to the soil pore-size distribution, soil
texture, and soil structure (Kirby, 1991; Poulsen et al., 2001). Mosaddeghi et al. (2007)
mentioned that the air permeability can act as an index of soil physical quality because it
depends on the soil structure and connectivity of air-filled pores. Roseberg and McCoy (1992)
introduced the macro-pore continuity indices related to macro-porosity and macro-pore
geometric when dealing with the air permeability of soil. Blackwell et al. (1990) proposed the
use of macro-pore organization to represent the arrangement and shape of the macro-pore
space, rather than total volume. They found that the air permeability is more sensitive to
changes of macro-pore space than macro-porosity or organization, and the dominant shape of
macro-pores in macro-pore space influences the efficiency of fluid flow in the soil.

Studies performed on the air permeability of undisturbed and disturbed soils showed that the
soil structure and the pore geometry characteristics largely control the air flow and air transfer
in soils. Tang et al. (2011b) measured the air permeability of both undisturbed and remoulded
samples (Le Breuil sandy loam and Epernay clay). Their results showed that the air
permeability of the remoulded sandy loam has a better correlation with the vertical stress than
with other soil capacity parameters (air-filled porosity, void ratio and degree of saturation); by
contrast, the air permeability of undisturbed sandy loam was found to have a good correlation
with soil capacity parameters; while no clear relationship was found for both the remoulded
and undisturbed clay. Tuli et al. (2005) studied the effects of soil structure and pore-space
characteristics on air permeability of both disturbed and undisturbed samples. They found that
the permeability of air was greatly reduced for the disturbed samples at the same volumetric
air contents in most tests (see Figure 1-25). This is due to the pore connectivity of the
undisturbed samples which can be much better than that of the disturbed samples, owing to
the presence of more macro-pores in the undisturbed samples.
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Figure 1-25. Measured air permeability values as a function of volumetric air content for the undisturbed
and disturbed soil samples (Tuli et al., 2005)

1.5.3.3. Air permeability of lime-treated soils
Very few studies on changes in air permeability of soils induced by lime treatment have been
reported. Only Higaki et al. (1998) mentioned that lime addition into the soil releases heat,
leading to a reduction in water content and thus a decrease in air permeability. However, no
other experimental data provides confirmation of this point. Therefore, further investigation
on the air permeability of lime-treated soils and its correlated factors are needed.
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1.6 Mechanical behaviour
The lime treatment effect is usually evaluated by studying the mechanical behaviour of
lime-treated soils, such as compression behaviour and shear behaviour.

1.6.1. Compression behaviour
In the laboratory, the most commonly used techniques to evaluate the compression behaviour
of soils are unconfined compression test (ASTM D5102-09), oedometric/consolidation test
(ASTM D2435-11), and tri-axial compression test (Consolidated Drained: ASTM D7181-11;
Consolidated Undrained: ASTM D4767-11 and Unconsolidated Undrained: ASTM
D2850-15). In general, the compressive strength can be represented as the unconfined
compression strength (qu), preconsolidation pressure (pc).

The compressibility is generally characterized by the compression index (Cc) and the
coefficient of consolidation (Cv). The compression index (Cc) is determined as the slope of the
e-log σ’ plot, where e is the void ratio and σ’ is the effective stress. The coefficient of
consolidation (Cv) can be computed using the following equation (ASTM D2435-11):

cv =

TH D250
t

(1-11)

where T is a dimensionless time factor, H D is the length of the drainage path at 50 %
50

consolidation, t is the time corresponding to the particular degree of consolidation.

Numerous studies dealing with the compression behaviour of lime-treated soils were reported.
Generally, lime treatment contributes to a significant improvement in the compression
properties of soils: an increase in compression strength and a decrease in compressibility.

Results reported in the literature showed that lime treatment effectively improves the
unconfined compression strength of soils (Al-Mukhtar et al., 2012; Consoli et al., 2009, 2014;
Moghal et al., 2014; Pakbaz and Farzi, 2015; Yunus et al., 2015). Balasubramaniam et al.
(1989) reported that the unconfined compression strength of lime-treated soft clays increases
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nearly tenfold induced by the addition of 5 % lime. Lemaire et al. (2013) observed that the
addition of lime and cement causes an immediate and substantial improvement of unconfined
compressive strength for the studied silt, with an increase of the order of 150 % at the first
days. Locat et al. (1996) suggested that the cementation process by secondary minerals greatly
improves the preconsolidation pressure according to the consolidation tests performed on the
lime-treated soft clay. The apparent preconsolidation pressure increased from 8 to 305 kPa for
the treated sample with 10 % of lime after 30-day curing. Rajasekaran and Rao (2002) who
studied the mechanical behaviour of lime-treated marine clay observed a significant increase
in preconsolidation pressure due to the aggregation and the cementation effects. Similar
results were obtained from a lime-treated expansive clay samples by Nalbantoglu and Tuncer
(2001). They attributed the increased vertical effective yield stress to the stronger aggregates
due to pozzolanic reaction. Rao and Shivananda (2005) performed oedometer test on
lime-treated clay samples and reported that: the compression curve is characterised by an
initial region where no cementation bonds are broken, followed by an initial yield where some
bonds start to break progressively with the increase of yield stress. A second yield occurs
afterwards with large plastic strain development due to bond failure (see Figure 1-26).

Figure 1-26. Compression curves of 10 % lime-treated sample (Rao and Shivananda, 2005)

In addition, significant reduction in compressibility for lime-treated samples was reported by
previous studies (Balasubramaniam et al., 1989; Locat et al., 1996; Nalbantoglu and Tuncer,
2001; Mavroulidou et al., 2013; Di sante et al., 2014; Makki-Szymkiewicz et al., 2015; Jha
and Sivapullaiah, 2016). Rajasekaran and Rao (2002) conducted consolidation tests on
lime-treated marine clay and the obtained results show a considerable reduction in
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compression index (Cc), which is mainly due to the cation exchange and aggregation of soil
particles. Yunus et al. (2015) performed consolidation tests on marine clay samples. The
relationship obtained between the coefficient of consolidation (Cv) and the effective vertical
stress from both untreated and lime-treated samples is presented in Figure 1-27: Cv of
lime-treated sample decreased to 5.5 m²/year, while that of untreated sample was 8.3 m²/year
at 12.5 kPa. With the increase of effective vertical stress, the values of Cv of both untreated
and treated samples increase; however, at given value of effective vertical stress, Cv of treated
samples is significantly lower than that of untreated samples.
14.5
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Figure 1-27. Effect of lime-treatment on the coefficient of consolidation of marine clay (Yunus et al., 2015)

Curing greatly influences soil compression behaviour, which is related to the largely
time-dependent lime-soil reactions. Al-Mukhtar et al. (2012) reported that the unconfined
compression strength increased more than 4 times for expansive clay samples with 4 % and
10 % lime after 7-day curing and more than 6 times after 90-day curing. SEM observations
showed that many particles are connected in the treated samples, increasing the unconfined
compression strength. Similarly, Moghal et al. (2014) also showed that the unconfined
compressive strength of lime-treated semiarid soils increases with curing time, due to the
formation of cementitious gel around the individual clay particles. Locat et al. (1990) reported
that the unconfined compression strength increased more than a 10-fold over a period of 200
days, which reflects the cumulative effects of the cementitious compounds. Yunus et al. (2015)
pointed out that the development of unconfined compression strength in a short curing term
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(7 days) was not significant, and the evident improvement of the strength was observed at
long curing term (28 days) due to the lime stabilization process. Kassim and Chern (2004)
studied the strength of different lime-treated clays, and observed different evolutions of
unconfined compression strength during curing, as shown in Figure 1-28. For example, the
stabilised Jerangau clay increased very slowly at the first 14 days, followed by a rapid
increase in the unconfined compression strength to more than 200 % at 56-day curing. The
strength of Tapah Kaolin increased progressively with curing time to more than 11 times
higher than at that at 56-day curing. The Sg. Buluh clay has a relatively smaller increase of
unconfined compression strength during curing, which might be due to the less reactive clay
minerals.

Figure 1-28. Unconfined compressive strength versus curing time for different soils (Kassim and Chern,
2004)

Tedesco (2006) mentioned that the long standard testing procedures are comparable to the
period in which the pozzolanic reaction developed. Thus, the lime-treated sample experienced
a variable curing time during the measurements, which, therefore, makes it difficult to
distinguish the effect of curing time. Moghal et al. (2014) also suggested that when the
duration of loading increment is longer, more curing time is allowed for the pozzolanic
reactions.
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Lime content also seems to be an essential parameter influencing the compressive strength.
Pakbaz and Farzi (2015) conducted consolidation test on lime-treated soil and found that the
compression index Cc decreases with the increase of lime content, whereas the value of
pre-consolidation pressure increases with the increase of lime content. Consoli et al. (2014),
who performed unconfined compressive test on lime-treated sandy clay, concluded that the
unconfined compressive strength increases non-linearly with the increase of lime content, as
shown in Figure 1-29. Similar results were reported by Puppala et al. (1996) and Moghal et al.
(2014). In addition, Nalbantoglu and Tuncer (2001) indicated that the vertical effective yield
stress of lime-tread samples also increases with the increase of lime content. Locat et al. (1996)
reported that the pre-consolidation pressure of a lime-treated soft clay substantially increases
with the increase of lime content (from 1 to 10 %) at various curing times. Moreover, Yunus
et al. (2015) concluded that both the coefficient of consolidation and the compression index of
the lime-treated samples decrease with the increase of lime content.

Figure 1-29. Variation of unconfined compressive strength with lime content (Consoli et al., 2014)

The curing conditions were also found important for the compression behaviour of
lime-treated soils. Di Sante et al. (2014) performed oedometer tests on lime-treated clay
samples cured in saturation condition and un-saturation condition, respectively. Different
compression behaviour were observed: when the vertical stress increased from 100 kPa to
1600 kPa, the lime-treated sample cured in saturation conditions had a larger compressibility
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(saturation after 7 days). However, at higher effective vertical stress (> 1600 kPa) the values
of compression index of the two treated samples with different curing conditions were similar,
as shown in Figure 1-30. This is due to the fact that in the lime-treated sample cured in
saturation condition, the crystalline pozzolanic products generated have a brittle structure due
to localized bindings. However, in the lime-treated sample cured in un-saturation condition,
only amorphous products were formed with a more uniform pore distribution, leading to a
more rigid structure.

Figure 1-30. Compressibility curves of treated samples with different curing conditions (Di Sante et al.,
2014)

Additionally, curing temperature can be also an essential factor for the compression behaviour
of lime-treated soil since raising curing temperature can accelerate the pozzolanic reactions
(Little, 1995; Bell, 1996; Maubec, 2010; Mooney and Toohey, 2010; Al-Mukhtar et al., 2010).
Al-Mukhtar et al. (2010a, b) measured the compressive strength of lime-treated samples cured
at 20 °C and 50 °C respectively. Their results revealed a large increase in unconfined
compressive strength by lime treatment; moreover, increasing curing temperature from 20 °C
and 50 °C multiplies the rate of pozzolanic reaction by six. Bell (1996) investigated the
influence of curing temperature on the development of strength of lime-treated soils, and their
results, presented in Figure 1-31, indicate that the curing temperature significantly influences
the unconfined compressive strength. When temperature exceeds 30 °C, drastic increase was
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observed for both treated samples.

Figure 1-31. Curing temperature effect on the development of unconfined compressive strength (Bell,
1996)

1.6.2. Shear behaviour
1.6.2.1. Evaluation of shear behaviour
Generally, the shear behaviour of soil is evaluated by the determination of the shear strength
and the shear modulus. The variations of the shear strength parameters, the internal friction
angle φ, the cohesion c, and the stress-strain relationship can be identified via the direct shear
test and the triaxial test (Marchant and Schofield, 1978; Airey and Wood, 1987; Atkinson and
Little, 1988; Gan et al., 1988; Youwai and Bergado, 2003; Rahardjo et al., 2004; Okada et al.,
2005; Bareither et al., 2008; Singh et al., 2009).

The shear modulus (G) is a fundamental parameter to describe the soil stiffness. Since the
stress-strain behaviour of soil is highly non-linear, the soil stiffness is largely dependent on
the stress state, and it may decay with strain by orders of magnitude (Atkinson, 2000). Figure
1-32 illustrates a typical stiffness-strain curve for soil. It shows that the stiffness has a
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maximum value, which is almost constant, when the shear strain ranges in a very small range
(εs < 0.0001 %). In this very small strain range, dynamic methods are usually applied to
determine the modulus of soil. In the small strain range (from 0.0001 to 0.1 %), the stiffness
decays rapidly with the increase of the strain. The commonly used measurements in this small
strain range include the dynamic methods and local strain gauges. While in the large strain
range (εs > 0.1 %), the stiffness is relatively small and the strain coincides with the smallest
strain that can be measured in conventional soil testing, such as triaxial tests (Atkinson,
2000).

Very small
strain
Small strain

Large strain

Figure 1-32. Characteristic stiffness-strain behaviour of soils with typical strain ranges (after Atkinson,
2000)

The shear modulus at very small strains (εs < 0.0001 %) which is denoted as the small strain
shear modulus, Gmax, is a parameter of paramount importance in describing the elastic
properties of soils. It is widely used in the analysis of dynamic problems related to
anti-seismic engineering (Zhou et al., 2005; Yang et al., 2009; Luke et al., 2013). It is also
used to assess the soil stiffness in geo-environmental engineering, predicting ground
deformations with many engineering structures (Ng and Yung, 2008; Tang et al., 2011a; Gu
et al., 2013; Hoyos et al., 2015). The value of Gmax can be measured either in the field or in
the laboratory. In the field, geophysical methods such as SASW and CSWS, downhole,
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crosshole, soundings etc. are commonly used (Hoar and stokoe, 1978; Gabriels et al., 1987;
Axtell and Stark, 2014; Szczepanski, 2008). In the laboratory, the measurement of shear wave
velocity Vs (hence the Gmax) can be performed using resonant column (Hardin and Richart,
1963; Anderson and Stokoe, 1978; Fam et al., 2002), torsional shear testing (Iwasaki et al.,
1978; Youn et al., 2008), flat transducers and accelerometers (Brignoli et al., 1996; Mulmi et
al., 2008; Wicaksono et al., 2008) and piezoelectric bender elements technique (Dyvik and
Madshus, 1985; Viggiani and Atkinson, 1995; Brignoli et al., 1996; Jovičić et al., 1996;
Pennington et al., 2001; Lings and Greening, 2001; Leong et al., 2005; Yamashita et al., 2009;
Clayton, 2011).

Compared to other methods, the bender elements technique is the most commonly and widely
used technique for determining the shear wave velocity, and hence the small strain shear
modulus Gmax, in the laboratory owning to its simplicity, economy, and non-destructive
characteristic. The bender elements technique was first introduced by Shirley and Hampton
(1978) and Shirley (1978) to soil testing, and due to its ability to measure the shear wave
velocity of soil in a small strain range, less than 0.0001 %, and in a wide range of stress
conditions, it has gained a lot of interest of researchers. Nowadays, the bender elements have
become a common laboratory tool, and have been incorporated in many geotechnical testing
devices such as oedometers (Dyvik and Olsen, 1991; Zeng and Grolewski, 2005; Sukolrat,
2007), cubical and conventional triaxial apparatuses (Gajo et al., 1997; Jovičić and Coop,
1998; Kuwano et al., 1999; Pennington et al., 2001; Fioravante and Capoferri, 2001; Sukolrat
et al., 2006; Leong et al., 2009; Aris et al., 2012; Styler and Howie, 2013), resonant column
apparatus (Ferreira et al., 2007; Youn et al., 2008; Gu et al., 2013). Despite the popularity of
its use, difficulties in signal interpretation, mainly in the determination of the wave arrival
time, are still remaining. Different methods and frameworks for the signal interpretation were
reported (Lee and Santamarina, 2005; Viana da Fonseca et al., 2009; Leong et al., 2009;
Arroyo et al., 2010), but none has been widely accepted as a standard. In fact, the complex
phenomena of the wave propagation in a soil sample have not been clearly understood yet,
which represents an obstacle to the determination of the arrival point accurately and
objectively (Camacho-Tauta et al., 2013).
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1.6.2.2. Shear modulus of lime-treated soils
Several studies on the shear modulus of lime-treated soils indicated that numerous factors
would play an essential role in the stiffness of treated soils, such as lime content (Fahoum et
al., 1996), aggregate size (Tang et al., 2011a; Dong, 2013), void/lime ratio (Consoli et al.,
2011), compaction water content (Tang et al., 2011a; Bahador and Pak, 2012; Dong, 2013),
curing time (Puppala et al., 2006; Flores et al., 2010; Dong, 2013) and curing condition
(Puppala et al. 2006; Tang et al., 2011a; Dong, 2013).

The effect of lime content on the shear modulus of soil was reported to be dependent on clay
minerals. Fahoum et al. (1996) performed triaxial tests on three different kinds of soils (SM:
sodium montmorillonite, CM: calcium montmorillonite and K: kaolinite) and analyzed the
relationship between the computed shear modulus (normalized value with respect to the
untreated soil) and the lime content for each soil, as presented in Figure 1-33. The results
indicate that the shear modulus of the sodium montmorillonite drastically increases with the
increase of lime content. The rate of increase for the CM soils becomes lower than that for the
SM soils when lime content is higher than 3 %. However, K soils present a maximum value
of shear modulus at a lime content of 1-2 %. The higher rate of increase of shear modulus for
the two montmorillonite soils is attributed to the higher cation exchange capacity with respect
to the kaolin soils. The difference in response between the two montmorillonite soils is due to
the presence of calcium in the calcium montmorillonite soil, leading to a relatively lower
cation exchange capacity. At a lower lime content (1-2 % lime), kaolinite soils present a
relatively higher shear modulus than the two montmorillonite soils. Generally, kaolinite can
react quickly with lime, and the reactions may take place as calcium attacks the edges of
kaolinite, leading to an immediate increase of the soil strength (Eades and Grim, 1960). By
contrast, in the case of low lime content, less improvement of strength developed for the
lime-treated montmorillonite. More lime is needed in that case to initiate the increase of
strength.
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Figure 1-33. Normalized shear modulus plot for all soils tested (Fahoum et al., 1996)

Consoli et al. (2011) reported an approximately linear relationship between the initial shear
modulus G0 (or the small strain shear modulus Gmax) and the lime content for a clayey sand.
Their results, presented in Figure 1-34, showed that G0 slightly increases with the increase of
lime content. Besides, the results also indicated that the samples compacted under a higher
dry density present a higher values of G0 at given lime content. Consoli et al. (2011) also
illustrated the influence of porosity on G0: G0 decreases with the increase of porosity, as
shown in Figure 1-35.

Figure 1-34. Relationship between the initial shear modulus and lime content for lime-treated clayey sand
(Consoli et al., 2011)
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Figure 1-35. Relationship between the initial shear modulus and porosity for lime-treated clayey sand
(Consoli et al., 2011)

Recently, aggregate size effect has been reported as an important factor influencing the small
strain shear modulus of lime-treated soils (Tang et al., 2011a; Dong, 2013). Tang et al. (2011a)
investigated the Gmax of a lime-treated silt soil prepared with different maximum diameters of
aggregates (Dmax) by performing bender element tests. They concluded that the larger the
value of Dmax the lower the value of Gmax, as illustrated in Figure 1-36. In the case of a smaller
Dmax, more lime-soil reaction can be expected to occur due to the larger total contact surface
area of soil particles.

Figure 1-36. Small strain shear modulus after stabilization versus maximum aggregates diameter (Tang et
al., 2011a)
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Dong (2013) also reported similar results from the lime-treated soils (both silt and clay).
Moreover, higher resistance to wetting/drying cycles and less degradation ratio were observed
in the case of smaller Dmax, especially for samples compacted dry of optimum (Dong, 2013).

The influence of compaction water content on the small strain shear modulus of treated
samples was studied by several researchers (Tang et al., 2011a; Bahador and Pak, 2012; Dong,
2013). Bahador and Pak (2012) reported that the small strain shear modulus (G0) of
cement-admixed kaolinite is quite sensitive to the compaction water content. Treated samples
compacted wet of optimum has the highest values of G0, while the samples compacted dry of
optimum present the lowest values of G0. They attributed these differences to the cement
hydration process. Tang et al. (2011a) measured the small strain shear modulus of treated silt
samples which were compacted both dry and wet of optimum, and found that the final values
of Gmax after compaction is independent of initial water content (14 % and 18 %). They also
explained that the Gmax is mainly controlled by the cementation bonds when the stabilization
state is reached, whereas the effect of suction becomes less significant. However, Dong (2013)
reported that the Gmax of treated soils compacted dry of optimum is relatively higher than that
of soils compacted wet of optimum, since the soil aggregates are much softer at higher water
content.

Curing time is a crucial factor for Gmax development. Generally, the stiffness development is
greatly dependent on curing time, due to the time-dependent pozzolanic reactions. Over
curing time, more cementitious compounds are generated, contributing to the progressive
improvement in Gmax. Puppala et al. (2006) who studied the lime-treated clay proposed a
model for Gmax development over time as shown in Figure 1-37. However, it seemed that this
model cannot well describe the development of Gmax for lime-treated soils. Dong (2013)
proposed a two-stage hyperbolic model which can well describe the Gmax development in both
short and long curing terms, as shown in Figure 1-38. The first stage is nonlinear, mainly due
to the cation exchange, and the second stage is related to the pozzolanic reactions.
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In Figure 1-38, G1(t) for the first stage (t0 < t < t’1) can be expressed as follows:

Gmax

t 
log 
 t0 
= G1 (t ) =
t 
1
1
+
⋅ log 
V1 G f 1
 t0 

(1-12)

and G2(t) for the second stage (t > t’1) can be expressed by:

Gmax
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= G2 (t ) =
t
1
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+
⋅ log 
V2 G f 2
 t1 

(1-13)

where V1 is the initial maximum slope for the first stage, Gf1 is the asymptote of the first stage,
t0 is a reference time for the first stage (t0 = 1 hour), t1 is a reference time for the second stage,
t1’ is the starting time of the second stage, V2 is the maximum slope for the second stage,
Gf2 is the asymptote of the second stage.

Figure 1-37. Relationship between Gmax and curing time for lime-treated clays (1000 ppmm of sulfates)
(Puppala et al., 2006)
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Figure 1-38. Description of Gmax development of lime-treated soil by an hyperbolic model
(2 % lime-treated silt, compacted on dry side of optimum) (Dong, 2013)

1.7. Conclusions
This chapter firstly introduced the soil stabilization techniques applied in geotechnical
constructions, and then the commonly used lime treatment methods for the modification and
stabilization of soils. Detailed construction procedures for lime treatment in field condition
were then presented. Besides, the main factors such as the climate conditions and the
aggregate size were analysed, showing the different efficiency of lime treatment between
field application and laboratory testing.

Fundamental physical and chemical reactions between lime and clay minerals were presented,
together with the factors influencing the efficiency of lime treatment, such as lime dosage,
clay mineralogy and curing conditions. The main experimental techniques adopted for the
characterisation of lime-treated soils were shown and the representative results obtained from
the investigations of microstructure and mineralogy (MIP, XRD and SEM), thermal
conductivity, water retention capacity, hydraulic conductivity, air permeability, compression
behaviour and shear behaviour were also presented.
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Emphasis was put on the difference between the lime-treated soils prepared in the field and in
the laboratory. Aggregate size is proven as a main factor influencing the efficiency of lime
treatment. Note however that studies involving the aggregate size effect are still scarce.
Moreover, literature shows that even tough different soil properties have been investigated for
different lime-treated soils, 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. Besides, some important properties of lime-treated soils, such as
thermal conductivity, air permeability, water retention capacity and other hydro-mechanical
behaviours, have not been well understood yet. Further, considering the uncertaities in some
measurements, it is more reasonable to determine the soil properties from multiple
measurements, rather than from one single test. Therefore, further investigations are required
for better characterise

the microstructure,

mineralogy,

thermal

conductivity and

hydro-mechanical behaviours of fine-grained lime-treated soils, with emphasis put on the
aggregate size effect. This constitutes the main objective of this work.
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Chapter 2. Materials and Methods
This chapter presents the materials tested (soils and lime) and the experimental methods used
for the investigations of microstructure and mineralogy, thermal conductivity, water retention
property, air permeability, compression behaviour and stiffness. Emphasis is put on the effects
of aggregate size and curing time.

2.1. Materials tested
2.1.1. Soils
The soils used in this study are silt and clay, both taken from a site near Héricourt, France.
Their geotechnical properties are listed in Table 2-1. According to the French/European
standard NF P 11-300 (1992), these two soils belong to category A2 (silt) and A4 (clay),
respectively.
Table 2-1. Geotechnical properties of the soils

Specific
gravity

Liquid
limit

Plastic
limit

Plasticity
Index

Gs

wL (%)

wp (%)

Silt

2.70

51

Clay

2.74

80

Soil

Maximum dry
unit mass

Ip (%)

Optimum
moisture content
(%)

28

23

17.9

1.76

35

45

26.4

1.50

(Mg/m3)

To prepare soils with different sizes of aggregates, natural soils were first air-dried, ground
and then passed through four target sieves (Dmax = 5, 2, 1 and 0.4 mm) respectively, to obtain
four kinds of powder with different maximum aggregate sizes. Figures 2-1 and 2-2 show the
four sub-series of soil powders with different aggregate sizes for each soil, respectively. The
“aggregate size distribution” was determined by dry sieving method for the obtained soil
powders. For comparison, the grain size distributions of two natural soils were also
determined by the wet sieving method (NF P 94-056) for particles larger than 80 µm, and by
the hydrometer method (NF P 94-057) for particles smaller than 80 µm.
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(a)
(a)

(b)

(c)

(d)

Figure 2-1. Four sub-series of silt powders: (a) Dmax = 5 mm; (b) Dmax = 2 mm; (c) Dmax = 1 mm;
(d) Dmax = 0.4 mm

(a)

(b)

(c)

(d)

Figure 2-2. Four sub-series of clay powders: (a) Dmax = 5 mm; (b) Dmax = 2 mm; (c) Dmax = 1 mm;
(d) Dmax = 0.4 mm
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(b)
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Figure 2-3. Aggregate size distribution curves of soil powders prepared and grain size distribution curves
of natural soils: (a) silt; (b) clay

Figure 2-3 presents all the aggregate size distribution curves of soils after sieving and the
grain size distribution curves of these two natural soils. The results indicate that the silt used
in this study contains a clay fraction (< 2 µm) around 25 %, and the clay used has a fine
fraction (< 2 µm) higher than 70 %.

2.1.2. Lime
Quicklime was selected as additive in this study. Its chemical composition analysis shows that
it has a high purity with a 97.3 % CaO content. 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 for the silt, and 4 % for the clay. Based on the study of Le Runigo (2008), the two
chosen lime dosages are sufficient to activate the pozzolanic reaction in long term.

2.1.3. Sample preparation
In order to obtain a relatively homogeneous distribution of lime in the soil, lime was first
mixed with dry soil powder thoroughly. Then the soil-lime mixture was humidified by
distilled water to reach different target water contents and mixed again. After obtaining a
homogeneous mixture, a mellowing time of 1 hour was allowed prior to static compaction.
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Figure 2-4. Normal proctor curves of untreated soil and lime-treated soil: (a) silt; (b) clay (after Dong,
2013)

According to the proctor compaction curves of lime-treated soils (silt and clay) determined
from standard Proctor test (NF P 94-093, 1999), shown in Figure 2-4 (with those of untreated
soil), both the dry side and the wet side of optimum with the same dry density were
considered for each soil. Perticularly, for the lime-treated clay, it is difficult to determine the
optimum water content according to the irregular proctor compaction curve. Thus, it was
decided to select a unique value of compaction water content for each side (w = 25 % for dry
side and w = 35 % for wet side) and a unique dry density (ρd = 1.35 Mg/m3) (Dong, 2013).
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The corresponding untreated samples were also compacted at the same water content and dry
density.

Once the mellowing period of 1 hour is completed, static compaction was performed. As
shown in Figure 2-5, a 50 kN TriSCAN Standard Load Frame was used to compact soil
samples. A compaction rate of 0.3 mm/min was chosen. It is worth noting that the compaction
was performed in several layers for each sample in order to ensure the sample homogeneity.
Immediately after removing the sample from the mould, the size and mass of sample were
determined. Then, it was carefully covered by wax and plastic membrane, confined in a
hermetic box and cured in a chamber at a relative humidity of 100 % and a temperature of
20±2 °C.

Figure 2-5. Picture of the compaction system (50 kN TriSCAN Standard Load Frame) used in this study
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2.2. Experimental methods
2.2.1. Microstructure and mineralogy analysis
2.2.1.1. Mercury Intrusion Porosimetry (MIP)
a) Sample preparation
Prior to the MIP analysis, one small piece (around 1 g of dry soil) was cut very carefully from
the compacted sample at given curing time (t = 7, 28 and 90 days for the lime-treated soils).
Note that even in the case of Dmax = 5 mm, there were generally more than 6 ~ 7 aggregates in
the small sample of 1 g. Each small piece was immersed in liquid nitrogen previously
vacuum-cooled below its boiling temperature (-196 °C), and then the sample was freeze-dried
following the procedure proposed by Delage and Pellerin (1984).
b) MIP technique
Autopore IV 9500 mercury intrusion porosimeter was used, as shown in Figure 2-6. It
contains both low-pressure and high-pressure systems, providing a wide intrusion pressure
range starting from 3 kPa to 230 MPa. With the continuous increase of applied pressure,
mercury enters the pores with smaller diameters gradually. With the used porosimeter, the
pore diameters range from 355 µm to 0.006 µm according to Laplace’s law:
p=

4σ cos θ
d

(2-1)

where d is the entrance pore diameter, σ is the surface tension (taken equal to 0.485 N/m), θ is
the contact angle (taken equal to 130°), p is the applied pressure.

Thus, a cumulative curve of intruded mercury volume against the entrance pore diameter can
be obtained. To clearly characterize the pore size distribution of the porous medium, a
derivation of the intruded mercury volume with respect to the logarithm of entrance pore
diameter is plotted.
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Figure 2-6. Picture of the mercury intrusion porosimetry device used

Basically, mercury cumulative intrusion can be assimilated to air intrusion process since
mercury and air both behave as non-wetting liquid. The intrusion of mercury is equivalent to
the remove of water from the pores by the air intrusion for the same diameter of pores being
intruded (Romero, 1999). It assumes that the pores which are smaller than the pores being
intruded are always saturated with pore water; while the larger pores are dry or full with
mercury. Therefore, the mercury intrusion data can be used to predict the water retention
curve of soil, on the basis of the following equation:
d =−

4σ m cos θ m 4σ w cos θ w
=
pm
pw

(2-2)

where subscript m denotes mercury while subscript w denotes water. In this study, the
following values were taken: σm = 0.485 N/m, σw = 0.073 N/m, θm = 130° and θw = 0°.

The relationship between matric suction (ua - uw) and mercury intrusion pressure pm is then
deduced from Eq. (2-2), as follows:

(u a − u w ) = − σ w cos θ w p m
σ m cos θ m
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The water content w and degree of saturation Sr are determined using the following equations
by considering the residual water content wr (Romero, 1999):
w = (1 − S rm )(wsat − wr ) + wr
S r = (1 − S rm ) +

wr
S rm
wsat

(2-4)
(2-5)

where Srm is the degree of saturation of mercury, wsat is the water content at saturation.

2.2.1.2. X-Ray Diffraction (XRD)
a) Sample preparation
Freeze-dried samples, prepared following the procedure proposed by Delage and Pellerin
(1984), or oven-dried at 105 °C (for one sample) were used for the XRD analysis. First,
samples were crashed into pieces and well mixed. Sampling (about 3 g) was randomly
selected for each sample. Then, the chosen pieces of soil were ground again using a planetary
ball mill PM100 from Retsch (with tungsten carbide balls in order to pass through a 32 µm
sieve (dry sieving with soft brushing). After sieving, the obtained soil powders were mixed
manually in agate mortar and sprinkled gently in a circular cavity holder (using a 65 µm
sieve). The top layer was removed carefully by cutting the surface with a thin razor blade,
leading to a smooth surface without compaction. Such preparation allows decreasing the
preferential orientation of clay particles.
b) XRD technique
XRD technique is used for identifying the atomic structure of a crystal. As illustrated in
Figure 2-7a, a crystal lattice is made up of a regular atomic arrangement (crystal structure)
with planes of high atomic density (Jenkins, 2000). When a beam of X-rays strikes the high
atomic density plane, scattering is produced. Constructive interference will occur when the
scatted waves from the scattering points are in phase, as shown in Figure 2-7b. In this case,
the general relationship between the wavelength of the incident X-rays, angle of incidence
and spacing between the crystal lattice planes is known by the Bragg’s law:
nλ = 2d sin θ

(2-6)

where λ is the wavelength of the incident X-ray beams, d is the inter-layer distance in a crystal,

θ is the angle of incidence, and n is an integer. Each regular atomic arrangement in a crystal
will produce refraction at a unique angle for a fixed wavelength of X-rays. Therefore, at a
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fixed wavelength, d can be calculated by measuring the diffraction angle. Since a given
unknown crystal has many ordered atomic planes, determination of all the possible values of d
from different reflections will help the identification.

Figure 2-7. Scatter and diffraction from an ordered arrangement of atoms (Jenkins, 2000)

In this study, samples were run on a D8 advance diffractometer from Bruker (Cobalt anode,
λ = 1.7889 Å, E= 35 kV, I = 40 mA), as shown in Figure 2-8. A continuous scan mode,
between 3 and 80° 2θ, with a rate of 1 s /0.01 2θ was selected. No monochromator was
applied and the detector was a Lynx Eye detector. Diffractograms were exploited with EVA
program from Bruker coupled with the ICPdf2 mineralogical database.
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Goniometer

Filter Kβ
Soller slits

X – ray source
Lynx Eye
detector
Anti-divergent silt

Spinner- sample
deplacement

Figure 2-8. Picture of X-ray diffractometer technique used

2.2.1.3. Environmental Scanning Electron Microscope (ESEM) coupled with Energy
Dispersive X-ray Spectrometer (EDX)
Environmental scanning electron microscope can deal with wet, dirty, oily and insulating
samples in a straightforward way and the chamber environment can be controlled in pressure
(specially for observing liquid distilled water), temperature and gas composition. The
schematic of ESEM is presented in Figure 2-9. ESEM contains an electron column emitting
the electron beam, a sample chamber, detectors for detection of the signals generated from the
interaction between sample and the electron beam, and a viewing system to provide images
from the signal. In the ESEM, a gaseous environment is maintained at high vacuum applying
differential pumping and pressure limiting apertures. As illustrated in Figure 2-9b, the cascade
amplification process occurs in the chamber: emitted electrons (secondary: sample atom
electrons ejected by interactions with the primary electron beams; or backscattered: primary
electron beams scatted back out of the sample by elastic collisions with the nuclei of sample
atoms) travel through the gas, and have a high collision cross-section with the gas molecules,
giving rise to ionization of the molecules and generating an additional electron. Thus, the
simultaneous generated positive ions move down to the sample for the compensation of
charge at the surface. In this situation, samples do not need to be coated with a metallic layer
before the ESEM observation (Danilatos, 1988; Kimseng and Meissel, 2001; Donald, 2003).
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Figure 2-9. Schematic of ESEM: (a) The different pressure zones in the ESEM column; (b) The
cascade amplification process (Donald, 2003)

Energy Dispersive X-ray Spectrometer (EDX) is a complementary technique to ESEM
observation, used for the determination of the chemical compositions in the ESEM image. As
illustrated in Figure 2-10a, the interactions between electron and sample generate various
signals. The electron beam can be scattered elastically without energy loss and inelastically
with energy loss by the positively charge nucleus; when electron ionizes the sample atom,
ejecting an inner-shell electron, characteristic X-ray is produced to balance the energy
difference between the two electrons’ states. Figure 2-10b shows the volumes for
electron-sample interactions (Noran, 1999). The X-ray generation volume projected up to the
sample surface is approximately equal to the spatial resolution (Goldstein et al., 2007). The
X-ray energy is characteristic of the chemical element from which it was emitted. Thus, the
detector measures the emitted X-rays against their energy by recording a charge pulse which
is proportional to the energy of the X-ray when this latter strikes the detector. Therefore, the
spectrum of X-ray energy can be used for the determination of the chemical composition of
the sampled volume.
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(a)
(b)
Figure 2-10. Common models showing the different sources of signals detected in the electron column (a)
and illustration of interaction volumes for electron-sample interactions (b) (Noran, 1999)

Figure 2-11. Picture of ESEM system

73

Chapter 2. Materials and Methods

In this study, an ESEM (Quanta 400 from FEI) coupled with EDX (from EDAX company)
was employed to investigate the soil microstructure and also the chemical composition of
treated samples during curing (Figure 2-11). The EDX probe which provides an order of
magnitude of the chemical content of elements such as Ca, Si and Al was calibrated before the
observations. Images were collected on a fresh fractured surface after freeze-drying or intact
humid sample. Secondary or back scattered electron mode was selected in the low vacuum
mode (no metal coating was applied on the surface of sample before observation).

2.2.2. Thermal conductivity measurement
A thermal properties analyzer, KD2-Pro (Decagon Devices Inc.) with a single-needle (KS-1)
probe (1.3 mm in diameter and 60 mm in length) was used to measure the thermal
conductivity of samples, as illustrated in Figure 2-12.
(a)

(b)

Height = 75 mm
KD2 Controller

Diameter = 50 mm

Thermal probe:
Diameter = 1.3 mm
Length = 60 mm

Figure 2-12. Setup of thermal conductivity measurement: (a) picture of the system; (b) sketch of the
system

The principle of this thermal probe is based on the transient hot-wire method. When the probe
receives a heat flux during at a time, th, the probe temperature, T, is monitored as follows
(Decagon Devices Inc., 2016):
T = m0 + m2t + m3 ln t

(2-7)

where m0 (°C) is the ambient temperature, m2 (°C/s) is the rate of background temperature
drift, and m3 (°C) is the slope of a line relating the temperature rise to ln t. At the end of the
applied heat flux period (th), the probe starts to cool down, and its temperature evolution is
fitted by the following expression:
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 t 
T = m1 + m2t + m3 ln 

 t − th 

(2-8)

when these parameters m1 (°C), m2 (°C/s) and m3 (°C) are obtained, the thermal conductivity,
k (W/mK), is determined from the following equation:
k=

q
4πm3

(2-9)

where q (W/m) is the heat flux per unit length.

The accuracy of the probe is around 5 % and the measurement range is 0.02 - 2 W/mK. This
device meets the requirements of ASTM Standards (ASTM D5334-00). In order to install the
thermal probe into the soil, a hole matching this probe (1.3 mm in diameter and 60 mm in
depth) was drilled in the centre of each compacted sample prior to the measurement. A layer
of thermal grease was applied on the surface of the probe in order to ensure a good contact
with the soil. Then, the thermal probe was installed inside the soil sample. Prior to starting the
measurement, about 10 min was needed for the temperature inside the sample to reach a
stationary state. After that, the measurement is started by pressing the key “Enter” on the
device. One measurement takes about 1-2 min. Note that this procedure was performed in the
laboratory at a temperature of 20 ± 2 °C.

2.2.3. Suction measurement
2.2.3.1. WP4 hygrometer technique
Suction measurement was conducted by mean of a dew point PotentialMeter (WP4), as shown
in Figure 2-13, with a high accuracy and a short time response.

This device measures the total suction in a sample (the sum of the matric suction and osmotic
suction). On the basis of the Kelvin’s equation, the total suction (ψ) is determined as follows:

ψ=

RT
ln RH
M

(2-10)

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 (M = 18 g/mol), RH is the relative humidity of air.
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Figure 2-13. Picture of the WP4 hygrometer used in the suction measurement

With the WP4 device, RH is determined by the vapour pressure of air in equilibrium with the
soil sample as follows:
RH = p / p0

(2-11)

where p is the vapour pressure of air and p0 is the saturation vapour pressure at sample
temperature. The WP4 uses a chilled mirror to obtain the value of p. First, soil sample is put
in a sealed chamber which is equipped with a dew point sensor, a temperature sensor, a fan
and an infrared thermometer. The fan is used for improving and accelerating the equilibrium
between the water vapour in the air and the liquid water in the sample. When this equilibrium
is obtained, the chilled mirror starts to cool down to reach the dew point temperature,
monitored by the dew point sensor. Meanwhile, the temperature sensor records this dew point
temperature, and the infrared thermometer measures the temperature of the sample. p is
calculated as the saturation vapour pressure at the dew point temperature, and p0 is computed
from the sample temperature.
2.2.3.2. Measurement of suction changes during curing
Immediately after compaction, samples were covered carefully with wax to prevent any water
evaporation during curing. At given curing time, one small piece was cut off from the sample
and the rest of the sample was immediately covered again with wax. The small piece was put
into WP4 hygrometer to obtain its suction and after that, it was oven-dried for 24 hours at
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105 °C to obtain its water content. Thereby, the suction and the corresponding water content
of treated soil at given curing time were determined. When these suctions/water contents are
plotted against the curing time, the changes in suction/water content of lime-treated soil can
be appreciated.
2.2.3.3. Determination of water retention curve
For the determination of the water retention curve, one sample was cut into more than 8 small
pieces (38 mm in diameter and less than 8 mm in height) at given curing time. They were
dried for different times, i.e. 0.5, 1, 2, 4, 6, 8 hours etc. in the air at a temperature of 20 ± 2 °C.
Afterwards, they were covered again and kept overnight for the purpose of water content
homogenisation. Suction measurement was conducted the second day after each curing time
by means of WP4 dew point hygrometer. The corresponding water content was determined by
oven-drying at 105 °C.

For the lime-treated clay, the shrinkage during the drying process was taken into
consideration. As illustrated in Figure 2-14, after the suction measurement by WP4
hygrometer, one small circular sample was cut into two pieces: one piece was coated with
wax in order to measure its volume, while another piece was directly oven-dried at 105 °C to
obtain its water content.
(a)

(b)

(c)

Volume
measurement

Water content
measurement

Figure 2-14. Measurement procedure for determining the water retention curve: (a) sample drying in air;
(b) sample after the drying process; (c) each sample was cut into two pieces for the determinations of
volume and water content

2.2.4. Air permeability measurement
The experimental setup for measuring air permeability of soil was developed based on the
simple system proposed by Yoshimi and Osterberg (1963) and Delage et al. (1998), as shown
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in Figure 2-15.

Compressed air

Air tank
V = 3.37 L

Water

Vertical stress

U-shaped
manometer

Piston

Sample Porous disk

Figure 2-15. Sketch of the air permeability measurement system (after Yoshimi and Osterberg, 1963 and
Delage et al., 1998)

The soil sample after a certain curing time (50 mm in diameter and 20 mm in height) was
placed in an oedometer cell. Before inserting the sample, high vacuum silicone grease was
applied on the side surface of the sample to prevent any air leakage between the sample and
the inner side of the cell. Then the sample was placed between two pieces of filter paper and
two porous stones successively. The bottom of the oedometer cell was connected to a rigid air
tank with a volume of 3.37 L and a U-shaped water manometer which recorded the change of
air pressure in the air tank during test. It is worth noting that a small quantity of distilled water
was put at the bottom of the tank to humidify the air. That allows performing the
measurement without drying the soil sample.

Firstly, initial air pressure lower than 8 kPa, recommended by Delage et al. (1998) to ensure
the validity of the Darcy’s law for air, was applied in the air tank. At the beginning of the test
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(time t equal to 0), the valve which connects the oedometer cell to the tank was open,
inducing an air flow traversing the sample straight up and following a decline of the air
pressure which was recorded as a function of the elapsed time. Based on the Darcy’s law,
Yoshimi and Osterberg (1963) deduced the intrinsic air permeability, ka, as follows:

p(t )
2.3Vhµ a
p(0)
ka = −
p(0) 
t

S  pa +
4 

lg

(2-12)

where V is the inner volume of the air tank, h and S are the height and the section area of the
cylindrical sample respectively, µ a is the dynamic viscosity of air, p(t) and p(0) are the air
pressure at time t and the initial air pressure at t = 0, pa is the atmospheric pressure.

When the sample was installed in the oedometer cell, a seating pressure of 23 kPa was applied
for the first determination of the air permeability. Then, the vertical pressure was
incrementally applied from 42, 89, 179, 372, 750, 1500 up to 2730 kPa. At each step of
loading corresponding to one pressure level, air permeability measurement was performed
after stabilisation of the vertical displacement. This allows the determination of the values at
various void ratios. The displacement was recorded by a micrometer with an accuracy of
± 0.001 mm. At the end of each test, the final water content of the sample was determined by
oven-drying at 105 °C for 24 hours.

2.2.5. Small strain shear modulus measurement
The shear modulus at small strains is commonly determined from shear wave velocity
measurements. As presented in Chapter 1, the latter can be performed in the laboratory using
piezo-ceramic bender elements technique.

This section describes the equipment

characteristics, instrumentation and methods of interpretation.
2.2.5.1. Bender elements system
The bender elements system used in this study consists of a pair of bender elements, a
function generator (TTi-TG1010A), a power amplifier and an oscilloscope (Agilent DSO-X
2004A), as presented in Figure 2-16a.
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The details of devices arrangement are clearly illustrated in Figure 2-16b. Firstly, an input
signal (20 V sine pulse) is generated by the function generator, amplified by the power
amplifier to transmit a higher energy, and transferred to the first bender (transmitter) which
converts the electrical signal into a mechanical vibration. This mechanical energy travels
through the sample, and is received by the second bender, which converts it into an electrical
output signal. Both the input and the output signals are captured as waveforms with the
oscilloscope. A switch is established to implement the transition between the shear wave
(S-wave) transmitter and the compressive wave (P-wave) transmitter.
(a)

Oscilloscope

Amplifier

Sample
Function generator

Bender elements

(b)
Function generator

Amplifier

Oscilloscope

Switch

S-wave transmitter
P-wave receiver

Soil sample

S-wave receiver
P-wave transmitter

Figure 2-16. Bender elements system used: (a) photo of the system; (b) schematic diagram of the system
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a) Description and operation
Bender elements are piezo-electrical transducers, which can convert electrical energy to
mechanical energy and vice versa, as mentioned above. Basically, they comprise two thin
piezo-ceramic bimorph sheets with external conducting surfaces, mounted together with a
conductive metal shim at the centre, as shown in Figure 2-17. Two electrical wires are
connected to the outside face of the piezo-ceramic sheets and a third one to the brass shim.
The cable used is a shielded one to eliminate any ambient noise and get accurate
measurements. The bender elements are first waterproofed by covering them with epoxy and
then encapsulated in housing metallic pot. A length of 2 mm is kept outside the pot which will
be protruding into the soil sample.
(a)

(b)
S-wave
transmitter

10 mm

P-wave
transmitter

14 mm
Figure 2-17. Pictures of bender elements used: (a) wiring of two bender elements; (b) bender elements
waterproofed and encapsulated in pot

The ability of the bender elements to act as transmitter or receiver depends on the polarisation
of the ceramic sheets (same or opposite direction) and the wiring or electrical connections
(series or parallel). A typical S-wave transmitter comprises two same polarisation
piezo-ceramic sheets, having a three-wire parallel connection. For an S-wave receiver, two
opposite polarisations piezo-ceramic sheets are two-wire series connected. Details of this
connection principle are illustrated in Figure 2-18a. When an input waveform voltage is
applied on the S-wave transmitter, one piezo-ceramic sheet extends and the other contracts,
leading the transmitter to bend and generate a shear wave signal. The S-wave receiver bends
when the shear wave arrives, propagating an electrical signal that can be visualised and
measured by a digital oscilloscope.
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The standard bender element which transmits and receives S-wave signal can be simply
modified as extender, to transmit and receive P-wave signal (Lings and Greening, 2001).
Specifically, the extender transmitter has a pair of piezo-ceramic sheets with opposite
polarisations which are wired in parallel, and the extender receiver has the same polarisation
piezo-ceramic sheets wired in series, as illustrated in Figure 2-18b.
Three-wire parallel connection
+

Bender Transmitter

-

Two-wire series connection

+

Extend

-

+

Extender Receiver

Contract

Motion

Motion

P-wave

S-wave

Motion

Motion
Extender Transmitter

Bender Receiver
Extend

+

-

Two-wire series connection

+

Extend

-

+

Three-wire parallel connection

Figure 2-18. Sketch of bender and extender connection: (a) transmitting S-wave; (b) transmitting P-wave
(after Lings and Greening 2001)

In this case, when an input voltage is applied on the extender transmitter, both two
piezo-ceramic sheets with opposite polarisations extend or contract at the same time, causing
the propagation of P-wave in a longitudinal direction. Note that, the measurement of P-wave
velocity is mainly useful for unsaturated soils. Since in saturated soils, P-wave travels much
faster through water than through soil skeleton (Leong et al. 2009). In this study, the degree of
saturation of the tested material is lower than 95 %. Bardet and Sayed (1993) reported that the
P-wave velocity became close to the value of dry sample when the degree of saturation
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decreased from 100 % to 95 %.
b) Installation and measurement
A pair of bender elements was installed at the two extremities of soil sample. Beforehand, a
slot was created on the surface of each sample extremity with the same direction to ensure a
good contact between the soil and bender elements, and a good alignment of the latter.
Afterwards, the soil sample (50 mm in diameter and 50 mm in height) was placed on a
wooden sample holder specially designed to avoid any wave transmission other than through
the soil sample, which may interfere with the signal arrival (Brignoli et al. 1996; Lee and
Santamarina 2005). Additional force was provided by the holder to enhance the contact
between the benders and the sample. Moreover, the shielding and grounding of the system
were improved in order to remove any cross-talk effect. Prior to testing, calibration process of
bender elements (tip-to-tip calibration) was carried out by holding the two benders
(transmitter and receiver) in contact with each other and applying an excitation voltage. The
delay times, if any, were well considered in the following calculation of travel time when
applying the time domain method.
2.2.5.2. Determination of shear wave velocity
During bender elements testing, both the transmitted and received signals are recorded to
determine the travel time, t, of S-wave travelling through a sample. The shear wave velocity,
Vs, can then be calculated from the tip-to-tip travel length between the bender elements, Ltt,
and travel time, t, as follows (Viggiani and Atkinson, 1995):
Vs =

Ltt
t

(2-13)

According to the theory of shear wave propagation in an elastic body, the small strain shear
modulus, Gmax, can be defined by the following formula (Viggiani and Atkinson, 1995):

Gmax = ρVs

2

(2-14)

where ρ is the density of soil sample.

Interpretation of bender element tests is usually based on the knowledge and experience
gained from the development of in situ geophysical tests such as Down-Hole and Cross-Hole
tests or even surface tests such as SASW tests (Stokoe et al. 2004; Viana da Fonseca et al.

83

Chapter 2. Materials and Methods

2006).
2.2.5.3. Methods of determining the travel time
An accurate determination of the travel time is a crucial issue to get a reliable value of shear
wave velocity, hence the small strain shear modulus Gmax of sample. The existing common
methods used to obtain the travel time can be classified into two categories: time domain and
frequency domain methods.
a) Time domain methods
Time domain methods determine the travel time directly from the time lag between the
transmitted and received signals. Referring to different characteristic points, time domain
methods can be divided into “arrival-to-arrival” method, “peak-to-peak” method and “cross
correlation method”.

The arrival-to-arrival method, based on the visual inspection of the received signal, is the
most commonly used one; however, the determination of an accurate arrival point is still
controversial and quite subjective due to the complex received signal, wave’s reflexion and
the near field effect.

Figure 2-19 shows a typical single sinusoid S-wave transmitted signal and its corresponding
received signal. Generally, point “a” (the first deflection) is taken as the arrival of near field
component of the received signal (Brignoli et al. 1996). Both point “b” (the first reversal) and
point “c” (zero after first reversal) are chosen as the arrival point of S-wave by most
researchers (Brignoli et al. 1996; Lee and Santamarina 2005; Youn et al. 2008; Yamashita et
al. 2009; Arroyo et al. 2010).

Besides, the peak-to-peak method is also widely applied in the visual determination of travel
time. In this method, time delay between the peak of the transmitted signal and the first major
peak of the received signal (point “d”) is regarded as the travel time (Clayton et al. 2004;
Ogino et al. 2015). However, it is worth noting that since the frequency of the received signal
may be slightly different from that of the transmitted signal, and that the nature and size of the
soil often affect the shape of the signal which could present more than one peak, great
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attention should be paid to the calculation of travel time by the peak-to-peak method.
Peak-to-peak method
t

d
a

b c

t
Arrival-to-arrival method

Figure 2-19. Typical S-wave transmitted and received signals

Figure 2-20 presents the results of bender elements test on a lime-treated silt sample
(w = 17 %, Dmax = 0.4 mm, t = 25 hours) obtained from time domain methods (conventional
arrival-to-arrival method and peak-to-peak method). S-wave transmitted signals with various
frequencies are applied (black lines). The S-wave received signals are shown in colour lines.
In the arrival-to-arrival method, first reversal in the received signal is chosen as the arrival
point of S-wave. Besides, the first major peak is highlighted to calculate the time delay by
peak-to-peak method. As can be seen, for the relatively lower frequencies used here
(f = 5, 10 and 15 kHz), the interpretation of these received signals is ambiguous because of
evident near field effect. Whereas the signals at higher frequencies, from 20 kHz to 50 kHz,
become quite clear and the near field effect is less marked. The ratio between the wave path
length to wavelength Ltt/λ is commonly used as an essential parameter for describing the near
field effect. A higher value of Ltt/λ would reduce the near field effect markedly, by improving
the input frequency of transmitter or enlarging the distance between the transmitter and the
receiver. The results indicate also that the near field effect diminishes and a much clear
received signal appears as the Ltt/λ value reaches 1.91 (in the arrival-to-arrival method). This
value is in good agreement with those reported in literature (Sanchez-Salinero et al. 1986;
Brignoli et al. 1996; Arulnathan et al. 1998; Pennington et al. 2001; Leong et al. 2005; Wang
et al. 2007).
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f = 5 kHz
f = 10 kHz
f = 15 kHz
Peak-to-peak method
Arrival of S-wave

f = 20 kHz, Ltt/λ = 1.9
f = 25 kHz, Ltt/λ = 2.4
f = 30 kHz, Ltt/λ = 2.9
f = 40 kHz, Ltt/λ = 3.8
f = 50 kHz, Ltt/λ = 4.7

Figure 2-20. Measurements by traditional time domain methods (arrival-to-arrival method and
peak-to-peak method) at different frequencies on a lime-treated sample
(w = 17 %, Dmax = 0.4 mm, t = 25 hours)

Cross-correlation method is another kind of time domain method. It assumes the travel time as
the time shift corresponding to the peak value of cross-correlation function between the
transmitted and received signals. The cross-correlation approach, first adopted by Viggiani
and Atkinson (1995), is based on the following expression:
1
X (T )Y (T + τ )dT
Tr → ∞ T ∫
r Tr

CC xy (τ ) = lim

(2-15)

where X(T) and Y(T) are the received and transmitted signals respectively, Tr is the time
record and τ is the time shift between two signals.

First, the transmitted and received signals are converted to their linear spectrums using Fast
Fourier Transform. Then the cross-power spectrum can be built based on the linear spectrum
of received signal and the complex conjugate of the linear spectrum of transmitted signal.
Eventually, the maximum of the cross-correlation function gives the travel time of shear wave.
However, the accuracy of the cross-correlation method is largely dependent on the quality of
received signals. Various limitations, due to the complex characteristic of the received signal
or the incompatible transformation, have been reported by other researchers (Arulnathan et al.
1998; Viana da Fonseca et al. 2009; Chan 2012).
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b) Frequency domain methods
Frequency domain methods estimate the travel time according to the relationship between the
change in the phase angle, which corresponds to the phase shift between the transmitter and
receiver signals, and input frequency (Greening and Nash 2004; Viana da Fonseca et al. 2009;
Ogino et al. 2015). These methods can be applied using discrete method called “π-point”
method (Greening and Nash 2004; Viana da Fonseca et al. 2009), or continuous method such
as Frequency Spectral Analysis (Greening and Nash 2004; Viana da Fonseca et al. 2009; Kim
et al. 2015). They were first performed on rock and mud samples by Kaarberg (1975) and
later widely adopted by other researchers (Greening et al. 2003; Gutierrez 2007; Viana da
Fonseca et al. 2009), thanks to their negligible effect of extraneous signals.

In the π-point method, a continuous sinusoidal wave at a single frequency is used as an input
signal, the continuous sinuous wave transmitter and receiver are displayed in an X-Y plot on
an oscilloscope, and the phase shift between these two signals is measured. The frequency of
transmitter is increased very slightly from a low value, inducing a phase shift between the two
signals. When these signals are in phase or out of phase, i.e. the phase differences are multiple
N of π or (-π), the corresponding frequency, f, and the number of wavelength, N, are recorded.
It is well known that the velocity, V, can be determined from the wavelength, λ, and the
frequency as below (Viana da Fonseca et al. 2009):
V = λf = f

L
N

(2-16)

where travel time, t, can be deduced by:
t=

N
f

(2-17)

This indicates that the slope of the plot N-f represents the travel time.
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Figure 2-21. Measurements by π-point method on a lime-treated soil (w = 17 %, Dmax = 0.4 mm,
t = 25 hours)

The results obtained from the π-point method on the same sample (w = 17 %, Dmax = 0.4 mm,
t = 25 hours) are shown in Figure 2-21. A good linear relationship between the number of
wavelength and frequency is observed. The travel time, t, can be determined as 0.1441 ms
directly from the slope of the matched line, according to Equation 2-16. Additionally, the
good linear relationship observed also highlights that the frequency ranging from 25 to
50 kHz is appropriate for the determination of shear wave velocity by the time domain
method.

Even though the result given by the π-point method is more objective than that obtained by
the time domain method, it is also limited due to its time consuming process and only a few
available points can be acquired (Viana da Fonseca et al. 2009).

Compared with the time-consuming “π-point” method, the continuous method (Frequency
Spectral Analysis) provides more available information in a short period of time with less
effort. Continuous method applies a sweep signal which has a wide frequency spectrum (for
example: 0 - 20 kHz) as input wave and also a spectrum analyzer to establish the relationship
between the frequency and the phase change, as introduced by Greening et al. (2003),
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Greening and Nash (2004) and explained in details by Kim et al. (2015). Specifically, the
spectrum analyzer computes the coherence function between the transmitted and received
signals. Compared with the time-consuming π-point method, the continuous method could
provide more frequency points in a short period of time from a single input signal.
Furthermore, this method also gives the coherence between the transmitted and received
signals. Based on the coherence function and phase angle it provides, the travel time can be
determined directly from the slope of the linear line which plots the relationship between the
frequency and phase angle. However, further analysis is necessary when applying this method
if the result convergence cannot be reached quickly (Viana da Fonseca et al. 2009).

Viana da Fonseca et al. (2009) also proposed a practical framework which combines both
time-domain and frequency-domain methods for an enhanced interpretation of the bender
element testing results. Nevertheless, the differences of the travel time determined by the time
domain method and the frequency domain method are very significant, and the causes are still
not well understood (Greening et al. 2003; Greening and Nash 2004; Nash et al. 2007; Viana
da Fonseca et al. 2009; Ogino et al. 2015). Therefore, there is still a strong need of searching a
simple and objective approach for the bender element testing interpretation with a reliable
determination of the arrival time.
2.2.5.4. Newly-proposed “S+P method” for identification of arrival time
A new method; namely S+P method was developed in this study. This method determines the
arrival time of S-wave by referring to P-wave received signal. It is known that the P-wave
component travels faster thus arrives first before the arrival of the S-wave received signal. In
Figure 2-22, the S-wave and P-wave transmitted signals and the corresponding received
signals obtained on the same lime-treated silt sample (w = 17 %, Dmax = 0.4 mm, t = 25 hours)
are plotted together. Specifically, the arrival point of S-wave received signal (point S)
corresponds to the initial main excursion (point S_p), which is in the opposite direction of
movement compared to that of Point S in the S-wave received signal. Apparently, the
curvature of these points (S and S_p) becomes much sharper when the input frequency
increases to 40 or 50 kHz, as shown in Figure 2-22c and 2-22d. Furthermore, the arrival point
of P-wave received signal (point P) just corresponds to the arrival point of the near field
components (point P_s) in the S-wave received signal. This is in good agreement with the
works presented by Brignoli et al. (1996) who noted that the “near field components”
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travelling at a similar velocity as P-wave were observed on dry sample. The S+P method can
be then used to determine the arrival point of S-wave: the arrival time is defined by point S
(corresponding point S_p in the P-wave received signal).
(a)
Arrival of P_wave Arrival of S_wave
component
component
P_s

S

S_p

P

(b)
Arrival of P_wave Arrival of S_wave
component
component
P_s

P
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S

S_p
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(c)
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component
component
P_s

S

P
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(d)
Arrival of P_wave Arrival of S_wave
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component
P_s

P

S

S_p

Figure 2-22. Determination of the arrival point by S+P method on a lime-treated soil
(w = 17 %, Dmax = 0.4 mm, t = 25 hours): (a) fr = 20 kHz; (b) fr = 30 kHz; (c) fr = 40 kHz; (d) fr = 50 kHz

Higher frequency enables the received signal more readable in case of testing a stiff material
such as lime-treated silt. However, the P-wave component can become significant when the
excitation frequency is high (Brignoli et al. 1996). This is different from a near field
component (Lee and Santamarina 2005). Bender element could also generate small
compressive displacements when it produces shear displacements (Brignoli et al. 1996). More
importantly, the small compressive components (P-wave components) can be prominent in
case of high frequency being excited on the stiff material, resulting in slight interference with
the shear components (S-wave components) which has a relatively slower travel velocity.
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Conversely, some shear displacements would be generated simultaneously with the major
excitation of compressive displacements. Note that the polarity of S-wave components is
always contrary to that of P-wave components in the same signal. It is important that the
travel time of S-wave components in P-wave receiver should be identical with that in the
S-wave received signals.

According to the analyses above, the determination of arrival point of S-wave received signals
becomes clear and objective. That is, based on the comparison between S-wave and P-wave
received signals, a unique point, S (as illustrated in Figure 2-18), can be identified as the
arrival point of S-wave. This point is located in S-wave received signal, exactly corresponding
to the point S_p in the P-wave received signal, which shows opposite direction of movement
in comparison with point S in S-wave signal. This constitutes the basis for the S+P method
used to determine the arrival point of S-wave.

To verify the validity and accuracy of this S+P method, Figure 2-23 collects the test data of
shear wave velocity obtained from different interpretation methods (arrival-to-arrival method,
peak-to-peak method, π-point method and cross correlation method) on four different
lime-treated silt samples. The results obtained from the S+P method are compared with those
from other methods. It should be pointed out that in the arrival-to-arrival method, point b (first
reversal as mentioned above) is chosen as the arrival point of S-wave. As for the results by
π-point method in Figure 2-23, the straight line represents a unique value of travel time which
is determined as the input frequency slowly increasing from about 20 kHz to

50 kHz in

each case. The differences between the shear wave velocities (Vs) obtained from the
conventional time domain methods (arrival-to-arrival method and peak-to-peak method) and
that from the π-point method are about 30 %. Similar ranges of difference are reported by
other researchers (Viggiani and Atkinson 1995; Viana da Fonseca et al. 2009; Ogino et al.
2015). Nevertheless, the difference between the results obtained from S+P method and that
taken from π-point method is only around 10 % in all tests. This difference between the
results obtained from S+P method and those from cross correlation method is also limited,
especially in the high frequency range, as illustrated in Figure 2-23. Therefore, the accuracy
of the proposed method (S+P method) is confirmed.
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Figure 2-23. Comparisons of the measurements of shear wave velocity by different methods: (a) w = 17 %,
Dmax = 0.4 mm, t = 25 hours; (b) w = 17 %, Dmax = 0.4 mm, t = 528 hours; (c) w = 22 %, Dmax = 0.4 mm,
t = 27 hours; (d) w = 22 %, Dmax = 0.4 mm, t = 504 hours

Regarding the influence of frequency, the results from S+P method show a small effect of
input frequency (in a range of 20 ~ 50 kHz) on the shear wave velocity. As Figure 2-23 shows,
the shear wave velocity increases slightly with the increase of the input frequency. Similar
phenomena were reported in other studies. Youn et al. (2008) pointed out that the shear wave
velocity obtained from the time domain method presents a small increasing trend with
increasing excitation frequency. Yamashita et al. (2009) also noted that the shear modulus
increases with the increase of excitation frequency. To a certain extent, it might be a possible
reason to explain why a slight decreasing trend of arrival time is observed when the excitation
frequency increases. Specifically, when the frequency is relatively low (as shown in Figures
2-23a and 2-23b), point S determined by S+P method as the arrival point is not very clear.
While in the case of high frequency (as shown in Figures 2-23c and 2-23d), point S is easy to
distinguish due to a sharp curvature at point S_p in the P-wave received signal. Brignoli et al.
(1996) also recommended that the highest possible frequency should be used in order to
measure the P-wave components.

In conclusion, this newly proposed S+P method is mainly based on the comparison between
the S-wave and P-wave received signals, and it enables the determination of the arrival point
of S-wave signal in a more objective fashion. When a high frequency S-wave signal is excited,
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the P-wave components become evident, and are easy to be distinguished from the S-wave
received signal. Note that the P-wave received signal also includes some S-wave components
which arrive behind the P-wave components. Based on the identical travel velocity of S-wave
components in both S-wave received signal and P-wave received signal, and the opposite
polarities between these two different S-wave components, a unique arrival point of S-wave
can be determined. Comparisons between the results obtained by this method and those by the
π-point method and cross correlation method were made, indicating the relevance of the
proposed method.

2.3. Test program
The test program is presented in Table 2-2. Two types of soils were involved: silt and clay.
For the silt, a 2 % lime treatment was chosen while a 4 % lime treatment was selected for the
clay. Besides, untreated samples were also tested.

To investigate the aggregate size effect, the tests were performed on the samples prepared
with different aggregate sizes (Dmax = 5, 2, 1, and 0.4 mm). In most cases, only Dmax = 5 mm
and Dmax = 0.4 mm were taken into consideration due to limited quantity of materials.

Curing time effects were also emphasized. All the tests were carried out on both short curing
term (such as t = 1 or 7 days) and long curing term (like t = 90 days or 1 year). The samples
were carefully conserved during curing in order to reduce the environmental impact on the
test results.

Since compaction water content plays an essential role in the soil behaviours, both
compaction water contents on dry side and on wet side of optimum at the same dry density
were considered in most tests. The selection of water contents and dry densities was done
based on the standard proctor curves. Untreated soils were also compacted at the same water
content and same dry density.
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Especially, various dimensions of samples were designed to meet the different test conditions,
as listed in Table 2-2. Note that only a small part (several grams) which was cut from the
compacted samples (50 mm in diameter and 20 mm in height) at given curing time was used
for the microstructure and mineralogy analyses.

It is also noteworthy that the thermal conductivity and Gmax measurements were conducted on
two identical samples to check the repeatability and the reliability of the measurements, and
these measurements were performed continuously during the whole curing term (in 90 days)
thanks to the non-destructive nature of the testing technique.
Table 2-2. Test program of this study ( : tested; : non-tested)
Materials
Soil

Dmax
(mm)

Test

Lime-treated
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Wet
side

d

h

Curing time

5, 2,
1, 0.4

/

/

7, 28, 90 days

XRD

5, 1,
0.4

/

/

1 and 60 days, 1
year

ESEM

1, 0.4

/

/

1 day, 1 year

Thermal conductivity

5, 0.4

50

75

1, 2, 7, ..., 90 days

Suction & water content changes

5, 0.4

38

<8

1, 2, 7, ..., 90 days

Water retention property

5, 2,
1, 0.4

38

<8

7, 28, 90 days

Air permeabilty

5, 0.4

50

20

7, 28, 60, 90 days

Small shear modulus (Gmax)

5, 0.4

50

50

1, 2, 7, ..., 90 days

MIP

5, 0.4

/

/

7, 28, 90 days

XRD

5, 0.4

/

/

90 days, 2 year

Suction & water content changes

5, 0.4

38

<8

1, 2, 7, ..., 90 days

Water retention property

5, 0.4

38

<8

7, 28, 90 days

Small strain shear modulus (Gmax)

5, 0.4

50

50

1, 2, 7, ..., 90 days

Microstructure and
mineralogy analyses
Clay

Dry
side

Sample
dimension
(mm)

MIP
Microstructure and
mineralogy analyses

Silt

Untreated

Water
content
(%)

Chapter 2. Materials and Methods

For clarity of presentation, a unique name was given for each sample in the following
chapters. For instance, in the naming of “S5L2DT7d”, “S” represents “silt” (“clay” was
named as “C”); “5” means Dmax = 5 mm; “L2” means 2 % lime treatment, while untreated
sample was named as “L0”; “D” represents “sample compacted on dry side” and “T7d”
indicates a curing time of t = 7 days.

In total, there were more than 108 silt samples and 76 clay samples compacted. Detailed
information of all the samples prepared are listed in the following test program.

2.4. Conclusions
This chapter presents the studied materials and the applied experimental methods. A
systematic test program was designed to investigate the thermo-hydro-mechanical properties
of lime-treated soils. Emphasis was put on the effects of aggregate size and effects of curing
time.

Both silt and clay, which were taken from the site of Héricourt where an experimental
embankment was constructed during the national ANR project-TerDouest, with lime
treatment were studied. Soil powders with different maximum aggregate sizes
(Dmax = 5, 2, 1 and 0.4 mm) were prepared by air-drying, grounding and sieving the natural
soils in sequence. After obtaining the soil powders, 2 % lime in mass was mixed with dry silt
powders while 4 % lime was mixed with dry clay powders, respectively. Then, the mixtures
were homogenized and humidified to reach the target water contents. To reach the target dry
density, static compaction was performed on the moist mixtures after a mellowing time of
1 hour. The compacted samples were carefully preserved during curing.

A series of measurements were conducted. Mercury Intrusion Porosimetry (MIP) technique
was applied to analyse the pore size distribution of soils. X-ray diffraction was used to
examine the soil mineralogical compositions, especially to detect the cementitious compounds
generated in the pozzolanic reactions. To directly observe the microstructure of lime-treated
soils, Environmental Scanning Electron Microscope (ESEM) was also used; it was coupled to
energy dispersive X-ray spectrometer (EDX) for the complementary analysis of the chemical
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compositions of cementitious compounds. Thermal conductivity of lime-treated soils was
measured by a thermal probe at variable time intervals. A short-term test procedure for
measuring the water retention curves of lime-treated soils was proposed in consideration of
the curing time effect, with the use of the WP4 hygrometer. Besides, suction and water
content changes of lime-treated soils during curing were also monitored. The intrinsic air
permeability of lime-treated soil was measured in a modified oedometer cell. The small strain
shear modulus (Gmax) of lime-treated soils was determined from the shear wave velocity
measurement performed by bender elements transducers, which are well known as simple,
fast and non-destructive. For a better identification of arrive time of shear wave, a novel
method was proposed, allowing the shear wave velocity to be determined in a more objective
fashion.
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Chapter 3. Curing Time Effects
In this chapter, the curing time effects on the thermo-hydro-mechanical properties of
lime-treated soils are investigated. Both silt and clay are studied through microstructure and
mineralogy analyses, water retention curve measurement and small strain shear modulus
determination. Besides, thermal conductivity and air permeability measurements are
performed on the silt. Finally, all the results obtained are analysed and discussed.

3.1. Microstructure and mineralogy analysis
3.1.1. Silt
MIP tests have been carried out on the untreated silt (S5L0DT0) and 2 % lime-treated soils
(S5L2DT7d, S5L2DT28d and S5L2DT90d), which were prepared with large aggregates (Dmax
= 5 mm), compacted at a water content of 17 % (at dry side of optimum) and cured at various
periods (t = 7, 28, and 90 days). Figure 3-1a shows that all the pore size distribution curves
have a bi-modal characteristic, with a population of larger inter-aggregate pores (macro-pores)
and a population of smaller intra-aggregate pores (micro-pores). For the untreated soil, the
modal size of inter-aggregate pores is about 72.75 µm and that of intra-aggregate pores is
about 0.39 µm. The addition of lime shifts the modal sizes of both inter-aggregate and
intra-aggregate pores into smaller values. With increasing curing time, these two values
decreased continuously. At a curing time of t = 90 days, the modal sizes of inter-aggregate
pores and intra-aggregate pores decrease to 17.15 µm and 0.04 µm, respectively. The
cumulative curves are plotted in a semi-logarithmic scale, in terms of mercury intruded void
ratio as a function of entrance pore diameter (Figure 3-1b). It indicates that the lime-treated
soils compacted dry of optimum have a slightly lower total intruded void ratio compared to
the untreated soil.
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Figure 3-1. Pore size distributions and cumulative intrusion curves for lime-treated silt soils S5 compacted
dry of optimum

The results of silt samples prepared with large aggregates (Dmax = 5 mm) and compacted wet
of optimum (S5L2WT0, S5L2WT7d, S5L2WT28d and S5L2WT90d) are shown in Figure 3-2.
The pore size distribution shows a uni-modal characteristic, indicating the presence of only
one population of micro-pores (Figure 3-2a). Similarly, lime treatment shifts the single peak
of micro-pores from 0.69 µm (S5L2WT0) to 0.13 µm (S5L2WT90d). Besides, similar total
intruded void ratio is observed for treated silt S5L2WT90d and untreated soil S5L2WT0.
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Figure 3-2. Pore size distributions and cumulative intrusion curves for lime-treated silt soils S5 compacted
wet of optimum

Similar results are obtained on untreated and treated silt samples (S04L0DT0, S04L2DT7d,
S04L2DT28d and S04L2DT90d) prepared with small aggregates (Dmax = 0.4 mm) and
compacted both dry and wet of optimum (as shown in Figure 3-3 and Figure 3-4,
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respectively): (i) a bi-modal pore size distribution with inter-aggregate pores and
intra-aggregate pores is detected for soils compacted dry of optimum, while a uni-modal pore
size distribution with one population of micro-pores is identified for soils compacted wet of
optimum; (ii) lime treatment slightly decreases both the inter-aggregate and intra-aggregate
pores (or micro-pores for soils on wet side of optimum) during curing, keeping similar shape
of pore size distribution; (iii) the total intruded void ratio of lime-treated soils compacted dry
of optimum is lower than that of untreated soil, however, no difference is observed for soils
compacted wet of optimum.
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Figure 3-3. Pore size distributions and cumulative intrusion curves for lime-treated silt soils S04
compacted dry of optimum
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Figure 3-4. Pore size distributions and cumulative intrusion curves for lime-treated silt soils S04
compacted wet of optimum

Figure 3-5 shows the XRD patterns of natural silt and lime-treated silt samples S1L2DT1y
(after 1-year of curing). The results illustrate that the main minerals of untreated soil are
quartz and clays with the presence of calcite and feldspars. The clay identification confirms
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the presence of kaolinite (d ~ 7 Å), illite/muscovite (d ~ 10 Å), and montmorillonite
(d ~ 12-14 Å). This clay composition is consistent with the previous analyses made by
Deneele and Lemaire (2012) on the same soil. The reflections associated with these clay
minerals (with quite similar intensity or position) are also present in the lime-treated soil. For
the lime-treated soil S1L2DT1y after freeze-drying, one new reflection at 2θ equal to 34.2 °
(d ~ 3.04 Å) is identified, suggesting the creation of the C-S-H phase. This C-S-H phase
would correspond to the main peak of synthetic tobermorite 9 Å with the formula 5Ca0.65SiO2,
2.5H2O (Pdf file 010-0374) or that of calcium silicate hydrate Ca1.55SiO3.5 xH2O (Pdf file
033-0306).

In order to remove the doubt of interpretation related to possible confusion among the phases
of unreacted CaO, C-S-H (tobermorite and other C-S-H forms) and magnesium calcite, the
XRD pattern of treated silt S1 after oven-drying at 105 °C was also collected. The peak
previously observed disappears, which tends to validate the identified C-S-H phase. Indeed,
oven-drying at 105 °C may dehydrate the C-S-H as reported by Taylor (1997). Gallé (2001)
also mentioned that C-S-H decomposition starts at lower temperatures and C-S-H can be
partially dehydrated at 105 °C, and then its crystallized structure disappears. Rios et al. (2009)
also observed that different stages of C-S-H dehydration took place at a temperature in the
range of 100 to 250 °C. If oven-drying at 105 °C can cause C-S-H degradation, it is not the
case for the magnesium calcite. Indeed, the latter remains stable under temperature effect
because de-carbonation of calcite occurs at high temperatures (over 700 °C) according to
Collier et al. (2008), Rios et al. (2009) and Al-Mukhtar et al. (2014). If the new peak observed
on XRD pattern is calcite, this peak would remain present whatever the sample preparation. It
is obviously not the case. Moreover, the absence of new peak at d ~ 3.04 Å at a short curing
time (just after 1-day curing) allows excluding the presence of unreacted CaO after 1-year
curing.

Except the C-S-H phase, other minerals in the lime-treated soil seem similar to those in the
untreated sample. Note that the crystallized silicate source used to form C-S-H phase could
not be clearly identified by XRD because no clear peak decrease was detected, which would
signify its dissolution.
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Figure 3-5. X-ray diffraction patterns of natural silt and lime-treated silt S1L2D1y (FD: freeze-dried; OD:
oven dried; M: montmorillonite; I: illite/muscovite; K: kaolinite; F: feldspar; Q: quartz)

XRD tests have been also performed on the lime-treated samples with Dmax = 5 mm
(S5L2DT1y and S5L2DT60d) and Dmax = 0.4 mm (S04L2DT1y, S04L2DT60d and
S04L2DT1d). The results of treated samples S5 and S04 are illustrated in Figures 3-6a and
3-6b. Similar to S1, S5 (Figure 3-6a) also shows an XRD peak associated with the creation of
C-S-H in the case of 1-year curing. However, no sign of C-S-H was detected on the sample
after a curing time of t = 60 days. Surprisingly, no C-S-H reflection was detected on the XRD
pattern of treated soil S04 after 1-year curing (Figure 3-6b). This point will be further
discussed in the next chapter.

103

Chapter 3. Curing Time Effects

(a)

d = 3.04186

Calcite
d = 2.90782

C-S-H

d = 2.99837

F

d = 3.19591

d = 3.24359

F

S5L2DT1y_FD

S5L2DT60d_FD

Natural silt_FD

30.2

31

32

33

34

35

36

37

38

39

F

Calcite
d = 2.99837

d = 3.24359

F

d = 3.19591

(b)

d = 2.90782

2 Theta ° (CoKa)

S04L2DT1y_FD

S04L2DT60d_FD

S04L2DT1d_FD

Natural silt_FD

31

32

33

34

35

36

37

38

39

2 Theta ° (CoKa)
Figure 3-6. X-ray diffraction patterns on lime-treated silt soils during curing: (a) S5; (b) S04 (FD:
freeze-dried)

104

Chapter 3. Curing Time Effects

(a)
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Figure 3-7. Elementary distribution maps of lime-treated silt S1 at a curing time of t = 1 day: silicon (a),
aluminium (b), calcium (c), and ESEM picture of the spot area with high calcium concentration (d)

Figures 3-7a and 3-7c present the distribution maps of silicon, aluminium and calcium derived
from ESEM observations on treated soil S04L2DT1d. The two first elements belong to
aluminosilicates phases such as feldspar and clays. Areas with high concentration of silicon Si
in Figure 3-7a indicate the presence of quartz grains. The calcium distribution map (Figure
3-7c) is established to localize hydrated lime after a short curing time (in this case, there is no
sufficient time for the homogeneous diffusion of Ca2+ into soil aggregates) and the production
of lime reaction such as C-S-H (at a long time of curing). Even though the protocol of mixing
the soil with lime was optimized to cover all soil aggregates, calcium seems to be distributed
heterogeneously or rather, some aggregates of hydrated lime appear clearly after 1 day of
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curing in isolated clusters of several micrometers (Figure 3-7d). It is however worth noting
that isolated small hydrated lime particles below the micron scale cannot be distinguished by
ESEM. The observations do not allow the detection of the initial soil aggregate border formed
by lime coating, whereas slight and continuous borders composed by lime are expected on
EDX mapping.

(a)

(b)

500 µm

(c)

500 µm

(d)

C-S-H

500 µm

20 µm

Figure 3-8. Elementary distribution maps of lime-treated silt S1 at a curing time of t = 1 year: silicon (a),
aluminium (b), calcium(c), and ESEM picture of the spot area with high calcium concentration (d)

On lime-treated soil S1 after 1-year curing (Figure 3-8), the calcium distribution map (Figure
3-8c) helps localize the new pozzolanic products as shown in Figure 3-8d. New phases
generally present a typical water sensitive morphology of C-S-H particles characterised by a
soft, porous and rounded texture. Such C-S-H phases can be visually detected by operator on
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ESEM images, only when their sizes are large enough to be distinguished, due to the limited
resolution of the ESEM apparatus applied in this study. If the C-S-H phases are present in
particle form (but in a size smaller than 1 µm) or in form of thin gel layer, these C-S-H phases
are invisible for the operator. However, the C-S-H phases may be present by means of either
coating the soil aggregates, or filling the inter-aggregate pores, or binding the adjacent
aggregates together.

Even though the XRD examination does not show the detectable crystallized C-S-H in the
lime-treated soil S04 after 1-year curing time, it cannot be concluded that no C-S-H phase
exists. The results from the ESEM observations evidence the local presence of C-S-H
particles coating the surface of soil aggregates, as shown in Figure 3-9. The low quantities of
such large C-S-H particles may explain the result.

20 µm

Figure 3-9. ESEM picture of the spot area with high calcium concentration for lime-treated soil S04 after
1-year curing

Quantitative EDX analyses help complete the ESEM observations. Spot analysis
(at E = 20 kV) was performed on areas situated on the EDX mapping in Figures 3-7 and 3-8
considering their high calcium content. Table 3-1 gives the atomic percentages of the main
elements present in such areas compared to the atomic percentage measured on natural soil
before lime addition and in the areas far from the selected calcium spot. The calculated atomic
ratio Ca/Si is 2.49 in areas rich in Ca2+ in soil S1 at t = 1 day while far from such area the
Ca/Si ratio is 0.06 (with Si/Al = 2.16). Far from the calcium rich areas, the Ca/Si ratio

107

Chapter 3. Curing Time Effects

remains stable (or slightly increases to 0.09) even after 1-year of curing. In soil S1 at t = 1 day,
the area rich in calcium is associated with local hydrated lime particles Ca(OH)2. These
particles surround soil aggregates and calcium can be expected to diffuse into these
aggregates. Note that usual stoechiometries allow the identification of Si/Al ratios close to 1,
2 and 2.35 for kaolinite, illite and montmorillonite, respectively (and the Ca/Si ratio is
normally close to 0.07 in montmorillonite).
Table 3-1. ESEM-EDX elemental analyses of natural silt and lime-treated silts S1L2DT1d, S1L2DT1y and
S04L2DT1y. Spot analyses were made on local area rich in calcium and that far from area rich in calcium
on ESEM-EDX mapping
Atomic content (%) or atomic ratios
Natural
silt
Element
or ratios

C
O
Na
Mg
Al
Si
K
Ca
Ti
Fe
Ca/Si
Si/Al

S1L2DT1d

Global
analysis

Spot analysis
on area rich
in Ca2+
(hydrated
lime)

18.65
60.14
0.11
0.34
5.77
12.22
0.64
0.08
0.18
1.88
0.0065
2.11

10.85
64.67
0.12
0.65
2.77
5.62
0.2
13.99
0.12
1.02
2.49
2.02

Spot
analysis on
area far
from area
rich in Ca2+
(hydrated
lime)
7.23
62.74
0.19
0.61
7.65
16.53
0.91
1.04
0.25
2.85
0.06
2.16

S1L2DT1y

S04L2DT1y

Spot
analysis on
area rich in
Ca2+
(C-S-H)

Spot
analysis on
area far
from area
rich in Ca2+
(C-S-H)

Spot
analysis on
area rich in
Ca2+
(C-S-H)

Spot
analysis on
area far
from area
rich in Ca2+
(C-S-H)

5.61
66.42
0
1.93
5.12
11.92
0.21
7.85
0.07
0.86
0.65
2.32

7.23
62.74
0.19
0.61
7.65
16.53
0.91
1.04
0.25
2.85
0.09
2.16

11.32
66.01
/
1.49
4.47
9.68
0.12
6.11
/
0.8
0.63
2.16

/
69.35
/
0.61
7.55
17.65
0.79
1.12
/
2.49
0.06
2.61

After a long curing time (t = 1 year) and for any aggregate size, examination of the chemical
composition given by EDX on the new formed phase corresponding to C-S-H shows a
decrease and an increase of the calcium and silicon contents, respectively, as compared to the
initial spot analysis on hydrated lime particles. The Ca/Si ratio measured on C-S-H particles is
about 0.65-0.63 (while Si/Al is close to 2.16 or 2.32) and this ratio is in accordance with the
composition of synthetic tobermorite 9Å (Ca0.65SiO2, 2.5H2O) found by XRD. This is also in
agreement with the observations made by Brunauer (1962) and El-Hemaly et al. (1977)
suggesting a minimum value of 0.8-0.9 for C-S-H gel produced in the mixture of
lime-silica-water. Studies of crystal structures of "tobermorites" (Merlino et al., 1999;
Merlino et al., 2000; Merlino et al., 2001) showed that tobermorite is actually a series between
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two endmembers, Ca4Si6O15(OH)2·5H2O and Ca5Si6O17·5H2O, the Ca/Si ratio varying
between 0.66 and 0.83. Wild et al. (1986) also stated that hydration of cement at room
temperature created a poorly crystallized C-S-H gel with a high Ca/Si ratio of about 1.5 but
the similar C-S-H gel from the reaction in the lime-silica-water mixture had a lower Ca/Si
ratio.

3.1.2. Clay
MIP tests were performed on untreated and 4 % lime-treated clay samples (C5L0DT0,
C5L4DT7d, C5L4DT28d and C5L4DT90d). Figure 3-10 presents all the pore size
distributions and cumulative intruded void ratio curves. Before treatment, clay sample
compacted dry of optimum presents three populations of pores: large inter-grain pores (larger
than 3 µm), middle-sized inter-aggregate pores (from 0.1 µm to 3 µm) and small
intra-aggregate pores (smaller than 0.1 µm). However, the lime-treated clay samples show a
bi-modal character. The middle-sized pores (at around 100 µm) disappear after the addition of
lime, while a new population of macro-pores with a smaller modal size (around 30 µm) is
formed, followed by a slight increase in the frequency of the micro-pores (from 0.005 µm to
20 µm). This pore structure remains quite similar during a curing time of t = 90 days.
According to the cumulative mercury intrusion curve as shown in Figure 3-10b, the total
intruded void ratio of lime-treated clay C5 increases at t = 7 days, then decreases gradually as
the increase of curing time. At a curing time of t = 90 days, this value becomes even lower
than that of untreated clay.
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Figure 3-10. Pore size distributions and cumulative intrusion curves for lime-treated clay soils C5
compacted dry of optimum
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As illustrated in Figure 3-11a, untreated clay soils C5 compacted wet of optimum have a
bimodal characteristic: macro-pores and micro-pores. During curing, a new population of
macro-pores with a wide range of entrance pore diameter is developed for lime-treated clay
C5. These new developed macro-pores for treated clay C5 are detected at around 10 µm,
which are larger than the macro-pores (at around 2 µm) for untreated clay. Moreover, both the
frequencies of micro-pores and macro-pores increase gradually as the increase of curing time.
Unlike for the treated clay compacted dry of optimum, lime treatment shows negligible
effects on the total intruded void ratio of the treated clay C5 compacted wet of optimum
(Figure 3-11).
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Figure 3-11. Pore size distributions and cumulative intrusion curves for lime-treated clay soils C5
compacted wet of optimum
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Figure 3-12. Pore size distributions and cumulative intruded void ratios for lime-treated clay soils C04
compacted dry of optimum
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Similar observation can be made from the results of the lime-treated clay soils C04 compacted
dry of optimum (Figure 3-12): (i) lime treatment modifies a tri-modal pore size distribution of
untreated soil into a bi-modal one; (ii) the new formed macro-pores have a smaller modal size
than the inter-grain pores in untreated clay; (iii) the total mercury intruded void ratio of
treated soil at t = 90 days is lower than that of untreated clay, which indicates that more
inaccessible pores are formed in the treated clay after a long curing time.

As shown in Figure 3-13, the results of lime-treated clay soils C04 compacted wet of
optimum reveals a significant curing time effect on the pore size distribution: both the
frequencies of macro-pores (around 7 µm) and micro-pores (around 0.02 µm) gradually
increase as the increase of curing time from 7 days to 90 days, with a continuous decrease in
the population of middle-sized pores located between these two peaks.
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Figure 3-13. Pore size distributions and cumulative intrusion curves for lime-treated clay soils C04
compacted wet of optimum

The XRD patterns of untreated and 4 % lime-treated clay after freeze-drying (C5L4DT90d,
C5L4DT1y, C04L4DT90d and C04L4DT1y) are presented in Figure 3-14. It appears that the
main minerals of untreated clay are quartz and clays. The clay identification confirms the
presence of illite/muscovite (d ~ 10 Å), and montmorillonite (d ~ 12-14 Å). In comparison
with that of untreated clay, the reflections detected in the lime-treated clay are in quite similar
position with a similar intensity. No extra peak associated to C-S-H phase is observed on all
the treated clay samples (both C5 and C04, even at a long curing time of t = 2 years).
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Figure 3-14. X-ray diffraction patterns of untreated and lime-treated clay at various curing times

3.2. Thermal conductivity
Thermal conductivity measurements were performed on the lime-treated silt samples (S5L2D,
S5L2W, S04L2D and S04L2W) continuously during curing (t = 90 days). For each
measurement, two duplicated samples were prepared. All the experimental data of the two
duplicated samples are presented in this section.

As presented in Figure 3-15a, the changes of thermal conductivity of the lime-treated silt
samples (both sample S5L2D and sample S5L2W) with curing time is plotted on a
semi-logarithmic scale. It appears that the thermal conductivity of lime-treated samples with
Dmax = 5 mm is largely dependent on the compaction water content: on the wet side, the
thermal conductivity of treated sample S5L2W remains constant, around 1.60 W/mK, during
the whole curing time (90 days); while a lower thermal conductivity (around 1.42 W/mK) is
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observed for treated silt sample S5L2D which was compacted dry of optimum after 1-day of
curing. Note that a slight decrease in thermal conductivity is observed with curing time for
sample S5L2D.

Changes in thermal conductivity of the lime-treated silt samples with Dmax = 0.4 mm (sample
S04L2D and S04L2W) during curing are depicted in Figure 3-15b. Similar trends as above
can be observed from the results: the curing effect on the thermal conductivity is negligible
for the lime-treated samples compacted on the wet side, and the value of lime-treated silt
sample S04L2W remains around 1.50 W/mK; for silt sample S04L2D compacted dry of
optimum, the thermal conductivity decreases slightly during curing. At t = 1 day, the thermal
conductivity is about 1.36 W/mK, which decreases to about 1.29 W/mK at t = 90 days (5.1 %).
The decrease of 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).
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Figure 3-15. Thermal conductivity of lime-treated soils during curing: (a) S5L2; (b) S04L2

3.3. Water retention property
In this section, the drying paths of water retention curves for both untreated and lime-treated
soils (silt and clay) were determined by WP4 hydrometer which measures the suction at
various water contents. As for clay samples, the volume changes upon drying were taken into
consideration. In addition, water retention curves were also estimated by MIP intrusion data,
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and the comparison between the measured data and the estimated data was made and analysed.
Besides, changes in suction and water content of lime-treated soils were monitored
continuously during curing.

3.3.1. Silt
The drying path of water retention curve of the untreated and lime-treated silts compacted dry
of optimum (S5, S2, S1 and S04) is plotted in Figure 3-16. A linear relationship between the
logarithm of suction and water content is observed for all the untreated silts with different
Dmax values (S5L0DT0, S2L0DT0, S1L0DT0 and S04L0DT0). Moreover, the water retention
curves of all the lime-treated silts present similar changes: with the increase of curing time,
the water retention capacity of soil is improved by lime treatment. Specifically, the water
retention curves of lime-treated silt at a 7-day curing are located just slightly above that of
untreated soils, in a suction range of around 0.5 MPa to 13 MPa. This suction difference
deepens at a curing time of t = 90 days. This indicates that the water retention capacity of
treated soils is continually improved during curing. As the suction increases to more than
13 MPa, a linear relationship between the logarithm of suction and water content is observed
as for the untreated soil. In other words, the water retention curves of treated soils gradually
form an S-shaped feature.
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Figure 3-16. Water retention curves of the lime-treated silt soils compacted dry of optimum at various
curing times, determined by WP4 hygrometer: (a) S5; (b) S2; (c) S1; (d) S04
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Figure 3-17. Comparison on the water retention curves from MIP predictions and WP4 hygrometer
measurements: (a) S5; (b) S04

Figure 3-17 presents both the water retention curves of silts S5 and S04 (compacted dry of
optimum) predicted using MIP data and directly measured by WP4 hydrometer. The results
provided by MIP measurements also reveal that lime treatment leads to higher water content
at given suction, with an increase in air-entry value which corresponds to the smaller entrance
diameter of the macro-pores. Due to the technique limitation, only suctions higher than 100
kPa were measured by WP4 hygrometer. These experimental data match well with one part of
the prediction curves below the second air-entry value which is related to the entrance
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diameter of micro-pores.

Note that a significant difference exists between the directly and indirectly determined curves.
This difference can be attributed to the fact that the curve from MIP test does not include any
effect of volume change, while that from direct measurements does.
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Figure 3-18. Changes in suction (a) and water content (b) of lime-treated silts during curing

The suction variations during curing are shown in Figure 3-18a. It is observed that the suction
of all silt samples increases with curing time. Taking the lime-treated sample S04 compacted
dry of optimum as an example: the suction is equal to 270 kPa at t = 2 days, then it gradually
increases to 450 kPa at t = 90 days. Similarly, for sample S04 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 as illustrated in Figure
3-18b.

3.3.2. Clay
The water retention curves of untreated clay along drying path of and lime-treated clay (C5
and C04) are determined by WP4 hygrometer in consideration with the volume changes of
clay sample upon drying. For clarity, the results are presented in separated figures, depicting
the relationships between void ratio and water content (plot a: e-w), void ratio and suction
(plot b: e-s), degree of saturation and water content (plot c: Sr-w), degree of saturation and
suction (plot d: S r-s), void ratio and suction (plot e: w-s), volumetric strain and suction (plot f:
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εv-s), as illustrated in Figure 3-19 to Figure 3-22, respectively. Note that the initial conditions
for each tested sample (identified by the open symbols) are presented together with the
experimental data (identified by solid symbols) in each set of figures. The initial void ratio
was determined on an intact sample after compaction using calliper, while the void ratio of
the samples during test were obtained on the basis of the volume measurements by the wax
method from small samples after each drying period.

As shown in Figure 3-19, the results of both the untreated clay and the 4 % lime-treated clay
C5 compacted dry of optimum are presented. The first plot of e-w (Figure 3-19a) represents
the shrinkage behaviour of the soils. In the case of compacted samples, the shrinkage curves
are positioned away from the saturation line. At the beginning of the drying path, the
untreated clay C5 compacted on the dry side presents a rapid decrease in void ratio with the
reduction in water content, following an approximately parallel line with the saturation line.
After reaching the “compacted shrinkage limit”, which is termed as wSL (wSL = 19.5 % for
untreated C5), the slope of the shrinkage curve becomes smaller, indicating a slow decrease in
void ratio accompanying the reduction in water content. The results show that lime treatment
modifies the shrinkage curve into higher position. The impact of curing time on the shrinkage
curve seems negligible.

The plot of e-s (Figure 3-19b) and εv-s (Figure 3-19f) represent the compression behaviour of
both the untreated and lime-treated clay C5 compacted dry of optimum. At the initial state,
untreated clay C5 has a lower suction value of 610 kPa with a void ratio of 1.01; by
comparison, lime treatment shifts the initial point to right position in the plot of e-s: the
suction of lime-treated clay is higher than that of untreated clay which continuously increases
with curing time; nevertheless, no significant variations are observed in the void ratio of
lime-treated clay during curing (Figure 3-19b). Upon drying, the lime-treated samples present
a lower volumetric strain at given suction level (less than 10 MPa) compared to the untreated
sample; while when the suction exceeds 10 MPa, all the treated and untreated samples show a
similar volumetric strain. It seems no clear effect of curing time can be observed on the
compressibility of treated soil C5 compacted dry of optimum.
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Figure 3-19. Water retention curves of lime-treated clay soils C5 compacted dry of optimum at various
curing times, determined by WP4 hygrometer

The results in Sr-w plot (Figure 3-19c) and Sr-s plot (Figure 3-19d) do appear that for
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untreated clay C5, an air-entry value (around 5.2 MPa) can be identified according to the
shape curvature of the curves. Nevertheless, the air-entry value is difficult to be determined
for the lime-treated soils due to the data scatter. At the beginning of the de-saturation process,
untreated soil has a higher degree of saturation at given water content or suction value;
therefore, in the high suction region (higher than 7 MPa), there is no significant difference
between the water retention curve of untreated soil and that of treated soil neither in Sr-w plot
nor in Sr-s plot. Additionally, the curing time effect is not noticeable from these two plots.

The plot w-s depicts the water retention capacity of soil as illustrated in Figure 3-19e. The
results indicate that lime treatment improves the water retention capacity of clay. Indeed,
lime-treated soil presents higher water content at given suction level in comparison with
untreated soil. Moreover, the water retention capacity of lime-treated soil continuously
increases with the increase of curing time.

The results from samples C5 compacted wet of optimum are presented in Figure 3-20. The
effects of lime treatment and curing time on the water retention properties can be clearly
identified. Similarly, the plot of e-w (Figure 3-20a) indicates that the shrinkage curves of
untreated wet side C5 are parallel to the saturation line at the first stage of the drying path.
Then, the “compacted shrinkage limit”, wSL = 15 %, is detected for untreated C5 compacted
wet of optimum. Thereafter, a second shrinkage stage is taken place with a lower rate of
decrease in void ratio. It reveals that at the early stage, the shrinkage curve of lime-treated wet
side C5 is also parallel to the saturation line, being located above the shrinkage curve of the
untreated soil with a small distance. However, no obvious “compacted shrinkage limit” can be
determined for the lime-treated soils since the shrinkage curve changes slowly without any
sharp curvature. It reveals also that the curing time effect is much significant on the shrinkage
of treated soil compacted wet of optimum rather than that of treated sample compacted dry of
optimum. Specifically, the shrinkage curves of treated C5 compacted on wet side at 28 days
and 90 days are even higher than that of samples after 7-day curing.

Lime treatment also has an essential impact on the compression behaviour of soil C5
compacted wet of optimum, as seen in Figure 3-20b. Lower suction value is also obtained for
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the untreated soil, at s = 140 kPa with e = 1.01. The compression curve of untreated soil C5
on wet side also includes two stages: the first stage with a rapid decrease in void ratio with the
increase of suction, which corresponds to the first shrinkage stage in the plot of e-w; followed
by the second compression stage with a smaller slope in plot e-s, which corresponds to the
second stage of the shrinkage curve. By contrast, the compression curve of lime-treated soil
has a different shape: one flat stage in which suction increases slightly at the level of initial
void ratio, and primary compression stage where void ratio decreases as the increase of
suction. Lime treatment shifts the initial point of treated soil leftwards. With the increase of
curing time, the initial point of treated soil continuously moves to the left, increasing the
suction and keeping the void ratio constant.

The plot εv-s also indicates the significant lime treatment effects and curing time effects on the
volumetric strain. Lime treatment effectively reduces the volumetric strain of soil at given
suction level. Furthermore, with the increases of curing time, lower volumetric strain is
observed for the treated soil, as shown in Figure 3-20f.

From the Sr-s plot (Figure 3-20c), the air-entry value for untreated wet side C5 appears to be
around 10 MPa. No unique air-entry value can be determined for lime-treated soils since the
slope of Sr-s plot increases gradually upon drying. Moreover, the de-saturation curves of the
lime-treated soils are located below that of untreated soil: at given suction value, the degree of
saturation of lime-treated soil is lower than that of untreated soil. However, the curing time
effect on the de-saturation curve is not clear in the Sr-s plot. Instead, in the Sr-w plot (Figure
3-20d), the lime-treated soil at a short curing time (t = 7 days) shows a higher degree of
saturation than the treated soil at a long curing time (t = 28 days and t = 90 days).

According to the water retention curves in the plot w-s for samples C5 compacted wet of
optimum, the water retention capacity of soil is improved by lime treatment: at given suction
value, more water content is observed for the lime-treated soils, as illustrated in Figure 3-20e.
The curing time effect is also significant on the water retention capacity of lime-treated soil
C5 in the plot w-s: with the increase of curing time, the water retention capacity of soil is
steadily improved.
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Figure 3-20. Water retention curves of lime-treated clay soils C5 compacted wet of optimum at various
curing times, determined by WP4 hygrometer
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Figure 3-21. Water retention curves of lime-treated clay soils C04 compacted dry of optimum at various
curing times, determined by WP4 hygrometer
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Figure 3-22. Water retention curves of lime-treated clay soils C04 compacted wet of optimum at various
curing times, determined by WP4 hygrometer
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Similar observations can be made from the results obtained for lime-treated soils C04,
compacted both dry and wet of optimum, as presented in Figure 3-21 and Figure 3-22
respectively. Generally, the lime treatment effects on the water retention properties are more
significant for the samples compacted wet of optimum: (i) in the plot e-w (Figure 3-22a), the
main part of shrinkage curve for the untreated sample is parallel to the saturation line before
reaching the “compacted shrinkage limit”, wSL = 15 %, in the case of untreated wet sample
C04; while lime-treated soil has a much shorter parallel part in its shrinkage curve, located
above that of untreated soil, followed by a large curvature; (ii) in the plot e-s (Figure 3-22b),
the compression curves of the lime-treated soils on wet side are composed of two parts: the
first part where the suction increases slightly while the void ratio remains constant, followed
by the second part at which drastic decrease in void ratio occurs with the reduction of suction.
The plot εv-s (Figure 3-22f) reveals that the volumetric strain of lime-treated soil is
substantially decreased by lime addition at given suction value, and it continuously reduces
over the curing time; (iii) in the plot Sr-w (Figure 3-22c) and Sr-s (Figure 3-22d), lime-treated
soils present a relatively lower degree of saturation at given water content or suction
compared to untreated soil, whereas the curing time effect is not clear on the de-saturation
curves of treated soils; (iv) in the plot w-s (Figure 3-22e), the water retention capacity of
lime-treated soil is greatly improved by lime treatment: the suction of treated soils
continuously increases with curing time.

Figure 3-23a presents the suction values of lime-treated clay samples C5 and C04 against
curing time in a semi-logarithmic scale. It appears that lime treatment substantially increases
the suction during curing. For treated clay C04 compacted dry of optimum, the suction is
1.22 MPa at t = 1 day, increases by 96.7 % to 2.4 MPa at t = 28 days and continues increasing
to 3.83 MPa by 214 % at t = 1 day. Similarly, treated clay C5 compacted dry of optimum also
presents a significant improvement in suction, from 0.89 MPa at t = 1 day to 2.75 MPa at
t = 90 days. As expected, at given curing time, the suction of wet side samples is generally
lower than that of dry side samples. Specifically, the suction of wet side clay C04 is 0.43 MPa
at t = 1 day and increases by 191 % to 1.25 MPa at t = 90 days, while the suction of wet side
C5 increases from 0.23 MPa (t = 1 day) to 0.57 MPa (t = 90 days). However, the
measurement of water content reveals that the treated clays compacted dry of optimum have a
stable water content around w = 25 % during a curing time of 90 days; the water content of
samples compacted wet of optimum remains around 35 % in the same curing time (Figure
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3-23b). These are expected results because the tests were carried out under quasi constant
moisture conditions.
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Figure 3-23. Changes in suction (a) and water content (b) of lime-treated clays during curing

3.4. Air permeability
In this test, air permeability measurement which is combined with the oedometer test is
performed on both the untreated and lime-treated silt samples compacted dry of optimum (S5
and S04). For each case, two identical samples were prepared for repeatability. The
experimental data are presented below.

Results of air permeability obtained for S5 and S04 are presented in Figure 3-24 and Figure
3-25, respectively. For clarity, the air permeability (ka) is plotted against air-filled porosity
(Va/V) (Figure 3-24a and Figure 3-25a), void ratio (e) (Figure 3-24b and Figure 3-25b), degree
of saturation (Sr) (Figure 3-24c and Figure 3-25c) and vertical stress (σv) (Figure 3-24d and
Figure 3-25d). It appears that compression decreases both Va/V and e, and increases Sr.
Generally, ka reduces with the decrease of Va/V and e, while it decreases with the increase of
Sr. At the beginning of compression, the slope of plot ka-Va/V is very low. Particularly, a
slight increase of ka occurs at the very beginning of compression on some samples (such as
S5L0DT0, S5L2DT28d and S5L2DT90d, see Figure 3-24a), while at higher σv, significant
reduction of ka is observed with the decrease of Va/V (Figure 3-24a and Figure 3-25a). Other
curves in plots ka-e, ka-Sr and ka-σv also show the similar shape to that in plot ka-Va/V.
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However, the lime treatment effects on ka of soil S5 is difficult to depict since it might be
obstructed by the dispersed data. By contrast, slight effect of lime treatment on ka can be seen
from the results of soil S04, as presented in Figure 3-25. Specifically, at the beginning of the
compression, ka of lime-treated soil S04 ranges from 0.0037 to 0.008 µm², which is lower
than that of untreated soil (ka ranges from 0.009 to 0.0122 µm²). Then, ka decreases slowly
with the decrease of Va/V and e. On the other hands, ka decreases with the increase of Sr and σv.
For example, ka of untreated S04 dropped rapidly to 0.0006-0.001 µm² as σv increases to
1500 kPa; while ka of treated S04 decreases to 0.002-0.006 µm² as σv increases to 2730 kPa
(Figure 3-25d). As far as the curing time effect is concerned, all the plots of ka-Va/V, ka-e,
ka-Sr and ka-σv for treated soil S04 at 90-day curing are located above those for soils at 7-day
curing.
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Figure 3-24. Results of air permeability tests on untreated and lime-treated soils S5 at various curing times
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Figure 3-25. Results of air permeability tests on untreated and lime-treated soils S04 at various curing
times

3.5. Compression behaviour
3.5.1. Silt
The compression curves of both untreated and lime-treated silt samples were obtained from
the oedometer test which was combined with the measurement of air permeability.

As shown in Figure 3-26, the compression curves of untreated and lime-treated soils are
plotted in terms of void ratio (e) versus vertical stress (σv). To give a complete view of the
relationship between the void ratio and the vertical stress, both linear and logarithmic scale
are considered. Note that the last vertical stress applied on the untreated soils is around
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1500 kPa since the compression was stopped when no air flow was observed at this loading
level. Other tests on the treated soils were stopped at the loading level of 2730 kPa. It
indicates that the yield stress of untreated sample is lower than that of lime-treated sample.
For example, the yield stress of untreated sample S5L0DT0 is around 300 kPa; lime treatment
substantially enhances the yield stress to about 1000 kPa. The compression curve indicates
that the void ratio of untreated sample S5 decreases slightly when the vertical stress applied is
lower than the yield stress. Thereafter, the void ratio begins to decrease rapidly. As for the
lime-treated soil S5, its void ratio decreases more slowly than that of untreated S5. Large
reduction of void ratio is also observed when the vertical stress reaches the yield stress which
is applied during the sample preparation.
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Figure 3-26. Compression curves of lime-treated soils and untreated soils, void ratio versus vertical stress
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The results of untreated and treated soil (S04L2D) are presented in Figure 2-26b. Similarly,
higher yield stress is observed for lime-treated soil compared to that for untreated soil. By
contrast, less deformation is also observed for treated soils S04L2D at given vertical stress
level, in comparison with that of untreated soil S04L0DT0.

For further analysis on the compression behaviour of lime-treated soils, these compression
curves are used to determine the compressibility parameters such as volumetric strain (εv),
compression index (Cc) and oedometric modulus (Eoed), which are respectively defined as
follows:

εv =

∆e
1 + e0

(3-1)

Cc =

∆e
∆ log(σ v )

(3-2)

Eoed = (dσ v dε v ) = hi (dσ v dh )

(3-3)

where hi is the initial height of the sample; dh is the height change under an increment of
vertical stress (dσv).

Figure 3-27 plots the volumetric strain (εv) versus vertical stress (σv) in a semi-logarithmic
scale for both soil S5 and S04. As illustrated in Figure 3-26a, lime treatment effectively
reduces the volumetric strain εv for all vertical stress levels. For lime-treated soil S5, εv is
similar at all times when σv is lower than 750 kPa; however, lower εv is observed for
lime-treated S5 which is cured after a longer time when higher stress is applied. For example,
at σv = 2730 kPa, εv decreases from 0.063 for treated soil S5 at 7-day curing by 20.6 % to
0.05 for the sample at 90-day curing. More significant curing time effect is observed for soil
S04 as shown in Figure 3-27b. Specifically, the reduction of εv with the increasing curing time
is even detected at the beginning of the compression when σv is lower. Finally, about 26 %
reduction of εv is obtained for the treated soil at 90-day curing compared to that at 7-day
curing.
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Figure 3-27. Volumetric strain versus vertical stress for S5 (a) and S04 (b)
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Figure 3-28. Compression index versus vertical stress for S5 (a) and S04 (b)
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Similar observations can be made from the results obtained in terms of compression index
(Cc), as shown in Figure 3-28: (i) lime treatment significantly reduces the Cc of soil,
especially at a higher value of σv; (ii) the Cc value of treated soil gradually decreases with the
increase of curing time at given value of σv (particularly when σv is larger than 520 kPa for S5;
while in the whole range of σv for S04).

The results indicate that the oedometric modulus (Eoed) is primarily dependent on σv, and lime
treatment contributes to a substantial improvement of Eoed. As presented in Figure 3-29a, Eoed
of untreated soil S5 is only about 14.3 MPa at σv = 1127 kPa. By comparison, Eoed of
lime-treated soil S5 cured at t = 7 days is about threefold larger (Eoed = 56.3 MPa) than that of
untreated soil and it continues to increase up to 76.6 MPa at 90-day curing. Then Eoed of
treated soils decreases slightly when the highest vertical stress is applied. Similar results are
obtained for lime-treated soil S04 with more significant gains with curing time (Figure 3-29b).
Eoed of S04 at 7-day curing is 74.8 MPa and it increases to 113.2 MPa at 90-day curing, which
are about 280 % and 480 % higher than that of untreated soil, respectively.

3.5.2. Clay
The compression behaviour of untreated and lime-treated clay samples were studied through
the water retention curves, as mentioned in section 3.3.1.

For further analysis, the effective stress, σ’, is introduced as follows:

σ ' = Sr ⋅ s

(3-4)

In Figure 3-30, the plots e-σ’ for all the tests are collected. The trends of the relationship
between e and σ’ is quite similar with that of e and s: the samples compacted on dry side show
two stages: firstly, σ’ increases slightly at a constant value of e, followed by a second stage
where rapid reduction in e occurs with decreasing σ’. However, only the second stage is
observed for the samples compacted on dry side. Furthermore, the yield stress of lime-treated
samples compacted wet of optimum is progressively increasing with the increase of curing
time. When the σ’ is lower than the yield stress, less volume change occurs; significant
volume change happens as the σ’ exceeds the yield stress. It indicates that the compressibility
of the treated clay is larger than that of the untreated clay. Furthermore, the compressibility of
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the treated clay gradually increases with curing time.
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Figure 3-30. Effective stress versus void ratio in the drying path of water retention curve: (a) S5
compacted dry of optimum; (b) S5 compacted wet of optimum; (c) S04 compacted dry of optimum;
(d) S04 compacted wet of optimum

In Figure 3-31, the plots of εv -σ’ for all the tests are presented. Significant lower
compressibility can be observed for the lime-treated samples, as compared with the untreated
samples. For each sample, εv increases with the increase of σ’. At given value of σ’, εv of the
lime-treated sample decreases slightly as the increase of curing time, especially for the treated
samples compacted wet of optimum.
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3.6. Small strain shear modulus
The variations of small strain shear modulus (Gmax) over time are determined for the
compacted soils by the bender elements testing method. The results are obtained from two
duplicated samples for each test and presented below.

3.6.1. Silt
In Figure 3-32, the development of small strain shear modulus Gmax is plotted on the scale of
logarithm of curing time. Generally, the samples compacted dry of optimum have higher Gmax
values compared with samples compacted wet of optimum, for both untreated and treated
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soils. In case of untreated soil S5 (Figure 3-31a), the Gmax for sample compacted dry of
optimum is about 134 MPa immediately after compaction (t = 1 hour) and that for sample
compacted wet of optimum is around 73 MPa. There is no significant change over time for
untreated dry S5 whereas the Gmax for untreated wet S5 increases slightly to 97 MPa after
1000 hours. The treated soil presents a higher stiffness immediately after the compaction: the
Gmax of treated soil S5 compacted dry of optimum is 187 MPa (at a curing time of t = 1 hour),
which is about 40 % higher than that of dry side untreated soil. On wet side, the treated soil
has a Gmax of about 123 MPa very shortly after compaction. Then, it increases with curing
time at a stable rate before 100 hours (near 5 days). After that, the rate of Gmax development
becomes higher compared with that in the former period. The Gmax of treated soil S5 reaches a
stabilisation stage over 1000 hours (near 90 days): the stable value of Gmax for treated soil S5
is about 426 MPa on the dry side and is about 337 MPa on the wet side.
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Figure 3-32. Small strain shear modulus (Gmax) versus curing time for untreated and lime-treated silt soils:
(a) S5; (b) S04

Similar trends of small strain shear modulus Gmax development can be observed for soil S04,
as illustrated in Figure 3-31b. Specifically, lime treatment increases the Gmax of soil
immediately after compaction: the Gmax of treated soil S04 compacted dry of optimum is
236 MPa at t = 1 hour, around 98 % larger than the value of untreated S04 on the dry side,
and that for wet side treated S04 is 160 MPa, 90 % increase compared with that of untreated
S04 compacted wet of optimum. For treated soils S04 compacted both dry and wet of
optimum, there are also two phases for the Gmax development upon curing: the first phase with
a slower rate before t = 100 hours, followed by a second phase with a higher rate before
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reaching the stabilisation. Moreover, the stabilisation of Gmax has taken place over 1000 hours
for the treated S04 (491 MPa and 405 MPa for the dry and wet sides, respectively).

3.6.2. Clay
Figure 3-33 presents the results of small strain shear modulus Gmax during curing for the 4 %
lime-treated clay. In the case of untreated S5 immediately after compaction, Gmax is equal to
40 MPa and 17 MPa for the samples compacted dry and wet of optimum, respectively. During
curing, the values of untreated clay samples slightly increase and stabilise after 200 hours at
57 MPa and 18 MPa, respectively. Compared with the Gmax of untreated clay, the results of
treated clay indicate an immediate and substantial improvement on Gmax by lime treatment:
the Gmax of treated sample S5 compacted dry of optimum is 150 MPa, 275 % greater than that
of untreated sample S5, while on wet side, lime addition increases immediately the value by
618 % to 122 MPa at t = 1 hour. Then, the Gmax continuously increases with the increasing
curing time. At the beginning of curing (around 200 hours), the Gmax of treated soil increases
at a similar rate regardless of the compaction water content. Thereafter, the Gmax of wet side
sample increases at a higher rate rather than that of dry side sample. Moreover, no
stabilisation of Gmax is observed for the treated soils S5 over 1000 hours.
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Figure 3-33. Small strain shear modulus (Gmax) versus curing time for untreated and lime-treated clay
soils: (a) S5; (b) S04

The results of untreated soil and treated soil S04 are depicted in Figure 3-33b. Similar
observations can be made: (i) lime treatment improves Gmax immediately after compaction
(t = 1 hour), leading to 339 % and 606 % increase compared to untreated soils on dry and wet
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sides, respectively; (ii) a similar increase rate is observed for treated soils between the dry
side samples and wet side samples at the beginning of curing time (less than 200 hours);
(iii) afterwards, the wet side sample presents a higher rate than the dry side one; (iv) no
evident stabilisation of Gmax is observed for the treated soils even over 1000 hours.

3.7 Analysis and Discussion
3.7.1. Silt
In general, the microstructure of compacted soil is largely dependent on the mellowing water
content (Delage et al., 1996). As shown in Figure 3-1a (S5) and Figure 3-3 (S04), the silt
samples compacted dry of optimum (degree of saturation of about 67 %) present 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 kept in the
small pores inside the aggregates. By contrast, as shown in Figure 3-2a (S5) and Figure 3-4
(S04) the silt samples compacted wet of optimum (degree of saturation of about 87 %) present
a uni-modal pore size distribution, indicating a dispersed structure with continuous water
phase in the pores and air phase in mostly occluded distribution (Wroth and Houlsby, 1985;
Alonso et al., 1987; Delage et al., 1996; Tedesco, 2006).

The addition of 2 % of lime just modifies the pore size of compacted silt soil while reserving
its pore mode similar to that of untreated silt: both the modal sizes of inter-aggregate pores
and intra-aggregate pores (micro-pores for soil compacted wet of optimum) are reduced by
lime treatment, and they continue to decrease slightly with the increase of curing time. It can
be attributed to the cementitious compounds generated in the pozzolanic reactions, coating the
surface of soil aggregates and gradually filling the macro-pores, hence reducing their size.
Furthermore, the entrance of micro-pores inside the soil aggregates could be blocked by the
coating of the cementitious compounds, especially in the case of soil compacted dry of
optimum. As a consequence, more inaccessible pores can be formed. This explains the
observation made on Figure 3-1b and Figure 3-3b: large reduction is observed in total
intruded void ratio of lime-treated soils at a long curing time (t = 90 days).
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A significant increase in frequency is observed for the micro-pores or nano-pores of
0.006-0.1 µm on treated soil, particularly, in the case of lime-treated silt S5 at a curing time of
90 days (Figure 3-1a). These nano-pores can be attributed to the formation of well-developed
C-S-H phase (a hydrated lamellar structure). This formation was favoured by the thick coating
of lime around soil aggregates or by the local lime concentration in clusters. Similar
observations were made by Russo and Modoni (2013) who reported that a pore population of
0.007-0.2 µm was developed in a lime-stabilised soil at long term. Alvarez et al. (2013) found
a small amount of pores below 0.02 µm, ascribed to C-S-H gel pores. In this study, the
formation of C-S-H leads to the creation of pores of 0.006-0.1 µm, as observed in the mixture
of lime and soils with large aggregates (S5). Such new nano-porous compounds filling the
micro-pores of 0.1-1 µm, result in a reduction in their frequency.

The results of XRD identification and ESEM observation on lime-treated silts strongly
support the analysis mentioned above. First of all, the silt taken from Héricourt mainly
contains quartz, feldspar and clay minerals, such as montmorillonite, illite/muscovite and
kaolinite, as illustrated in Figure 3-5. The pozzolanic reactions in the soil-lime-water system
are time dependent. A new crystallized phase appears after a long time of curing (at least
1 year) and the main reflection characterizing this new phase is positioned at 34.2° (2 CoKα)
(corresponding to d = 3.04 Å), close to the main peak of calcite that is present in untreated
soil. Comparison of XRD patterns of treated soil S1 after 1-year curing and after oven-drying
(at 105 °C) or after freeze-drying demonstrates that the new peak at d = 3.04 Å corresponds to
the crystallized C-S-H phase (probably at tobermorite 9 Å) (Figure 3-5). The chemical
investigations on the C-S-H found by spot analysis using ESEM-EDX on both S1 and S04
give a Ca/Si ratio equal to 0.63-0.65, in agreement with the tobermorite 9 Å composition. No
significant reflection corresponding to C-S-H is detected at a curing time of t = 60 days. This
can be explained by the absence of well crystallized C-S-H or by the low detection limit of
XRD technique. Indeed, it is difficult to detect any crystalline phase if it is poorly crystallized,
amorphous, or when its quantity is too small, generally below 0.5-1 % (Carter et al., 1987;
Mitchell, 1993; Moon et al., 2004). In other words, very low quantity of well-crystallized
C-S-H phases or amorphous C-S-H gels may be formed at 60 days. However, at a long curing
time (t = 1 year), C-S-H phase can be detected on the treated soil prepared with large
aggregates, such as S5 and S1 while crystallised C-S-H are difficult to be observed by XRD
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technique on soil with small aggregates (as seen in S04), even though ESEM pictures
revealed the presence of isolated C-S-H particles in big clusters as for S04. Note that the
frequency of such clusters is quite low in S04 (see Table 3-1), which explains why they were
not detected by XRD. More analysis on these different observations will be given in next
chapter.

The curing time effects on the macroscopic soil properties of the lime-treated silt samples are
summarised in Table 3-2. Various changes in different soil properties studied were obtained
for the lime-treated silt samples during curing.
Table 3-2. Summary of the curing time effects on the soil properties of the lime-treated silt samples
( =: be constant; ↓: decrease; ↑: increase and ✗: not tested).

Soil properties

Dry side Wet side

Thermal conductivity

↓

=

Water retention capacity

↑

✗

Suction

↑

↑

Air permeability

↓↑

✗

Compressibility

↓

✗

Yield stress

↑

✗

Gmax

↑

↑

Particularly, soil effective thermal conductivity is significantly controlled by the volumetric
components. Generally, soil contains various minerals with different thermal properties. In
fact, the soil particles 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, which is identified by
XRD and ESEM observations) of lime is 0.1012 W/mK, much lower than that of water (0.6
W/mK) (Farouki, 1981; Mojumdar et al., 2006). Thus, the presence of pozzolanic products
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during curing can influence the effective thermal conductivity of the whole system.
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Figure 3-34. Saturation conditions of pores for lime-treated silt soils S5 compacted dry and wet of
optimum at various curing times

Soil thermal conductivity also significantly depends on soil structure defined by soil porosity,
pore size distribution, particle contacts, etc. In general, samples compacted at different water
contents present different microstructures, which are illustrated by the results from
microstructure investigation: the soil compacted dry of optimum presents aggregated structure
with large inter-aggregate pores and small intra-aggregate pores. Generally, intra-aggregate
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pores are usually saturated by pore water, while inter-aggregate pores are unsaturated;
however, the soil compacted wet of optimum presents a dispersed structure with continuous
pore water phase, as illustrated in Figure 3-34 and Figure 3-35.
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Figure 3-35. Saturation conditions of pores for lime-treated silt soils S04 compacted dry and wet of
optimum at various curing times

These two different microstructures result in different types of 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 in Figure 3-15. On dry side, the
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thermal conductivity 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. This explains why wet samples (w = 22 %) always
have higher thermal conductivity than the dry samples (w = 17 %).

The cementitious compounds mainly coat the surface of aggregates (Deneele et al., 2010), and
thus modifying the thermal contact conditions. Due to the relatively lower 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 3-15). 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 the cementitious compounds. Consequently, the effect of
cementitious compounds on the apparent thermal conductivity of samples becomes negligible.
This explains the observation in Figure 3-15 with the thermal conductivity of the wet side
samples remaining almost unchanged during curing.

The drying path of water retention curves are measured on both untreated and lime-treated silt
samples which were compacted dry of optimum. As indicated in Figures 3-34a, 3-34c, 3-34e
and Figures 3-35a, 3-35c, 3-35e, de-saturation can be assumed to start from the
intra-aggregate pores (referring to the removing of inter-cluster and intra-cluster water), since
the inter-aggregate pores are already unsaturated. A linear relationship between the logarithm
of suction and water content is observed for all the untreated silts (S5, S2, S1 and S04). This
linear relationship has been reported by Romero et al. (1999), who explained that it was
related to intra- and inter-cluster water, and controlled by the soil intra-aggregate
microstructure. This is the case for the untreated soils. However, the relationship for
lime-treated soil is not a linear: instead, an increase of water retention capacity of treated soil
is detected when suction ranges from 0.5 MPa to 13 MPa. When suction is above 13 MPa, a
linear relationship similar to that of untreated soil is observed. In fact, the increase of water
retention capacity of lime-treated soils observed during curing can be attributed to the creation
of cementitious compounds (mainly C-S-H), which have been verified above. These
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cementitious compounds gradually fill the inter-aggregate pores by coating the soil aggregates
(Shi et al., 2007; Lemaire et al., 2013). Thus, the size and connectivity of the inter-aggregate
pores are slightly modified. Some entrances of small intra-aggregate can also be blocked,
changing some non-constricted pores to constricted pores and increasing the possibility of
ink-bottle pores. These pores modified by the cementitious compounds can improve the water
retention capacity of soil by retaining water in the wide inner pores upon drying. The smaller
the narrow openings of the link bottle pores, the higher the suction values needed to
de-saturate the soil (Russo et al., 2007; Tedesco & Russo, 2008; Cecconi & Russo, 2008).

Pozzolanic reactions are largely time-dependent. Very slight increase of water retention
capacity is observed on the lime-treated soils at the curing time of t = 7 days, owing to the
small quantity of cementitious compounds generated during that short curing time. With the
increase of curing time, water retention capacity continuously increases. At 90-day curing, the
water retention curves of treated soils present an S-shaped character with a higher suction
values in the range from 0.5 MPa to 13 MPa. In the long curing period, larger quantity and
better distribution of cementitious compounds are allowed to occur, resulting in an obvious
increase in water retention capacity. In the high suction range (more than 13 MPa), the water
retention properties of untreated soils and that of treated soils even in the long curing period
are similar. Note that the cementitious compounds mainly coat the surface of soil aggregates.
Even though some entrance of intra-aggregate pores can be blocked and constricted pores can
be developed, most intra-cluster pore water may not be modified. When de-saturation takes
place in this suction range, the intra-cluster pore water begins to be extracted, leading to a
similar behaviour for untreated soils and treated soils.

The measurement on the suction variation and water content of lime-treated silt indicates that
suction increases slightly with the increase of curing time (Figure 3-18a), while the water
content almost remains constant (Figure 3-18b). 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., 2009). The increase of
suction can be attributed to the pozzolanic reaction which changes the soil microstructure: the
sizes of both macro-pores and micro-pores decrease continuously with curing time. To some
extent, the creation of cementitious compounds with a porous character would contribute to
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the increase in the quantity of micro-pores (Cerny et al., 2006; Deneele et al., 2010). Besides,
the cementitious compounds mainly coat the surface of soil particles, blocking some entrances
of micro-pores and increasing the occluded pores. Furthermore, cementitious compounds
which usually 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.

Air permeability measurements are performed along with the compression tests on both the
untreated and lime-treated silt compacted dry of optimum. By comparing the compression
curves of lime-treated soils with that of untreated soils, it is possible to state that lime
treatment substantially reduces the compressibility of soil. From other point of view, the yield
stress of the lime-treated sample is much larger than that of the untreated sample, which is
also confirmed by the decreased compressibility induced by lime treatment. These
improvements in the soil compressibility are mainly attributed to both the flocculation in short
curing time and the creation of cementitious compounds in the pozzolanic reactions in long
curing time. These cementitious compounds coat the surface of soil particles, and bond them
together, in favour of keeping the intact soil structure, improving the resistance to
compression and thus reducing the compressibility (Nalbantoglu and Tuncer, 2001; Moghal et
al., 2014; Rao and Shivananda, 2005).

The compression curves in εv-log(σv) plot (Figure 3-26), Cc-log(σv) plot (Figure 3-27) and
Eoed-log(σv) plot (Figure 3-28) show that there is significant curing time effects on these
compression parameters: with the increase of curing time, the lower volumetric strain εv and
the compression index Cc, the higher oedometric modulus Eoed are identified for lime-treated
soil. Given that the pozzolanic reactions are largely time-dependent, it is expected that the
quantity of cementitious compounds is growing during curing, which continuously enhances
the resistance to compression. Interestingly, Eoed of lime-treated soil S04 at short curing times,
such as t = 7 and 28 days as shown in Figure 3-28b, is increasing steadily with increasing σv;
however, a maximum of Eoed value is observed at 60-day or 90-day curing, with a slight
decrease under higher σv values. It is expected that at a short curing time, mainly C-S-H gel
phases are created. These C-S-H gels effectively bond the soil particles together, giving rise to
a more rigid soil structure. By contrast, more crystalline C-S-H particles are expected at a
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longer curing time (even though no C-S-H crystal is detected by XRD identification, the
limitation of this technique is also mentioned above). Actually, crystalline materials act as a
poor bond, leading to higher stress concentrations (Feldman & Beaudoin, 1976) and thus to
form a brittle structure (Di Sante et al., 2014).

Compression process by increasing vertical stress (σv) decreases the air-filled porosity (Va/V),
void ratio (e) and increases the degree of saturation (Sr), which are strongly correlated to the
air permeability of soil. The results obtained show at the beginning of the compression when
the vertical stress is lower than the apparent pre-consolidation pressure of soil, ka remains
almost constant or the slope of plot ka-σv is very small. In this region, dominating elastic strain
takes place. When further loading is applied, irrecoverable plastic strain occurs by significant
modification of soil structure. This modification would cause significant changes in pore
arrangement, giving rise to a large reduction in the slope of the curve ka-log (σv). The small
increase of ka observed during the compression can be attributed to some possible openings of
some macro-pores.

Specially, quite scattered data are obtained from samples S5, without any significant lime
treatment effect or curing time effect on ka. As the tested samples are compacted dry of
optimum, micro-pores are basically saturated while macro-pores are unsaturated (as illustrated
in Figures 3-34 and 3-35). Therefore, the air flow is greatly influenced by the arrangement
and the shape of macro-pores, i.e. the continuity and tortuosity of macro-pores (Blackwell et
al., 1990). As far as the lime treatment effect is concerned, particularly for S04, lime addition
slightly decreases the air permeability of soil, due to the decrease of macro-pores modal size
(as illustrated in Figure 3-3a) since the cementitious compounds fill these macro-pores.
Furthermore, the arrangement of macro-pores can also become more complex: cementitious
compounds cover the surface of soil particles and bond the adjacent soil aggregates together,
reducing the continuity but increasing the tortuosity of the macro-pores. It is consistent with
the effect of lime treatment on ka of soil S04, as shown in Figure 3-30b: ka of lime-treated soil
S04 at 7-day curing is much lower than the value of untreated soil which even has an identical
value of Va/V. A slight increase of ka observed on treated soil at a longer curing time (see
Figure 3-30b) can be explained by the saturation conditions of pores in lime-treated soil S04,
which is illustrated in Figure 3-35. Specifically, the minimum size of unsaturated pores in the
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lime-treated soils is decreasing with curing time, which indicates that more smaller pores
contributes to the efficiency of air flow.

A very slight increase of the small strain shear modulus Gmax with time is observed for
untreated silt samples. Similar results were reported by Tang et al. (2011a) and Dong (2013)
and they attributed this small increase of Gmax to the aging effects of compacted soils. Delage
et al. (2006) observed that significant aging effects on the microstructure of compacted
expansive soil occurred due to the redistribution of water between the inter-aggregate pores
and intra-aggregate pores, leading to a decrease in inter-aggregate porosity and an increase in
intra-aggregate porosity (inter-particle porosity). Tang et al. (2008) also reported a slight
increase of suction within a sample after compaction, which induced an increase in Gmax
(Sawangsuriya et al., 2008; Tang et al., 2011a).

Generally, samples compacted dry of optimum have a higher Gmax value compared to those
compacted wet of optimum, for both untreated samples and lime-treated samples. Firstly,
large number of soil aggregates with higher stiffness is for the samples compacted dry of
optimum. As for the wet samples compacted at a higher mellowing water content, a dispersed
structure with saturated clay sheets surrounding those silt-sized particles exists instead of the
aggregated structure. This dispersed structure results in a lower stiffness. Besides, the samples
compacted dry of optimum usually have a higher suction value than those compacted wet of
optimum. Thus, the samples compacted dry of optimum present a larger Gmax than those
compacted wet of optimum.

Immediately after lime treatment, significant Gmax gain is observed for treated soils compared
to that for untreated soils with the identical compaction water content. When water is added
into the lime-soil mixture, hydration of lime takes place, consuming water. The heat generated
by this hydration also accelerates the evaporation of water. Actually, less water is adsorbed by
soil particles for lime-treated soils in comparison with that for the untreated soil. Moreover,
subsequent flocculation/agglomeration process is beneficial to the formation of aggregates
with higher stiffness. As a consequence, Gmax of treated soil increases immediately after lime
treatment.
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The shape of the Gmax-log (t) plot indicates a two-stage of Gmax development during curing. At
the short curing time (less than around 100 hours), the Gmax of treated soil increases at a
slower rate with the curing time. This slight increase of Gmax can be attributed to the
flocculation/agglomeration process induced by the hydration of lime, which generally occurs
in a several hours or several days. Then, a second stage of Gmax development at higher rate
takes place, mainly related to the time-dependent pozzolanic reactions. The creation of
cementitious compounds in the pozzolanic reactions contributes to the increase in the stiffness
of soil, by coating the soil particles and bonding the adjacent aggregates. The ESEM
observation on the lime-treated silt samples at both short curing time (t = 1 day) and long
curing time (t = 1 year) evidence the appearance of hydrated lime at 1-day curing (see in
Figure 3-7), while at t = 1 year, the existence of C-S-H (main cementitious compounds, see
Figure 3-8 and Figure 3-9) in the treated silt is confirmed by both ESEM observation and
XRD identification (see Figure 3-5 and Figure 3-6). After a curing time over 1000 hours
(about 90 days), Gmax of lime-treated silt reaches stabilisation. Given that, it is possible to
identify the time interval approximately between 100 hours and 1000 hours (around 5 to
90 days) as time for the development of most of pozzolanic reactions.

3.7.2. Clay
The microstructure investigation on the untreated and treated clay samples shows a significant
modification of microstructure induced by lime treatment. First of all, the untreated clay
sample compacted dry of optimum presents three populations of pores, which can be
identified as large inter-grain pores, middle-sized inter-aggregate pores and small
intra-aggregate pores, respectively (see the definition in Section 3.1.2.). It appears that the
clay fraction is coating the large silt grains, forming a granular skeleton assembly in the clay
sample compacted dry of optimum (Delage, 2010). The large inter-grain pores are full of air,
as water is mainly located inside the formed big grains by saturating the intra-aggregate pores
and inter-aggregate pores. By contrast, untreated clay sample compacted wet of optimum
shows a bimodal pore size distribution: macro-pores and micro-pores. At higher water content,
the clay sheets are swelling by adsorbing more pore water, forming a matrix among the silt
grains.
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Lime-treated clay presents a quite different pore size distribution from that of untreated clay:
for the samples compacted dry of optimum, the middle-sized pores disappear, forming a new
population of inter-aggregate pores which has a modal size slightly smaller than that of
inter-grain pores detected in the untreated clays. Besides, the size of intra-aggregate pores
remains identical, however, with a slight increase in the volume of this pore mode induced by
lime treatment. When water is added into the soil-lime mixture, the hydration of lime would
consume large quantity of water and also accelerate the evaporation of water. It is assumed
that clay particles can adsorb less pore water. Furthermore, the flocculation process induced
by cation exchange also reinforces the generation of soil aggregates. As a consequence, the
swelling of clay particles is strongly restricted, resulting in the disappearance of the
middle-sized pores and the formation of large inter-aggregate pores. Unlike the inter-grain
pores found in the untreated clay, this new formed inter-aggregate pores in the lime-treated
clays have a smaller modal size. As for the samples compacted wet of optimum, lime
treatment increases the modal size of macro-pores and the volume of micro-pores. Similarly,
“drying effects” induced by lime hydration will substantially restrict the swelling of clay
particles. Moreover, possible shrinkage of clay particles coating the silt grains makes the
macro-pores much apparent (Delage, 2010).

The curing time effect on the microstructure of treated clay sample is largely dependent on the
compaction water content. For the treated samples compacted dry of optimum, no significant
changes of pore size distribution are observed during curing time. However, more
in-accessible pores are detected on treated samples at 90-day curing. It can be assumed that
the cementitious compounds formed are mainly coating the surface of aggregates, blocking
some entrances of intra-aggregate pores. This observation was not made on the treated
samples compacted wet of optimum. It is expected result because in the wet samples no large
aggregates exist. Furthermore, continuous increase in the volume of micro-pores is observed
for the treated wet side samples with curing time. This population of micro-pores with a
modal size might be correlated to the C-S-H pores from 5 nm to 20 nm (note that 5 nm is the
limitation size of MIP technique), which is consistent with the previous observations on the
C-S-H gel pore size from several nanometers or less than a few tens of nanometers (Haga et
al., 2005; Halamickova et al., 1995). The continuous increase in the volume of these
micro-pores reveals that a growing number of cementitious compounds were creating over
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time in the wetter samples, thanks to the abundant water in both micro-pores and
macro-pores.

The XRD patterns of lime-treated clay show no new formed peak correlated to C-S-H phase.
Indeed, it appears that no detectable crystalline C-S-H is formed among the lime-clay-water
system studied, even for the treated sample at a curing time as long as 2 years. A possible
explanation is that the created cementitious compounds can be C-S-H gels, which cannot be
detected by XRD technique. It is worth noting that the increasing volume of micro-pores from
5 nm to 20 nm illustrated in Figure 3-10 to Figure 3-13 are identified as the C-S-H gel pore
size in the lime-treated clay, which evidences the appearance of C-S-H gels.

Table 3-3 summarises the curing time effects on the macroscopic soil properties of the
lime-treated clay samples. It indicates that all the soil properties studied, such as water
retention capacity, suction, compressibility, yield stress and small strain shear modulus Gmax,
increase with curing time.

Table 3-3. Summary of the curing time effects on the soil properties of the lime-treated clay samples (↑:
increase).

Soil properties
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Dry side Wet side

Water retention capacity

↑

↑

Suction

↑

↑

Compressibility

↑

↑

Yield stress

↑

↑

Gmax

↑

↑
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Figure 3-36. Interpretation of the shrinkage behaviour of untreated and lime-treated compacted clay
samples

Specifically, the water retention curve of drying path is determined by considering the volume
change for both untreated and lime-treated clay samples. First of all, as shown in the plot e-w,
lime treatment significantly modifies the shrinkage behaviour of clay. As illustrated in Figure
3-36, the shrinkage curve of the untreated compacted sample is located above the saturation
line. This is expected because in the compacted samples (either dry of optimum or wet of
optimum) large macro-pores are generally unsaturated. In other words, the saturation of the
samples are lower than 100 %, as shown in Figure 3-37 and Figure 3-38. Upon drying, the
shrinkage curve of untreated clay sample is found almost parallel to the saturation line before
reaching its “compacted shrinkage limit”. It can be estimated that the volume change of
untreated clay induced by shrinkage upon drying is just equal to the volume of removed pore
water. In this case, the degree of saturation of the middle-sized inter-aggregate pores (in the
untreated clay compacted dry of optimum) and macro-pores (in the untreated clay compacted
wet of optimum) remain almost constant by decreasing the volume of pores upon drying,
which explains the parallel character of the shrinkage curve with respect to the saturation line.
When the water content of clay reaches the “compacted shrinkage limit”, the intra-aggregate
pores (in the clay compacted dry of optimum) or micro-pores (in the clay compacted wet of
optimum) start to drain, decreasing the slope of the shrinkage curve because of the small
deformation of intra-aggregate pore (or micro-pores) during further drying.
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In comparison with that of untreated clay, the shrinkage curve of lime-treated clay has shifted
leftwards. This is attributed to the water consumption and evaporation induced by lime
hydration, giving rise to a reduction of degree of saturation. Unlike the shape of the shrinkage
curve of untreated clay, which has a shape curvature defined as “compacted shrinkage limit”,
the slope of shrinkage curve observed for lime-treated clay is similar to that of saturation line
at the very beginning of the drying process, then it decreases slowly with the reduction of
water content without any evident “shrinkage limit”. Actually, the inter-aggregate resistance
to the shrinkage is significantly improved by cementitious compounds which bond the soil
particles together. As a result, the decreased volume of inter-aggregate pores (or macro-pores)
is smaller than the volume of the removed pore water, leading to a slower decreasing rate of
void ratio.
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Figure 3-37. Saturation conditions of pores for lime-treated clay soils C5 compacted dry and wet of
optimum at various curing times
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Figure 3-38. Saturation conditions of pores for lime-treated clay soils C04 compacted dry and wet of
optimum at various curing times
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Figure 3-39. Interpretation of the compression curves in the plot e-log (σ’) for lime-treated clay soil

It is important to note that the compressibility of clay can be interpreted as a progressive
deformation of inter-aggregate pores (macro-pores) from the larger one to the smaller
sequentially (Delage, 2010). For the sample compacted wet of optimum, most macro-pores
are usually saturated, as mentioned above. In the very beginning of drying, the effective stress,
σ’, induced by suction, increases slightly at a constant value of e. Since the de-saturation
process takes place firstly in the macro-pores, the suction changes which are also greatly
controlled by the macro-pores for samples compacted on wet side, are strongly correlated to
the deformation of macro-pores upon compression. In this case, the plot e-σ’ can well
describe the compression behaviour of soil upon drying, as illustrated in Figure 3-39. Similar
compression behaviour of bonded soils was reported by Leroueil and Vaughan (1990). Before
σ’ increases to the value of the apparent pre-consolidation stress (σv_max), it is expected that
very few deformations of macro-pores are observed. Further increase in σ’ gives rise to an
ordered collapse of macro-pores, representing a rapid reduction in e. A much lower yield
stress is observed for the untreated clay, which can be attributed to the weak inter-particle
bonds, often made up of clay bridges. However, in the lime-treated clay, cementitious
compounds form much stronger inter-particle bonds, substantially improving the resistance to
compression. With the increasing curing time, more cementitious compounds generated can
progressively develop more strong bonds among soil particles, contributing to further increase
of the yield stress. Besides, the larger compressibility observed for the treated clay can be
attributed to its larger compressible macro-pores, as illustrated in Figure 3-10, Figure 3-11,
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Figure 3-12 and Figure 3-13. When further loading is applied, these larger macro-pores
progressively collape, contributing to the larger compressibility.

Unlike in the samples compacted wet of optimum, the suction of samples compacted dry of
optimum is mainly controlled by the middle-sized inter-aggregate pores (in untreated dry
sample) or the smaller macro-pores (in lime-treated dry sample). Nevertheless, at the
beginning of the compression, the collapse upon compression starts from the largest
macro-pores to the smaller ones in order.

The plot Sr-s indicates that an obvious air-entry value can be observed for the untreated clay.
At a microstructure scale, untreated clay compacted dry of optimum presents unsaturated
large inter-grain pores, and thus drying starts in the middle-sized inter-aggregate pores, as
mentioned before. Actually, the air-entry value observed from the drying path of the water
retention curve is the value for air entering the inter-aggregate pores. As for untreated clay
compacted wet of optimum, a large quantity of macro-pores with a relatively narrow pore size
range is detected, which leads to a sharp curvature of the water retention curve, being defined
as the air-entry value. It is verified that lime treatment can significantly modify the
microstructure of clay: both the pore mode and pore size. Specifically, in the lime-treated clay
sample compacted dry of optimum, some small-sized inter-aggregate pores are saturated,
while leaving some large-sized inter-aggregate pores full of air. In the case of treated clay, the
entrance of air takes place in the very beginning of the drying process.

The water retention curve in the w-s plot indicates a significant improvement of water
retention capacity of clay by lime treatment regardless of the compaction water content. In the
untreated clay sample compacted dry of optimum, saturated soil aggregates are assembled
together to form larger grains, leaving big inter-grain pores full of air. In the untreated sample
compacted wet optimum, clay matrix surrounds the silt grains with most macro-pores
saturated. Consequently, drying process first occurs in the inter-aggregate pores on the dry
side and also in the macro-pores on wet side. Lime treatment modifies the pore size
distribution of clay. On the dry side, even though the inter-aggregate pores with larger modal
size appear in the treated clay, a slight improvement of water retention capacity is observed.
Furthermore, the water retention capacity of treated clay continuously increases with curing
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time. It can be assumed that cementitious compounds coat the soil aggregates, bonding the
aggregates together, blocking the entrance of intra-aggregate pores. Over time, the
cementitious compounds slowly fill the inter-aggregate pores, leading to a slight reduction in
the pore continuity. Besides, the main cementitious compounds, as verified as C-S-H gels
with porous structure (from several nanometer to a few tens of nanometer) also can hold some
pore water. Similarly, in the treated sample compacted wet of optimum, C-S-H gels gradually
spread the surface of clay particles in the matrix structure, filling the macro-pores and
reducing the continuity of macro-pores. As a consequence, the water retention capacity of
clay is substantially improved.

The suction of lime-treated clay shows a significant increase during curing time; however, the
corresponding water content remains almost constant. By contrast, larger increase of suction
is found in the lime-treated sample compacted dry of optimum than in the wet sample. As
explained above, the water retention capacity of clay is greatly and progressively improved by
lime treatment during curing, which can be attributed to the creation of cementitious
compounds. It is noticed that large water consumption takes place immediately after the
contact between water and the soil-lime mixture; no significant water consumption is
observed at long curing time. Different improvements in the water retention capacity of
treated sample are observed for the samples with different compaction water contents. This
can be attributed to the different microstructures of samples. Lime-treated samples compacted
on the dry side present aggregate microstructure. C-S-H gels generated in the pozzolanic
reaction coat the surface of soil particles, blocking the entrance of intra-aggregate pores. With
the increase of curing time, more C-S-H gels occur, resulting in the increase of quantity of
inaccessible pores, which is also verified by the microstructure investigation described above.
On the contrary, treated samples compacted on wet side normally have a dispersed
microstructure without any large aggregates. Given that the degree of saturation of
lime-treated sample is as high as 93 %, most macro-pores are saturated. Thus, less increase in
suction can be obtained for the lime-treated samples compacted wet of optimum compared to
the treated samples compacted dry of optimum.

Immediate and significant increase in the small strain shear modulus Gmax is observed for the
lime-treated clay samples compacted dry of optimum and wet of optimum. This can be due to
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the “drying effect” by the hydration of lime and subsequent flocculation/agglomeration
process, which enhances the aggregation microstructure having a higher stiffness. At the early
curing stage (before 200 hours), the Gmax of treated clay increases slowly, with a similar rate
for both samples compacted on dry and wet sides. Afterwards, the Gmax of treated sample
compacted wet of optimum gradually approaches and finally exceeds the value of treated
sample compacted dry of optimum. Note that the slight increase of Gmax in the short curing
time is owing to the flocculation induced by lime hydration, which can last several days
(Boardman et al., 2004; Rao and Shivananda, 2005; Dong, 2013). Afterwards, the
improvement in Gmax is controlled by the creation of cementitious compounds in the
time-dependent pozzolanic reaction. Generally, it can be supposed that in the sample
compacted on the wet side, the generation of cementitious compounds is favourable because
of the sufficient pore water and fast diffusion of cation (such as Ca²+) related to the relatively
higher permeability of treated sample compacted on wet side.

3.7.3. Comparison between silt and clay
A comparison of the effect of lime treatment on the thermo-hydro-mechanical properties was
conducted between the silt and the clay in this section, refering to both Table 3-2 and Table
3-3. Similar curing time effect can be observed through changes in suction, water retention
capacity, yield stress and Gmax for both silt and clay; while the changes in compressibility
during curing are different.

Basically, different curing time effects on the microstructrure were obtained between the silt
samples and clay samples. For the silt, 2 % lime treatment modifies just the pore size without
modifying the original pore mode. During curing, both the modal sizes of inter-aggregate
pores and intra-aggregate pores on the dry side, and that of micro-pores on the wet side are
slightly reduced. By contrast, 4 % lime treatment significantly modifies the pore mode of clay:
on the dry side, its three populations of pores (inter-grain pores, inter-aggregate pores and
intra-aggregate pores) change to a bi-modal distribution with the newly-formed
inter-aggregate pores and intra-aggregate pores. On the wet side, the volume of macro-pores
in the untreated clay gradually decreases, with the generation of macro-pores of larger modal
size during curing. Note that the silt used in this study contains a clay fraction (< 2 µm)
around 25 % while the clay has a clay fraction as high as 70 %. It can be concluded that the
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volume of the clay phase takes an important role in the soil microstructure. As in the silt
samples compacted on the dry side, clay particles mainly coat the silt grains, leading to the
existence of aggregates and inter-aggregate pores (Delage et al., 1996). When the clay
fraction is higher, most clay particles are assembled together to form clay aggregates between
the large silt grains which are also coated by clay particles. This results in three populations of
pores for untreated clay. Also, in the case of clay, the flocculation process induced by cation
exchange will be much prominent due to larger quantity of clay fraction. Thus, significant
new aggregates after cation exchange will be formed. By contrast, the silt has less clay
fraction that can participate in the cation exchange with lime, with respect to the clay.
Flocculation process in the silt seems to have insignificant effect on its original aggregate
structure. Moreover, more cementitious compounds and pozzolanic reactions are expected in
the treated clay than that in the treated silt because there are more clay particles and higher
lime content in the treated clay. As a result, the quantity of micro-pores (5 nm to 20 nm)
which is correlated to C-S-H gel pores is found larger in the treated clay than that in the
treated silt.

As far as the identification of cementitious compounds is concerned, XRD patterns show that
a newly-formed peak associated with crystalline C-S-H is detected for the lime-treated silt at
1-year curing, but no C-S-H peak is identified for the treated clay samples even at a curing
time as long as 2 years. It is noteworthy that only big well-crystallized C-S-H can be detected
by XRD technique because of its limitation. The results indicate that well-crystallized C-S-H
phase is developed in the lime-treated silt after 1-year curing. By contrast, the main phase can
be the C-S-H gels generated in the lime-clay-water system. It is certain that larger quantity of
clay particles consumes relatively more hydrated lime in the cation exchange reactions,
leading to a lower concentration of Ca²+ in the pore water, which is beneficial to the
development of C-S-H gels instead of crystalline C-S-H.

Comparisons of the water retention capacity between the lime-treated silt and clay show that
during curing, lime treatment significantly improves the water retention capacity of clay as
shown in Figure 3-40. This can be attributed to more cementitious compounds formed in the
treated clay. By contrast, the silt with lower quantity of clay particles presents less
improvement of water retention capacity.
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Figure 3-40. Comparisons between the water retention curves of silt and clay:
(a) Dmax = 5 mm; (b) Dmax = 0.4 mm
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Similarly, immediately after the sample compaction (t = 1 hour), the gain of small strain shear
modulus Gmax for the clay is found larger than that for the silt, as shown in Figure 3-41. In
short curing time, the main reaction is the hydration of lime followed by the cation exchanges
and pozzolanic reaction. Larger gains observed for the clay are probably due to the full
development of flocculation, which strongly enhances the aggregate structure with higher
stiffness. Furthermore, during curing, the lime-treated clay also presents a high rate of Gmax
development than the lime-treated silt, which may be attributed to more pozzolanic reactions
expected in the clay since the products of pozzolanic reactions (cementitious compounds) can
be an essential factor contributing to the improvement of Gmax. Moreover, a stabilisation of
Gmax development occurs for the lime-treated silt over 1000-hour curing. Differently from the
treated silt, no such stabilisation is observed for the treated clay. Generally, the permeability
of clay is lower than that of silt, which results in a slower diffusion of cation (such as Ca²+) in
the pore water.

3.8 Conclusions
In this chapter, the results of microstructure observation, mineralogy analysis, thermal
conductivity measurement, water retention curve determination, air permeability and small
strain shear modulus measurement are presented for both silt and clay, with emphasis putting
on the effect of curing time. On the base of these results, several conclusions can be drawn:

1) The silt samples compacted dry of optimum show a typical bi-modal pore size distribution
character, while those compacted wet of optimum present a uni-modal pore size
distribution mode. With curing time, both the modal sizes of micro-pores and macro-pores
shift to lower values, due to the cementitious compounds that fill the pores gradually over
time. By contrast, the clay samples compacted dry of optimum present three populations
of pores: inter-grain pores, inter-aggregate pores and intra-aggregate pores; and those
compacted wet of optimum show a bimodal pore mode: macro-pores and micro-pores.
Lime treatment can significantly modify the pore mode of clay: during curing, it is
observed that the middle-sized pores of lime-treated clay disappear, forming a new
population of macro-pores which has a larger modal size, and the size of micro-pores
remains identical with the increase in their volume. It can be attributed to the sufficient
flocculation which enhances the aggregate microstructure and to the more pozzolanic

159

Chapter 3. Curing Time Effects

reactions expected with higher clay fraction.

2) Crystalline C-S-H was detected by XRD identification on the lime-treated silt at a 1-year
curing, but no C-S-H peak was observed in the lime-treated clay samples even at a curing
time as long as 2 years. It is supposed that C-S-H gels are the main products generated in
the lime-clay-water system. The relatively lower concentration of Ca²+ in the pore solution,
because of more cation exchange, takes place in case of higher clay fraction, which
impedes the development of well-crystallized C-S-H.

3) The thermal conductivity of lime-treated silt during curing depends significantly on the
moulding water content: for the samples compacted dry of optimum, the thermal
conductivity decreases slightly with curing time. For those compacted wet of optimum,
the effect of curing time on the thermal conductivity is insignificant. The slight decrease
observed for the dry side can be explained by the generation of cementitious compounds
with lower thermal conductivity that coat the aggregates, slightly modifying the thermal
contact conditions. For the silt 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.

4) Due to the modification of microstructure by the creation of cementitious compounds,
water retention capacity of treated soil (both silt and clay) is significantly improved with
curing time. Moreover, the air permeability of lime-treated silt (S04) is lower than that of
untreated silt, probably owing to the smaller pore size and lower continuity of
macro-pores induced by lime treatment. Additionally, the compressibility of silt is
substantially reduced and the yield stress is increased by lime treatment, due to both the
flocculation and the creation of cementitious compounds which greatly enhance the
resistance to compression.

5) An immediate gain of the small strain shear modulus Gmax shortly after compaction is
observed on the lime-treated soil (both silt and clay), to be attributed to the “drying effect”
caused by lime hydration and the flocculation process that enhances the aggregate
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structure. Afterwards, Gmax of the treated soil increases at a high rate with curing time.
This can be attributed to the creation of cementitious compounds which bond the soil
particles together, largely improving the soil stiffness. Furthermore, it is observed that the
lime-treated clay presents a much higher rate of Gmax development during curing than the
lime-treated silt. This may result from the more expected pozzolanic reactions in clay due
to its higher clay fraction. Besides, Gmax of the treated silt reaches a stabilisation value
much early than that of the treated clay. The reason for this difference can be the lower
permeability of the clay. Also, in the case of clay, a slower diffusion of cation (such as
Ca²+) in the pore solution would potentially retard the completeness of pozzolanic reaction,
slowing down the Gmax development.
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Chapter 4. Aggregate Size Effects
In this chapter, the aggregate size effects on the microstructure, mineral composition, water
retention capacity, air permeability, compressibility and small strain shear modulus of
lime-treated soils are presented and analysed.

4.1. Microstructure and mineralogy analysis
4.1.1. Silt
MIP measurements were performed on untreated silt samples S5L0DT0 and S04L0DT0
which were prepared with the soils passing through 5 mm and 0.4 mm sieves, respectively,
and compacted dry of optimum (w = 17 %). The obtained results, collected in Figure 4-1,
indicate that the aggregate size significantly affects the inter-aggregate pores (macro-pores).
Specifically, the sample prepared with larger aggregates (in the case of sample S5L0DT0)
presents a larger inter-aggregate pores with a modal size of 72.75 µm, in comparison to the
smaller modal size of 13.7 µm detected for sample S04L0DT0. Nevertheless, similar
distributions of intra-aggregate pores (micro-pores) are detected on both samples S5L0DT0
and S04L0DT0, as illustrated in Figure 4-1a.
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Figure 4-1. Pore size distributions and cumulative intrusion curves for untreated silt samples compacted
dry of optimum
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Figure 4-1b depicts the corresponding cumulative intrusion curves, showing that the total
mercury intrusion values are nearly identical for the two samples, even though there is a large
difference in the intruded void ratio of macro-pores between these two samples.

Figure 4-2 shows the pore size distributions and the corresponding cumulative intrusion
curves of untreated samples S5L0WT0 and S04L0WT0 (Dmax = 5 mm and Dmax = 0.4 mm
respectively) which were compacted wet of optimum (w = 22 %). The results indicate that the
pore size distribution curves are quite similar, with a slight shift of modal size of micro-pores:
d = 0.69 µm for S5L0WT0 and d = 0.49 µm for S04L0WT0. Moreover, the same total
mercury intrusion value, which is slightly lower than initial void ratio, can be observed from
the corresponding cumulative intrusion curves of samples S5L0WT0 and S04L0WT0.
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Figure 4-2. Pore size distributions and cumulative intrusion curves for untreated silt samples compacted
wet of optimum

The results of 2 % lime-treated silt samples with different Dmax values (5, 2, 1 and 0.4 mm)
compacted dry of optimum are presented in Figure 4-3. As for the results of the untreated
samples presented above, a bi-modal pore size distribution with the presence of
inter-aggregate and intra-aggregate pores is observed for lime-treated silt samples compacted
dry of optimum. Moreover, the inter-aggregate pores are greatly impacted by the aggregate
size: the larger the aggregate size the larger the modal entrance size of the inter-aggregate
pores; while the aggregate size has less effect on the intra-aggregate pores. For example, the
modal size of macro-pores ranges from 15 to 30 µm for sample S5 at 7-day curing. In
comparison, lower values are obtained for samples S1 (around 7 µm) and S04 (around 5 µm)
at the same curing time. Nevertheless, samples with different Dmax values share a similar
modal size of micro-pores (around 0.2 µm at 7-day curing). Besides, the total mercury
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intrusion value of treated sample with a curing time of 90 days is also slightly decreasing with
the decrease of Dmax value, as shown in Figure 4-3d.
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Figure 4-3. Pore size distributions and cumulative intrusion curves for lime-treated silt samples
compacted dry of optimum

The changes of pores size distributions of the treated samples prepared with different sizes of
aggregates during curing are presented in Figure 3-1 (samples S5L2D), Figure 3-3 (samples
S04L2D) and Figure 4-4 (samples S2L2D and samples S1L2D), respectively. The comparison
of these results indicates that lime treatment effect on the microstructure of soil during curing
is largely dependent on the aggregate size. For treated soil S5L2D, an increase in the
frequency of micro-pores with the entrance pore diameters ranging from 0.01 to 0.1 µm
(defined as “nano-pores” in the following text for clarity) can be observed in Figure 3-1a at a
curing time of t = 90 days (S5L2DT90d), compared with that after 7-day curing (S5L2DT7d).
Particularly, the nano-porosity of sample S5L2DT90d is 25 % larger than that of sample
S5L2DT7d. Less change takes place for macro-pores, except a slight decrease in the modal
size of macro-pores. The total intrusion value measured for sample S5L2D in Figure 3-1b
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seems quite similar for the two curing periods.
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Figure 4-4. Changes of pore size distributions and cumulative intrusion curves during curing for each
lime-treated silt samples compacted dry of optimum: (a-b) samples S2L2D; (c-d) samples S1L2D

As illustrated in Figure 4-4c, similar results are observed for treated soil S1L2D: after 90-day
curing, a small increase (around 12 %) in the frequency of nano-pores ranging from 0.006 to
0.1 µm is detected and the cumulative intrusion curve of sample S1L2DT90d is similar to that
of sample S1L2DT7d. In the case of the sample prepared with smaller aggregates, a slight
increase of 15 % in the quantity of nano-pores is also detected for sample S04L2DT90d, in
comparison with sample S04L2DT7d. In addition, both modal sizes of inter-aggregate pores
and intra-aggregate pores shift slightly to lower values, by keeping similar shape during
curing and decreasing both the quantities of macro-pores and micro-pores, as seen in Figure
3-3a. It is worth noting that the total intrusion value of sample S04L2DT90d decreases
significantly compared with that of sample S04L2DT7d, due to the reduction of both the
modal pore entrance size and the quantity of the large macro-pores (in Figure 3-3b).
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By contrast, a uni-modal pore size distribution with a population of micro-pores can be
detected for the lime-treated samples compacted wet of optimum, as seen in Figure 4-5. Less
effect of aggregate size can be observed on the microstructure of these lime-treated samples.
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Figure 4-5. Pore size distributions and cumulative intrusion curves for lime-treated silt samples
compacted wet of optimum

Further comparisons of the changes of pore size distributions during curing were made for
each sample, as shown in Figure 3-2 (samples S5L2W), Figure 4-6 (samples S2L2W and
samples S1L2W) and Figure 3-4 (samples S04L2W). Similar trends are identified on all the
samples with different aggregate sizes: an increase in the quantity of nano-pores
(0.01 - 0.006 µm) accompanied by a decrease in the quantity of micro-pores (0.15 - 2 µm) is
detected on the treated samples at 90-day curing, compared to that of samples at 7-day curing.
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Figure 4-6. Pore size distribution and cumulative intrusion curves of lime-treated silt samples compacted
wet of optimum: (a-b) samples S2L2D; (c-d) samples S1L2D
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Figure 4-7. X-ray diffraction patterns of freeze-dried lime-treated silt soils with different Dmax values
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Figure 4-7 presents the results of XRD analysis performed on the 2 % lime-treated silt
samples with Dmax = 5, 1 and 0.4 mm. A peak associated with CSH phase (2θ = 34.2° and
d = 3.04 Å) was detected from the XRD patterns of samples S5L2DT1y and S1L2DT1y.
However, no CSH reflection can be detected in the same position of the XRD pattern of the
same sample S04L2DT1y. Measurements on duplicated samples confirmed this point.

The ESEM observations performed on samples S1L2DT1y and S04L2DT1y evidenced the
presence of visible CSH particles which have a soft porous structure coating the surface of
soil aggregates in both samples S1L2DT1y (Figure 3-8d) and S04L2DT1y (Figure 3-9).

4.1.2. Clay
Figure 4-8 depicts the results from MIP tests on the untreated clay samples (C5L0DT0 and
C04L0DT0) compacted dry of optimum (w = 25 %). It appears that the aggregate size can
slightly influence the large inter-grain pores (larger than 3 µm) and the middle-sized
inter-aggregate pores (from 0.1 µm to 3 µm): the larger the aggregate size, the larger the
modal sizes of both the inter-grain pores and the inter-aggregate pores. Specifically, the modal
size of large inter-grain pores for sample C5L0DT0 is around 100 µm, while the modal size of
inter-grain pores for sample C04L0DT0 is as small as 26 µm. Similarly, the modal sizes of
inter-aggregate pores are about 0.6 and 0.4 µm for samples C5L0DT0 and C04L0DT0,
respectively. Nevertheless, no evident influence can be observed in the small intra-aggregate
pores (lower than about 0.1 µm) due to the similar quantity and entrance pore size of
intra-aggregate pores, as shown in Figure 4-8a.

The results of untreated clay samples (C5L0WT0 and C04L0WT0) compacted wet of
optimum (w = 35 %) are presented in Figure 4-9. These two samples with different Dmax
values show very similar pore size distributions, with macro-pores of 0.2 µm to 10 µm and
micro-pores smaller than 0.2 µm. However, slight effect of aggregate size can be seen on the
modal size of macro-pores: the sample prepared with smaller aggregates presents a relatively
smaller modal size of macro-pores.
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Figure 4-8. Pore size distributions and cumulative intrusion curves for untreated clay samples compacted
dry of optimum
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Figure 4-9. Pore size distributions and cumulative intrusion curves for untreated clay samples compacted
wet of optimum

Figure 4-10 presents the pore size distributions and the cumulative intrusion curves of
lime-treated clay samples compacted dry of optimum (C5L4DT7d, C04L4DT7d, C5L4DT90d
and C04L4DT90d). The comparison indicates that for lime-treated clay, aggregate size also
significantly affects the soil microstructure, especially in the macro-pore domain. As
illustrated in Figure 4-10a, sample C5L4DT7d has a population of macro-pores in a wide
range from 0.25 to 100 µm with a modal size of d = 26.7 µm. By contrast, sample
C04L4LDT7d has a relatively narrow population of macro-pores ranging from 0.25 to 20 µm,
with a smaller modal size of d = 9.8 µm. Similar observation can also be made from the
results of lime-treated samples at a curing time of t = 90 days (see samples C5L4DT90d and
C04L4DT90d). Furthermore, the entrance pore diameters of micro-pores (smaller than
0.25 µm) detected for these two samples with different Dmax values are almost identical.
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Figure 4-10. Pore size distributions and cumulative intrusion curves for lime-treated clay samples
compacted dry of optimum

Changes in microstructure for lime-treated clay samples during curing were compared
between the sample prepared with large aggregates, Dmax = 5 mm, (as presented in Figure
3-10) and the sample with small aggregates, Dmax = 0.4 mm (as can be seen in Figure 3-12). It
appears that changes in pore size distribution of clay induced by lime treatment in a short
curing time (t = 7 days) between two samples (C5L4DT7d and C04L4DT7d) are similar: the
inter-grain pores disappear and the inter-aggregate pores get larger with a slight increase in
the quantity of intra-aggregate pores. In a long curing time (t = 90 days), a slight reduction in
the quantity of inter-aggregate pores is detected for sample C5L4DT90d. No change in the
quantity of inter-aggregate pores can be seen for sample C04L4DT90d.
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Figure 4-11. Pore size distributions and cumulative intrusion curves for lime-treated clay samples
compacted wet of optimum

As for the lime-treated clay samples compacted wet of optimum, comparisons were made
between the results of samples C5L4WT7d and C04L4WT7d, as illustrated in Figures 4-11a
and 4-11b. These results indicate that quite similar pore size distributions and cumulative
intrusion curves are obtained for these samples with different Dmax values. However, an
evident increase in the quantity of middle-sized micro-pores ranging from 0.03 µm to 0.4 µm
is detected for sample C04L4WT7d, in comparison with the corresponding micro-pores of
sample C5L4WT7d. Similar pore size distributions and cumulative intrusion curves are also
observed on the results of two treated samples after 90-day curing (samples C5L4WT90d and
C04L4WT90d), as seen in Figures 4-11c and 4-11d, respectively. Nevertheless, the treated
sample prepared with large aggregates (sample C5L4WT90d) presents a wider distribution of
macro-pores, compared to the sample with small aggregates (sample C04L4WT90d): the first
intensive entrance diameter of macro-pores, related to the air-entry value, is larger for the
sample with Dmax = 5 mm than that for the sample with Dmax = 0.4 mm.
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By comparing the results of samples C5L4W (as presented in Figure 3-11) and C04L4W (as
presented in Figure 3-13), similar trends of microstructure changes are seen for both samples
with large and small aggregates, which were compacted wet of optimum. During curing, a
new population of macro-pores with larger modal size is progressively generated, and
simultaneously, a sustaining increase in the quantity of micro-pores can be detected. However,
larger increase in the quantity of both macro-pores and micro-pores has been observed for
sample C04L4WT90d, in comparison with that for sample C5L4WT90d.

4.2. Thermal conductivity
The thermal conductivity of 2 % lime-treated silt samples prepared with Dmax = 5 mm and
Dmax = 0.4 mm are collected in Figure 4-12. Generally, the samples prepared with Dmax =
5 mm have a higher thermal conductivity than the samples prepared with Dmax = 0.4 mm.
Specifically, on the dry side of optimum, the thermal conductivity of lime-treated sample
S5L2D is 6.2 % greater than that of sample S04L2D at given curing time, as seen in Figure
4-12a. On wet side, the thermal conductivity of sample S5L2W is 6.7 % higher than that of
sample S04L2W over the whole recorded curing time, as seen in Figure 4-12b.
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Figure 4-12. Thermal conductivity of lime-treated silt samples during curing:
(a) dry of optimum; (b) wet of optimum

4.3. Water retention property
This section presents the comparisons of water retention properties (the drying path) for the
untreated/treated samples (both silt and clay) prepared with different sizes of soil aggregates.
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Besides, the aggregate size effects on the suction changes of lime-treated samples during
curing are also analysed.

4.3.1. Silt
In Figure 4-13a, the drying paths of water retention curves obtained from four untreated
samples with different sizes of aggregates (S5L0DT0, S2L0DT0, S1L0DT0 and S04L0DT0)
are plotted together. The results show that the different samples with different maximum
aggregate sizes present a similar linear water retention curve in terms of water content in the
semi-logarithmic scale. It indicates that the aggregate size effect is insignificant for untreated
soil in this suction range, from 500 kPa to 60 MPa.
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Figure 4-13. Water retention curves of untreated soils with different sizes of aggregates

By contrast, the water retention curves of treated soils at different curing durations are plotted
in Figures 4-13b, 4-13c and 4-13d, respectively. At the curing time of t = 7 days, the
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aggregate size effect is still too weak to be distinguished. However, the water retention curves
of treated soils after 7-day curing are located slightly above those of untreated soils, in a
suction range from 1300 kPa to 5500 kPa. This indicates that the water retention capacity of
lime-treated silt soil after 7-day curing is slightly increased, as seen in Figure 4-13b.

With curing time, the water retention abilities of treated soils are continuously improved.
Simultaneously, the water retention curves gradually form an S-shaped character. At the
curing time of t = 28 days, the suction difference in the range from 960 kPa to 7200 kPa is
getting larger between the treated soils and untreated soils, as seen in Figure 4-13c. Moreover,
this suction difference deepens at t = 90 days. Obviously, the aggregate size effect is slightly
significant on the long curing term: the samples prepared with large aggregates (S5L2DT90d),
especially in the suction range from 860 kPa to 9 MPa, show a relatively lower water
retention capacity those with other smaller aggregates (S04L2DT90d, S1L2DT90d and
S2L2DT90d. Nevertheless, in the higher suction range (higher than 13 MPa), no evident
aggregate size effect can be observed, neither a visible difference between the water retention
curves of treated soils and those of untreated soils.

By comparing the changes in water retention curves during curing of treated silt samples with
different aggregates (Dmax = 5, 2, 1 and 0.4 mm), as presented in Figure 3-16, it is observed
that the aggregate size slightly influences the water retention capacity changes induced by
lime treatment: as for the samples prepared with large aggregates (such as Dmax = 5 mm), the
improvement of water retention capacity of silt after 90-day curing is lower than that of
samples prepared with smaller aggregates, such as Dmax = 0.4 mm.
The suction changes during curing (t = 90 days) of lime-treated samples are shown in Figures
4-14a (compacted dry of optimum, w = 17 %) and 4-15b (compacted wet of optimum,
w = 22 %), respectively. It is observed that the suction of samples prepared with small
aggregates is slightly higher than that of samples with large aggregates at given curing time.
For example, the suction of sample S04L2D is about 440 kPa at a curing time of t = 90 days,
in comparison with the value measured on sample S5L2D (360 kPa at the same curing
duration). Similar difference can also be observed for the lime-treated samples compacted wet
of optimum (S5L2W and S04L2W), as shown in Figure 4-14b.
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Figure 4-14. Changes in suction and water content during curing for the lime-treated silt samples
prepared with different Dmax values

4.3.2. Clay
Figure 4-15 collects the water retention curves of untreated/lime-treated clay samples with
different sizes of aggregates. Comparison between the results of untreated samples prepared
with Dmax = 5 mm and those of untreated samples prepared with Dmax = 0.4 mm shows that the
aggregate size has a negligible impact on the water retention ability of untreated clay
(compacted both dry and wet of optimum), as seen in Figures 4-15a and 4-15b. However, as
for lime-treated samples, the aggregate size seems to produce an effect on the water retention
ability of clay, especially for the lime-treated samples compacted wet of optimum (w = 35 %).
For example, sample C04L4WT7d presents higher suctions than sample C5L4WT7d in the
range of 780 kPa to 4160 kPa, as illustrated in Figure 4-15d. With curing time, the aggregate
size effects are becoming more significant. The suction value measured on sample
C04L4WT90d, ranging from around 1 MPa to 2 MPa, is much higher than the suction of
sample C5L4WT90d, as seen in Figure 4-15h. Similarly, the lime-treated sample compacted
dry of optimum, C04L4DT90d, also presents a higher water retention capacity in the suction
range from 3 MPa to 12 MPa, in comparison with sample C5L4DT90d (as described in Figure
4-15g). Besides, no clear effect of aggregate size on water retention capacity is observed from
the results of samples compacted dry of optimum with shorter curing times (t = 7 and
28 days), as seen in Figures 4-15c and 4-15e.
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Figure 4-15. Aggregate size effects on the water retention curves of untreated/treated clay samples
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Figure 4-16. Changes water retention curves during curing of lime-treated clay samples prepared with
different Dmax values
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In Figure 4-16, the comparisons of water retention capacity variations during curing are made
for the treated samples prepared with different soil aggregates (Dmax = 5 and 0.4 mm) and
compacted dry and wet of optimum. Apparently, samples prepared with large aggregates (Dmax
= 5 mm) have a relatively lower improvement in water retention capacity, compared to the
samples prepared with small aggregates (Dmax = 0.4 mm). For example, at a water content of
w = 25 %, the suction of untreated sample C5L0DT0 is around 1.1 MPa and that of treated
sample after 90-day curing (C5L4DT90d) is increased by 150 %, up to 2.75 MPa. By contrast,
the lime-treated sample C04L4DT90d has a suction value of 3.8 MPa, which is 217 % lower
than the value of untreated sample C04L0DT0. This aggregate size effect is more significant
for the samples compacted wet of optimum: a substantial improvement of water retention
capacity can be observed for sample C04L4WT90d, in comparison with sample C5L4WT90d.
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Figure 4-17. Aggregate size effects on the relationship between void ratio and water content of
untreated/treated clay samples

Figure 4-17 presents the comparisons of shrinkage curves (void ratio versus water content) for
the untreated/lime-treated samples with different sizes of aggregates. Insignificant effects of
aggregate size can be observed for the untreated clay samples, as illustrated in Figures 4-17a
and 4-17b. Nevertheless, the shrinkage curves of lime-treated clay samples, i.e. C04L4WT7d,
C04L4WT28d and C04L4WT90d, which were prepared with small aggregates and compacted
wet of optimum (w = 35 %), are located above the curves of treated samples prepared with
larger aggregates (C5L4WT7d, C5L4WT28d and C5L4WT90d, respectively). On the whole,
the shrinkage of samples with large aggregates is generally larger than that of samples with
smaller aggregates, at given water content. Compacted dry of optimum, the treated samples
after 90-day curing show a slight aggregate size effects, while no clear effect is observed on
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the treated samples with shorter curing times such as t = 7 days or 28 days, as seen in Figure
4-17.
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Figure 4-18. Aggregate size effects on the relationship between degree of saturation and water content for
untreated/treated clay samples

Figure 4-18 compares the relationships between the degree of saturation and water content for
the untreated/lime-treated samples prepared with different sizes of aggregates. Similar
observations can be made: (i) negligible effect of aggregate size is observed for the untreated
samples; (ii) as for the lime-treated sample compacted wet of optimum, the samples prepared
with small aggregates present a lower degree of saturation at given water content, in
comparison with those prepared with large aggregates; (iii) as for the treated samples
compacted dry of optimum, the results of samples at 90-day curing present a slight aggregate
size effect, which is similar to that observed on the samples compacted wet of optimum.
However, the aggregate size effect is difficult to distinguish from the results of samples with
relatively shorter curing times (t = 7 days or 28 days).

Figure 4-19 depicts the changes in suction during curing (t = 90 days) of two lime-treated clay
samples compacted dry of optimum (w = 25 %) and wet of optimum (w = 35 %), respectively.
Generally, the suction of samples prepared with small aggregates (C04) is significantly higher
than that of samples with large aggregates (C5) at given curing time. Particularly, the suction
of C04L4D is about 1.22 MPa at 1-day curing, and finally reaches 3.8 MPa at 90-day curing;
by contrast, the suction of C5L4D is 0.89 MPa and 2.7 MPa at 1-day and 90-day curing,
respectively (see Figure 4-19a). Similar results are obtained for the samples compacted wet of
optimum: the suction of sample C04L4W increases from 0.4 MPa to 1.3 MPa during a curing
time of 90 days, while the suction of sample C5L4W is much lower, increasing from 0.2 MPa
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to 0.6 MPa in a 90-day curing period, as illustrated in Figure 4-19b.
(b) 1.4

(a) 4.5

C5L4W

C5L4D
C04L4D

4

1.2

C04L4W

3.5

1

s (MPa)

s (MPa)

3
2.5
2

0.8
0.6

1.5

0.4
1

0.2

0.5

0

0
1

10

100

1

10

100

t (days)

t (days)

Figure 4-19. Changes in suction during curing for the lime-treated clay samples prepared with different
Dmax values: (a) dry of optimum; (b) wet of optimum

4.4. Air permeability
In this section, the air permeability of untreated and lime-treated samples are presented and
analysed with emphasis on the aggregate size effects.

As shown in Figure 4-20a, the air permeability (ka) of soils prepared with both samples S5
(Dmax = 5 mm) and S04 (Dmax = 0.4 mm) is plotted against the air-filled porosity (Va/V).
Specifically, the data of samples S5 are mainly located in a range from 0.02 to 0.14 µm²,
while the data of samples S04 which have similar Va/V values, are even one order of
magnitude lower (from 0.002 to 0.01 µm²).

In fact, the organisation of macro-pores induced by soil aggregate size, rather than the total
volume, takes an essential role in air permeability. For further analysis, the organization (O)
of macro-pores, which includes the size, shape, tortuosity and arrangement of macro-pores, is
considered. The macro-pores organization (O) was defined by Blackwell et al. (1990) as
follows:
O = k a (Va V )

(4-1)

The relationship between O and Va/V of both samples S5 and S04 are presented together in
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Figure 4-20b. When the vertical stress is low, O remains nearly constant: O of all the samples
S5 is at a stable level of 1 µm² as Va/V decreases from 0.12 to 0.08, while O of samples S04
remains near the value of 0.1 µm² as Va/V decreases from 0.12 to 0.07. When higher vertical
stress is applied, O starts to decrease progressively.

Furthermore, the efficiency for fluid flow (E) is also introduced to describe the key feature of
macro-pore shape by Blackwell et al. (1990):
E = log(O ) (Va V )

(4-2)

where parameter E represents the magnitude of the slope of O - Va/V curve.
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Figure 4-20. Comparisons of the results of air permeability tests between samples with different sizes of
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Figure 4-20c presents the relationship between E and ka for both samples S5 and S04 in
semi-logarithmic scale. It can be seen that samples S5 with larger aggregates tend to have the
values of E ranging from -9 to 2.4 log (µm²) upon compression. The results indicate that the
lime-treated samples S5L2D have a similar behaviour with untreated samples S5L0D: all the
data of the samples prepared with large aggregates (Dmax = 5 mm) are located on a unique
curve, as observed in Figure 4-20c. The samples prepared with small aggregates S04 have the
values of E less than -9 log (µm²). However, the lime-treated samples S04L2D behave a little
differently as compared with the untreated sample S04L0D: the points of samples S04L2D
shift to the left side of those of the untreated samples S04L0D. Generally, the data of samples
S5 and S04 merge rather well on a unique curve.

4.5. Compression behaviour
In this section, the aggregate size effects on the compression behaviour of both the
untreated/lime-treated silt and clay are presented. Note that the compression curves of silt
samples were obtained from the air permeability test, along with the oedometer test.
Nevertheless, the results of clay samples were obtained through the measurement of water
retention properties.

4.5.1. Silt
The compression curves in e-logσv plot and εv-logσv plot, for both the untreated and treated
samples are presented in Figure 4-21 and Figure 4-22, respectively. In the case of untreated
samples, the results show a negligible effect of aggregate size when σv is lower than 372 kPa.
As σv increases, the volumetric strain εv of untreated sample S5L0DT0 starts to be larger than
that of untreated sample S04L0DT0 at given σv value. With curing time, the aggregate size
effect becomes significant for the lime-treated samples, especially for those cured for 90 days:
the volumetric strain εv of sample S04L2DT90d is getting lower than that of sample
S5L2DT90d when σv is higher than 89 kPa.
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Figure 4-21. Aggregate size effects on the relationship between void ratio and vertical stress for
untreated/treated silt samples
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Figure 4-22. Aggregate size effects on the relationship between volumetric strain and vertical stress for
untreated/treated silt samples
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Figure 4-23. Aggregate size effects on the relationship between the oedometric modulus and the vertical
stress for untreated/treated silt samples
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Figure 4-23 depicts the oedometric modulus Eoed of both untreated and lime-treated samples.
It appears that the samples prepared with small aggregates have a slightly higher Eoed than
those prepared with large aggregates. Besides, the aggregate size also has a slight influence on
Eoed for the lime-treated samples during curing. For instance, the oedometric modulus Eoed of
lime-treated sample S04L2DT90d increases up to 113 MPa under a vertical load of 1127 kPa,
while the value is only Eoed = 20 MPa for untreated sample S04L0DT0. By contrast, the
oedometric modulus Eoed of lime-treated sample S5L2DT90d has a lower value of Eoed = 77
MPa in comparison with the untreated sample S5L0DT0 (Eoed = 15 MPa) at the same vertical
stress.

4.5.2. Clay
Note that the compression behaviour of clay samples were studied through their water
retention curves, in considering of the effective stress σ’ related to suction (see Equation 3-4).
The compression curves of both untreated and lime-treated clay samples are depicted in
e-logσ’ plot (Figure 4-24) and εv-logσ’ plot (Figure 4-25). In the case of untreated samples
compacted dry and wet of optimum, no evident effect of aggregate size is observed. However,
the e-logσ’ plot of lime-treated samples compacted wet of optimum shows that the sample
prepared with small aggregates (S04L4W) has a higher yield stress than the sample with large
aggregates (S5L4W). When σ’ exceeds this yield stress, substantial volume changes occur,
followed by a progressive increase in volumetric strain εv. The comparisons between the
εv-logσ’ plots of S04L4W and S5L4W show that the sample S5L4W has a larger volumetric

strain εv than S04L4W at given σ’. The results of samples compacted dry of optimum at
90-day curing also indicate a slight effect of aggregate size on the compression behaviour: a
higher yield stress and a less volumetric strain at given effective stress level are observed for
the samples prepared with small soil aggregates.
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Figure 4-24. Aggregate size effects on the relationship between void ratio and effective vertical stress for
untreated/treated clay samples
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Figure 4-25. Aggregate size effects on the relationship between volumetric strain and effective vertical
stress for untreated/treated clay samples

Figures 4-26 and 4-27 present the aggregate size effect on the compression behaviour in
e-logσ’ plot and εv-logσ’ plot, respectively. It is observed that lime treatment makes more
improvement for the samples prepared with small aggregates. For instance, the volumetric
strain εv of sample C04L4WT90d under an effective stress of around 10 MPa is about 0.14,
which is 53 % lower than the value of untreated sample C04L0WT0 (εv = 0.3). By contrast,
the volumetric strain εv of sample C5L4WT90d under the same effective stress decreases by
43 % compared to that of untreated sample C5L0WT0.
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Figure 4-26. Changes of compression curve during curing for the lime-treated clay samples prepared with
different Dmax values: (a) Dmax = 5 mm, on dry side; (b) Dmax = 5 mm, on wet side;
(c) Dmax = 0.4 mm, on dry side; (d) Dmax = 0.4 mm, on wet side
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Figure 4-27. Changes of compression curve in εv -logσ’ plot during curing for the lime-treated clay samples
prepared with different Dmax values: (a) Dmax = 5 mm, on dry side; (b) Dmax = 5 mm, on wet side;
(c) Dmax = 0.4 mm, on dry side; (d) Dmax = 0.4 mm, on wet side

4.6. Small strain shear modulus
4.6.1. Silt
For the untreated silt samples compacted both dry and wet of optimum, the small strain shear
modulus Gmax of sample S5 prepared with large aggregates is found to be slightly lower than
that of sample S04 prepared with small aggregates, as can be seen in Figures 4-28a and 4-28b.
In the case of lime-treated samples, the initial small strain shear modulus Gmax (t = 1 hour
after sample compaction) of samle S04 is higher than that of sample S5, for both dry of
optimum and wet of optimum. Over curing time, the Gmax value of sample S04 and that of
sample S5 is getting closer. When the curing time is around 300 hours, the values in the two
cases reach a nearly identical level. Afterwards, the Gmax of sample S04 continuously
increases at a higher rate than sample S5. When reaching the stabilisation, the final Gmax value
of sample S04 is larger than that of sample S5, for both dry of optimum and wet of optimum.
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Figure 4-28. Aggregate size effects on shear modulus of untreated/treated silt samples

4.6.2. Clay
The comparison of the small strain shear modulus of clay samples prepared with different
sizes of aggregates (Dmax = 5 mm and 0.4 mm) are presented in Figures 4-29a and 4-29b. In
the case of untreated samples, no aggregate size effect can be observed: the small strain shear
modulus Gmax of sample C5 is approximately identical to that of sample C04, at both dry and
wet sides. As for the lime-treated clay samples compacted dry of optimum, the initial Gmax of
sample C04 is slightly higher than that of sample C5, as seen in Figure 4-29a. During the
curing period in this test, the Gmax of S04 increases at a similar rate than that of sample C5,
and reaches a final value of 428 MPa, higher than that of sample C5 (Gmax = 368 MPa). In the
case of lime-treated sample compacted wet of optimum, the initial values for both samples
C04 and C5 are at a same level (Gmax = 127 MPa) and increase simultaneously by keeping a
similar value in the short curing time (less than around 189 hours). In fact, after a curing time
of around 200 hours, the treated sample C04 starts to increase at a much higher rate than
sample C5, as can be observed in Figure 4-29b.
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Figure 4-29. Aggregate size effects on small strain shear modulus for untreated/treated clay samples

4.7. Analysis and Discussion
4.7.1. Silt
The microstructure investigations performed on the untreated silt samples prepared with
different sizes of soil aggregates (Dmax = 5 and 0.4 mm) and compacted dry of optimum
suggest that the aggregate size mainly impacts the inter-aggregate pores (macro-pores): the
samples prepared with larger aggregates have a larger modal size of inter-aggregate pores.
Although further compaction progressively deforms soil aggregates, the structure of soil
aggregates cannot be destroyed completely (Braunack at al., 1979). Large inter-aggregate
pores remain in the sample prepared with large soil aggregates after compaction. In addition,
since the smaller aggregates generally present a higher tensile strength than the larger
aggregates (Braunack et al., 1979), larger compaction energy is required for the samples with
smaller aggregates to reach the same density. As a result, smaller soil aggregates are much
more closely packed with the formation of smaller inter-aggregate pores. Because the
compaction process influences the inter-aggregate pores through the re-arrangement and
deformation of aggregates, seldom impacts can be observed on the intra-aggregate pores
during compaction. Hence, initial intra-aggregate pores (inter-particle pores) remain fairly
unchanged during compaction. As for the untreated samples compacted wet of optimum, a
uni-modal of pore size distribution is observed by MIP measurement. It indicates that the
sufficient amount of water greatly wet the soil aggregates by weakening the initial bonds
inside the aggregates, hence no aggregate is preserved in the untreated sample compacted wet
195

Chapter 4. Aggregate Size Effects

of optimum. Therefore, the aggregate size effect is negligible on the microstructure of
samples compacted wet of optimum.

Similar aggregate size effect on the large inter-aggregate pores was observed from the pore
size distributions of lime-treated samples: the modal size of inter-aggregate pores decreases
with the decrease of Dmax value. Besides, aggregate size also slightly impacts the small
intra-aggregate pores of treated samples compacted dry of optimum. Specifically, a relatively
larger increase in frequency of nano-pores ranging from 0.01 to 0.1 µm was observed for the
lime-treated sample prepared with large aggregates, especially for sample S5L2DT90d. These
nano-pores can be attributed to the formation of well-developed CSH phase (a hydrated
lamellar structure) which is favoured by the thick coating of lime around soil aggregates or by
the local lime concentration in clusters as observed by ESEM. Similar observations were
made by Russo and Modoni (2013) who reported that a pore population of 0.007 - 0.2 µm was
developed in a lime-stabilised soil at long term. Alvarez et al. (2013) found a small amount of
pores below 0.02 µm, ascribed to CSH gel pores. In this study, the formation of CSH leads to
the creation of nano-pores ranging from 0.01 to 0.1 µm, as observed in the mixture of lime
and soils with large aggregates (sample S5L2DT90d). Such new nano-porous compounds fill
the intra-aggregate pores of 0.1-1 µm, leading to the decrease of frequency for these
intra-aggregate pores. However, less quantity of nano-pores (0.01 to 0.1 µm) was found in the
treated sample S04L2DT90d, while a large reduction in the total intrusion value of sample
S04L2DT90d was identified. This indicates that more undetectable nano-pores whose sizes
are lower than 6 nm (corresponding to the detection limit of MIP measurement) were created,
since the initial void ratio of sample remains unchanged (Wang et al., 2016). These
undetectable nano-pores are mainly associated with CSH phases generated from pozzolanic
reactions in sample S04L2DT90d. This also agrees with the hypothesis of formation of
nano-crystalline CSH or small-sized amorphous CSH gels, whose nano-pores are
undetectable by MIP. Furthermore, these CSH phases in sample S04L2DT90d gradually
cover the surface of the small soil particles to a large extent, bonding the adjacent soil
particles together, and gradually blocking some entrances of both inter-aggregate pores and
intra-aggregate pores. This explains the small shift of modal sizes for both the inter-aggregate
pore and intra-aggregate pore populations. As the new phase fills the pores and blocks the
pore entrances, the initially un-constricted pores become constricted pores, leading to the
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decrease of total intrusion value. This finding is in agreement with the observations by Russo
and Modoni (2013).

Mineralogical analysis performed by XRD technique illustrated that the aggregate size seems
to significantly impact the pozzolanic reactions among the lime-soil-water system.
Crystallised CSH particles can be detected on the lime-treated soil prepared with large
aggregates, such as samples S5L2DT1y and S1L2DT1y after a long curing time, while
crystallised CSH particles are difficult to be observed by XRD technique on samples prepared
with small aggregates (as sample S04L2DT1y) even though the ESEM pictures revealed the
presence of isolated CSH particles in big clusters as for sample S04L2DT1y. Note that the
frequency of such clusters is quite low in sample S04L2DT1y, which explains why they were
not detected by XRD technique. When lime powders are mixed with dry soil powders
containing small-sized aggregates (such as Dmax = 0.4 mm), a much more homogeneous lime
distribution is expected considering the larger contact surface of soil particles. On the contrary,
lime powders can be locally concentrated in the mixture which contains larger aggregates
with smaller contact surface areas. This is consistent with the experimental results of Ping et
al. (1991), who studied the aggregate size effect on the transition zone between granular
aggregate and cement paste. The authors reported that the thickness of transition zone
decreases with the decreasing of the aggregate size. As curing time increased, this area where
lime is concentrated, is in favour of the formation of larger well-crystallized CSH particles.
Conversely, a more homogeneous lime distribution in the mixture of lime and smaller
aggregates should induce either the creation of a poorly-crystallized or amorphous CSH phase
or gel, or a nanometric well-crystallized CSH particle which is hardly detectable by XRD
technique.

Aggregate size effects on the lime-treated silt samples were listed in Table 4-1. In short, the
thermal conductivity, air permeability and compressibility of the treated samples increase
with the increase of maximum aggregate size Dmax, while the other soil properties, such as
water retention capacity, suction, yield stress and Gmax present a decline trend.
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Table 4-1. Summary of the aggregate size effects on the lime-treated silt samples
(↓: decrease; ↑: increase and ✗: not tested)

Soil properties

Dry side Wet side

Thermal conductivity

↑

↑

Water retention capacity

↓

✗

Suction

↓

↓

Air permeability

↑

✗

Compressibility

↑

✗

Yield stress

↓

✗

Gmax

↓

↓

The thermal conductivity of lime-treated silt samples was monitored during curing. The
results indicated that the lime-treated samples prepared with large soil aggregates have a
relatively higher thermal conductivity than those prepared with small aggregates, whatever
the compaction water content. As discussed above, the samples compacted dry of optimum
have a bimodal pore size distributions with the presence of large inter-aggregate pores and
small intra-aggregate pores. Generally, the small intra-aggregate pores are saturated while the
large inter-aggregate pores are unsaturated. Thus, the apparent thermal conductivity of
samples compacted dry of optimum is greatly controlled by the solid contact areas between
adjacent aggregates. It is also indicated that the cementations induced by lime-treatment can
modify the thermal contacts between aggregates since lime and cementitious compounds
created later are mainly coating the surface of soil aggregates. Therefore, the aggregate size
may play an essential role in the apparent thermal conductivity for the treated samples
compacted dry of optimum. Because larger aggregate results in much smaller surface area
which behaves as a thermal barrier (Xu and Chung, 2000), the samples prepared with larger
soil aggregates present a relatively lower thermal resistance. Furthermore, it was reported that
the thermal conductivity of quicklime (ranging from 0.63 to 0.84 W/mK) is lower than that of
most soil minerals (around 2.7 W/mK). Lime layer coating the surface of soil aggregates may
enhance the effect of thermal barrier between the adjacent aggregates. As a consequence, the
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lime-treated samples prepared with larger aggregates present a relatively higher thermal
conductivity than those with smaller aggregates. Similarly, the results of lime-treated samples
compacted wet of optimum also confirm the aggregate size effect: the larger the soil
aggregates, the larger the thermal conductivity. In addition, the microstructure of the wet
samples differs from that of the dry samples. In the wet samples, clay fraction is hydrated and
forms a clay paste surrounding the silt grains. First of all, the initial aggregate size controls
the size of silt grains: larger aggregate size would result in larger silt grains. Moreover, it can
be also explained with the lime distribution which is largely influenced by the aggregate size.
Prior to water addition, lime powders were thoroughly mixed with soil aggregates. In the
samples prepared with smaller aggregates, more homogeneous distribution of lime can be
expected due to the larger contact surface. By contrast, in the samples with larger aggregates,
lime powder is locally distributed. This lime distribution can be preserved during the whole
sample preparation procedure.

The water retention curves were determined on the untreated silt samples which were
prepared with four different sub-series of soil aggregates (Dmax = 5, 2, 1 and 0.4 mm,
respectively). The results indicated that there is a negligible effect of aggregate size for the
untreated samples compacted dry of optimum in the suction range from 500 kPa to 60 MPa.
The water retention curves show that the untreated soils with different sizes of aggregates
have a similar behavior. As discussed above, the aggregate size mainly impact the large
inter-aggregate pores (macro-pores) with less influence on the small intra-aggregate pores
(micro-pores). Note that in the samples compacted dry of optimum, the pore water is retained
in the small intra-aggregate pores, leaving the large inter-aggregate pores filled with air.
When the drying path starts at that compaction water content, removing of water occurs in the
small intra-aggregate pores (referring to the removing of inter-cluster and intra-cluster water),
which is controlled by the clay structure. Romero et al. (1999) explained that the low water
content range is related to intra- and inter-cluster water, and the corresponding linear
relationship between the logarithm of suction and water content is controlled by the soil
intra-aggregate microstructure. Since a similar pore size distribution was observed for the
intra-aggregate pores of these different samples, it is logical that a similar water retention
capacity in the higher suction range is obtained from the untreated samples prepared with
different sizes of soil aggregates. In fact, the aggregate size effect on the water retention
capacity is expected to be essential in the lower suction range where the main de-saturation
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takes place in the inter-aggregate pores.

The aggregate size effect observed is significant on the water retention capacity of
lime-treated soils after a long time of curing (t = 90 days), whereas, this effect is not evident
in shorter curing durations (t = 7 and 28 days). This is also in agreement with the
time-dependent pozzolanic reactions. In short period, only a small quantity of cementitious
compounds is generated, increasing the water retention capacity limitedly. Thus, it is difficult
to distinguish the different effects induced by different sizes of aggregates. In the soil
prepared with small aggregates, there are more contact areas between soil aggregates and lime
particles compared with those with large aggregates. In this circumstance, more cementitious
compounds are expected to be generated or a better distribution of cementitious compounds is
formed in a long curing period, which is beneficial to the modification of microstructure as
discussed above, resulting in a larger improvement of water retention capacity. In the high
suction range (higher than 13 MPa), the water retention properties of untreated soils and those
of treated soils, even in the long curing period, are similar. Note that the cementitious
compounds mainly coat the surface of soil aggregates. Even though some entrance of
intra-aggregate pores can be blocked and constricted pores can be developed, most inter- and
intra-cluster water may not be modified. When de-saturation takes place in this suction range,
most inter-cluster water and some intra-cluster water begin to move, leading to the similar
behavior between untreated soils and treated soils.

The air permeability of soil is mainly influenced by the structure of large inter-aggregate
pores (macro-pores). The air permeability of silt samples prepared with large aggregates
(Dmax = 5 mm) is generally one order of magnitude higher than that of samples prepared with
small aggregates (Dmax = 0.4 mm), and this can be ascribed to the larger inter-aggregate pores
of sample S5. Even though the samples prepared with different sizes of aggregates present the
same air-filled porosity (Va/V), different pore size distributions can lead to different shapes,
continuity and structure of inter-aggregate pores: in the case of sample S5, large
inter-aggregate pores form a better pore continuity, leading to a higher air permeability, while
in the case of sample S04, smaller inter-aggregate pores can form a more complex
arrangement and lower continuity of inter-aggregate pores, which result in a much lower air
permeability.
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Parameter E is used to describe the efficiency for air flow, which mainly represents the
dominant morphology of the inter-aggregate pores (macro-pores). The lime-treated samples
prepared with large aggregates (S5L2D) show a very similar relationship between parameter
E and ka compared to the untreated samples with the same Dmax value (S5L0D). In other
words, lime treatment makes less effect on the air flow efficiency in the samples prepared
with large aggregates. This can be explained by the large inter-aggregate pores in the samples
with Dmax as large as 5 mm. Lime-treatment slightly reduces the entrance size of both
inter-aggregate pores and intra-aggregate pores, without significantly modifying the
efficiency for air transfer. However, the lime-treated samples prepared with small aggregates
(S04L2D) show a lower E value with lower corresponding ka in comparison with the
untreated samples at the first loading level. Apparently, the dominant morphology of the
inter-aggregate pores with small entrance size can be more sensitive to lime treatment.
Generally, data of samples S5 and samples S04 merge rather well on a unique curve in the
plot of E and ka. This curve indicates the evolution of E - ka relationship upon the compression
process. The dominant morphology of the inter-aggregate pores in samples S04 at the
beginning of compression is similar to that in samples S5 under the last applied loading. The
aggregate size effect on the relationship between E and ka is more like the effect of
compression to some extent.

As far as the aggregate size effect on the compression behavior is concerned, the untreated
soil with smaller aggregates presents slightly lower volumetric strain (εv) and higher
oedometric modulus (Eoed), compared to the untreated soil with larger aggregates. This result
is in agreement with the fact that the samples prepared with smaller aggregates have smaller
compressible macro-pores, and the fact that the smaller aggregates have a larger tensile
strength than larger aggregates (Braunack et al, 1979), all contributing to the lower
compressibility of the sample with smaller aggregates. Besides, the aggregate size effect
becomes significant on the compressibility of lime-treated samples after a certain curing time.
Much lower volumetric strain with higher oedometric modulus was observed from the results
of lime-treated samples prepared with small aggregates after 90-day curing. Moreover, more
significant improvement in terms of oedometric modulus Eoed is observed during curing time
in the case of small aggregates, compared to that of the untreated sample with the same Dmax
value. The greatly enhanced compressive behaviour of the lime-treated sample with small
aggregates can be explained by the larger quantity and the better distribution of cementitious
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compounds which are beneficial to the compression resistance. At longer curing time, this
aggregate size becomes more significant, because of more cementitious compounds created,
which enlarge the difference on the compressibility between samples with different sizes of
aggregates.

The results of small strain shear modulus of untreated silt samples reveal a slight aggregate
size effect. The sample prepared with small aggregates shows a slightly higher stiffness at
both dry and wet sides. This might be attributed to the larger suction effect on the stiffness of
sample prepared with small aggregates. More significant aggregate size effect has been seen
in the case of lime-treated samples. Immediately after the compaction, the initial Gmax of
lime-treated sample with small aggregates is higher than that with large aggregates, at both
dry and wet sides of optimum. This can be explained by the faster cation exchange reactions
in the case of small aggregates, as reported by Horn et al. (1994). Therefore, More significant
improvement of stiffness can be achieved for the treated samples shortly after lime addition.
Afterwards, the stiffness of treated sample with small aggregates increases at a higher rate
until reaching the stabilisation. As discussed above, more pozzolanic reactions can be
expected in the sample with small aggregates because of the larger contact surface between
the lime and soil aggregates, and the better distribution of cementitious compounds.

4.7.2. Clay
MIP measurements were performed on the untreated clay samples prepared with different soil
aggregates (Dmax = 5 mm and 0.4 mm). The results indicated that aggregate size influences the
populations of large inter-grain pores and middle-sized inter-aggregate pores (as defined in
Section 3.1.2.) for the clay samples compacted dry of optimum. The larger the soil aggregates,
the larger the modal sizes. Apparently, in the clay samples compacted dry of optimum, the
clay fraction coats the silt grains. In the case of sample prepared with large soil aggregates,
larger inter-aggregate pores can be formed. During compaction, the intra-aggregate pores are
less impacted, while the large inter-aggregate pores are (Braunack et al., 1979). Because the
initial intra-aggregate pores, probably related to platelet dimensions and inter-platelet distance
(Delage and Lefebvre, 1984), can be well preserved. As for the untreated clay samples
compacted wet of optimum, a bi-modal pore size distribution, constituted of macro-pores and
micro-pores, was observed. Aggregate size presents a small effect on the macro-pore
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population and a negligible effect on the micro-pore population. The sample prepared with
larger aggregates shows a slightly larger modal size of macro-pores. On the wet side, a
disperse structure can be expected with the swelling clay sheets surrounding the silt grains.
The small difference in the modal size of macro-pores can be associated with the less well
preserved aggregate sizes during mixing.

Significant effects of aggregate size were observed on the large macro-pores of lime-treated
clay samples which were compacted dry of optimum. The sample prepared with large
aggregates presents a wide distribution of macro-pores with a relatively larger modal size of
this pore population. By contrast, the population of macro-pores for the sample prepared with
small aggregates spans a quite narrow range with a smaller modal size. Actually, this
newly-developed population of macro-pores is induced by lime treatment. Shortly after the
lime addition, cation exchanges and flocculation process occurs, enhancing the aggregation of
clay particles and resulting in an increase of modal size of inter-aggregate pores
(macro-pores). Additionally, lime powders were mainly adhered to the surface of the soil
aggregates during dry-mixing. Hence, it is logical that the initial size of soil aggregates before
treatment would influence the newly-formed inter-aggregate pores induced by flocculation
process: larger aggregates would form larger inter-aggregate pores. As for the lime-treated
clay samples compacted wet of optimum, it seems that the aggregate size has a very limited
effect on the microstructure because of the sufficient water provided on the wet side that
hydrates the soil aggregates to a large extent. However, even though the wetting of aggregates
weakens the effect of aggregate size, there is an increase in the quantity of micro-pores
ranging from 0.03 µm to 0.4 µm, when comparing the results of sample C04L4WT7d with
those of sample C5L4WT7d. This can be ascribed to the better distribution of lime powders in
the mixture of lime and smaller aggregates before addition of water. The smaller the
aggregate size, the larger the contact surface between the lime and the soil aggregates. As a
consequence, substantial flocculation process occurs for the samples prepared with smaller
aggregates, with a larger quantity of well-developed floccules which have a porous structure.
Moreover, the treated sample prepared with large aggregates (sample C5L4WT90d) shows a
slightly larger entrance size of macro-pore related to the air-entry value, compared to that of
sample with small aggregates (sample C04L4WT90d). It indicates that the initial size of
aggregates slightly affects the size of lime-induced aggregates on wet side. Generally, the
larger the initial soil aggregates, the larger the inter-aggregate pores.

203

Chapter 4. Aggregate Size Effects

The aggregate size effects on the macroscopic soil properties of lime-treated clay samples are
summarised in Table 4-2. More significant effects of the aggregate size were observed for the
treated clay samples: the water retention capacity, suction, yield stress and Gmax decrease with
the increase of maximum aggregate size Dmax.
Table 4-2. Summary of the aggregate size effects on the soil properties of the lime-treated clay samples
(↓: decrease and --: not clear)

Soil properties

Dry side Wet side

Water retention capacity

↓

↓

Suction

↓

↓

Compressibility

--

--

Yield stress

↓

↓

Gmax

↓

↓

Similar drying path of water retention curves was observed for the untreated clay samples
prepared with different sizes of aggregates. The comparison indicates that there is no obvious
effect of aggregate size on the water retention capacity of untreated clay. This can be
explained by the microstructure of untreated clay discussed above. As for the untreated clay
compacted dry of optimum (see Figure 4-8a), there is a difference in the modal size of large
inter-grain pores between sample C5L0DT0 (around 100 µm) and sample C04L0DT0 (around
26 µm). Comparison between the inter-aggregate pores of sample C5L0DT0 with those of
sample C04L0DT0 shows that the modal size of inter-aggregate pores is slightly larger in the
case of larger aggregates: 0.6 µm against 0.4 µm. However, no difference in the pore size
distribution or in the quantity can be seen in the range of intra-aggregate pores. As discussed
in the previous chapter, most intra-aggregate pores are usually saturated while the
inter-aggregate pores remain unsaturated. During the drying process, the de-saturation starts
mainly in the middle-sized inter-aggregate pores. It seems that the small shift in the two
modal sizes of inter-aggregate pores (between sample C5L0DT0 and sample C04L0DT0)
does not significantly affect the macroscopic water retention capacity. As for the untreated
samples compacted wet of optimum, both micro-pores and macro-pores are saturated, leaving
some air in the few large macro-pores (larger than around 10 µm, as seen in Figure 3-37b and
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Figure 3-38b). Thus, the de-saturation of pore water may be started in the macro-pores at the
beginning of the drying path. Since the distribution of macro-pores between sample
C5L0WT0 and sample C04L0WT0 is quite similar with a very slight shift between the two
modal sizes (2 and 1 µm for samples C5L0WT0 and C04L0WT0, respectively), less influence
can be expected on the water retention capacity.

The aggregate size effect can be observed from the water retention capacity of lime-treated
clay, especially for the samples compacted wet of optimum. In plot w-s, the lime-treated
sample prepared with large aggregates (Dmax = 5 mm) shows a lower water retention capacity
than the sample prepared with small aggregates (Dmax = 0.4 mm), at given curing time. As for
the samples compacted wet of optimum, both the macro-pores and micro-pores are saturated
with pore water. According to the comparisons of the pore size distribution between samples
with two different aggregate sizes (see Figures 3-37 and 3-38), the minimum entrance pore
size of the unsaturated macro-pores in the sample with Dmax = 5 mm is slightly larger than in
the sample with Dmax = 0.4 mm, for both the short curing time (t = 7 days) and at the long
curing time (t = 90 days). Thus, the de-saturation may occur in larger macro-pores in the
sample with Dmax = 5 mm, as opposed to the case of sample with Dmax = 0.4 mm. As a
consequence, lower suction value can be detected for the sample having Dmax = 5 mm at the
beginning of drying. Furthermore, more homogeneous distribution of lime is expected in the
sample with smaller aggregates, leading to more intensive distribution of cementitious
compounds during curing, which contribute to a better improvement of water retention
capacity. In the case of lime-treated samples compacted dry of optimum, pore water is mainly
retained in small intra-aggregate pores, resulting in unsaturated inter-aggregate pores. This is
particularly the case for large aggregate sizes. However, the inter-aggregate pores keep the
similar structure. This can be the main reason why the lime-treated samples compacted dry of
optimum present less effect of aggregate size on water retention curve. Whereas in the long
curing time as 90-day, large quantity of cementitious compounds is generated from the
pozzolanic reactions, coating the surface of the aggregates and blocking some entrance of the
intra-aggregate pores. In such situation, the water retention ability of these aggregates can be
slightly improved, especially for the samples with small aggregates due to large surface areas.

By comparison with untreated sample, lime-treated clay sample with small aggregates shows
a better improvement in water retention capacity during curing, for both samples compacted
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dry and wet of optimum. This can be also associated with the better distribution of lime in the
preparation of samples with small aggregates, that leads to a larger quantity and a better
distribution of cementitious compounds during curing.

Similarly, the aggregate size effect can be observed on the shrinkage curves of lime-treated
samples compacted wet of optimum. This effect is reflected by a relatively lower shrinkage at
given water content for the samples prepared with smaller aggregates. It can be related to the
aggregate size effect on the macro-pores of lime-treated samples. Compared with the sample
with small aggregates, the sample with large aggregates has more quantity of macro-pores
with larger diameter, contributing to a larger reduction in volume during drying. By contrast,
in the case of samples compacted dry of optimum, de-saturation starts in the saturated
intra-aggregate pores which have a similar structure between the samples with different sizes
of aggregates. As a result, these dry samples present quite similar shrinkage behaviour upon
drying. While in the long curing time, large quantity of cementitious compounds are
generated, coating the surface of soil aggregates, and effectively reducing the shrinkage by
bonding the adjacent particles together. As discussed above, more quantity of effective
cementitious compounds with more homogeneous distribution is expected in the sample
prepared with small aggregates, attributing to the smaller shrinkage, as compared with that in
the sample prepared with large aggregates.

The aggregate size effect on the relationship between the degree of saturation and the water
content is also substantial, especially for the lime-treated samples compacted wet of optimum.
Due to a smaller shrinkage during drying, the treated samples with small aggregates present a
lower degree of saturation at given water content, in comparison with samples prepared with
large aggregates.

Changes in suction during curing for the lime-treated clay samples are also greatly dependent
on the aggregate size. For the treated samples compacted dry and wet of optimum, the
samples with large aggregates show a much lower suction than those with smaller aggregates,
at given curing time. Very small aggregate size effect on suction occurs immediately after
compaction (t = 1 hour), which can be explained by the different sizes of inter-aggregate
pores (macro-pores): the larger the aggregates, the larger the entrance size of inter-aggregate
pores (macro-pores). Thus, the suction of sample with large aggregates is lower. As the
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increase of curing time, the aggregate size effect on suction becomes more significant. This
can be attributed to the larger quantity of cementitious compounds created during curing,
which reduce the continuity of inter-aggregate pores (macro-pores) more effectively, blocking
some entrance of intra-aggregate pores (micro-pores).

The compression behaviour of lime-treated clay samples were obtained from the measured
water retention curves by considering the effective stress related to suction for unsaturated
soil. The aggregate size effect was found negligible for the untreated clay samples compacted
dry and wet of optimum. However, the lime-treated samples prepared with small aggregates
present a higher yield stress and a lower volumetric strain at given effective stress. The
enhanced resistance to compression is mainly attributed to both the flocculation and the
cementation effect induced by lime treatment. As for the treated samples prepared with small
aggregates, the lime distribution is more homogeneous during mixing and more cementitious
compounds spread widely during curing due to the larger contact surface between lime and
soil particles. As a result, higher yield stress is observed for the treated clay samples with
smaller aggregates, especially for the treated samples compacted wet of optimum. By contrast,
the treated samples compacted dry of optimum show less significant effect of aggregate size
on their compression behaviour. Because in the case of the samples compacted dry of
optimum, the suction is mainly controlled by the small intra-aggregate pores where
de-saturation starts at the beginning of drying. Nevertheless, the compressibility is largely
dominated by the structure of the inter-aggregate pores. As for the lime-treated clay samples
compacted wet of optimum, similar compressibility can be seen for the samples prepared with
different aggregates, due to the similar compressible macro-pores formed by lime treatment.

Negligible effect of aggregate size on the stiffness was found for untreated clay samples
compacted dry and wet of optimum. The results are consistent with the similar pore size
distribution obtained from the microstructure measurements and similar suction effect from
the water retention capacity measurement for the untreated samples with different sizes of
aggregates. However, the stiffness of lime-treated clay samples is slightly influenced by the
aggregate size. Shortly after the compaction, the treated sample compacted dry of optimum
with small aggregates presents a slightly higher stiffness, while no difference can be seen
between the treated samples compacted wet of optimum, whatever the size of aggregates. This
might be due to the suction effect on the stiffness of sample. The results of suction
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measurement illustrate that the treated sample with small aggregates usually have a higher
suction than the treated sample with large aggregates. Moreover, the suction of the samples
compacted dry of optimum is much higher than that of samples compacted wet of optimum.
Thus, the effect of suction can play an essential role in the stiffness of sample compacted dry
of optimum. As the increase of curing time, the stiffness of treated samples prepared with
small aggregates becomes much higher than that of sample prepared with large aggregates,
due to the differences in quantity and distribution of cementitious compounds as discussed
above.

4.7.3. Comparison between silt and clay
Basically, from the microscopic viewpoint, the main aggregate size effect on the
microstructure is similar for the silt and clay samples: the silt samples prepared with larger
aggregates and compacted dry of optimum have a larger modal size of inter-aggregate pores,
while larger inter-aggregate pores and inter-grain pores are observed for clay samples with
larger aggregates and compacted dry of optimum. Less effect of aggregate size is noticed on
the samples compacted wet of optimum, since these ones present few large pores. Generally,
there is a negligible effect of aggregate size on the pore size distribution of intra-aggregate
pores (micro-pores) for both untreated silt and clay samples. However, as for the lime-treated
samples, aggregate size still indirectly impacts the structure of intra-aggregate pores
(micro-pores). For example, a substantial increase in the frequency of the intra-aggregate
pores between 0.006 and 0.1 µm was observed for the treated sample S5L2DT90d; on the
other hand, the frequency of this pore population is much lower for the treated sample
S04L2DT90d for which the largely reduced total intrusion value indicates a larger quantity of
undetectable pores. By contrast, the lime-treated clay samples (C5L4DT90d and
C04L4DT90d) present a high frequency of the intra-aggregate pores between 0.006 and
0.03 µm. Note that the silt used in this study only contains about 25 % of clay fraction, while
the clay has a clay fraction as high as 70 %. Therefore, a larger quantity of cementitious
compounds can be expected in the lime-treated clay samples. Additionally, lime can be
concentrated in the treated silt samples prepared with large aggregates, which benefits the
development of big CSH phases as proven by XRD investigation. By contrast, thinner layer of
lime coating the large surface of soil aggregates would lead to the creation of smaller-sized
CSH particles or undetectable CSH gels for lime-treated silt sample with small aggregates. In
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the case of lime-treated clay samples, the higher clay fraction contributes to the large quantity
of detectable CSH particles with porous structure as measured by MIP method. As a
consequence, both the treated clay samples with small aggregates and large aggregates show
an increased frequency of intra-aggregate pores (micro-pores) which is smaller than 0.03 µm.

Further, similar aggregate size effects are obtained accoridng to the comparison of the
macroscopic soil properties between the silt samples (Table 4-1) and the clay samples (Table
4-2). Generally, more significant aggregate size effects are observed for the treated clay
samples.

The lime-treated samples, both silt sample and clay sample after a long curing time of 90 days,
show a similarly slight aggregate size effect on the water retention capacity. This can be
attributed to the creation of sufficient cementitious compounds, coating the surface of the soil
aggregates and modifying the water retention capacity of intra-aggregate pores by blocking
some entrance of intra-aggregate pores. Thus, more cementitious compounds generated in the
treated sample with small aggregates contribute to a higher water retention capacity.

Furthermore, the aggregate size effect is more significant on the suction changes of
lime-treated clay samples. The lime-treated clay samples with small aggregates show a much
higher suction value compared with those having large aggregates; in addition, larger increase
in suction can be seen in the treated clay samples with smaller aggregates. However, the
treated silt sample with small aggregates presents a slightly higher suction in comparison with
the sample with large aggregates. In general, the treated silt samples present a lower suction
than the treated clay samples. Moreover, the increase in suction in the treated silt sample
during curing is quite limited. This can be due to the more pozzolanic reactions in the
lime-treated clay.

The results of oedometer tests performed on the silt samples show that the aggregate size
effect is significant on the compression behaviour of both the untreated and treated samples:
the larger the aggregates, the lower the yield stress and the larger the compressibility.
Compression mainly occurs at the expanse of large inter-aggregate pores, which are
significantly dependent on the aggregate size: the compressibility of silt samples with large
aggregates can be greater than that of samples with small aggregates due to the large
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inter-aggregate pores. Another possible factor can be that the larger aggregates usually present
a lower tensile strength, leading to a larger compressibility. Whereas, the compression
behaviour of lime-treated clay samples was deduced from the measured water retention
curves by considering the volume changes during drying. The results of the treated clay
samples prepared with smaller aggregates also show a higher effective yield stress. However,
the aggregate size effect on the compressibility of treated clay samples is insignificant.

The stiffness of untreated silt samples with small aggregates is slightly higher than that of
samples with large aggregates at both dry and wet sides; in comparison, the untreated clay
samples prepared with different aggregates have a similar stiffness. As for the silt samples,
few clay particles saturated by water adhere to the surface of silt grains, forming the aggregate
structure at the dry side; on wet side, clay matrix is formed due to sufficient water for clay
hydration. As a consequence, the stiffness of untreated silt is slightly impacted by aggregate
size. In the case of untreated clay samples, large quantity of clay particles plays a dominant
role in the stiffness of soil. When clay particles adsorb water, the original aggregate structure
disappears, forming new aggregates (dry of optimum) or matrix (wet of optimum).

Additionally, the initial small strain shear modulus Gmax of lime-treated silt samples
(immediately after compaction) also presents an effect of aggregate size, specifically for the
lime-treated silt samples with small aggregates due to a higher rate of cation exchange
reaction. For the lime-treated clay samples, the initial Gmax values of samples with different
aggregates are very close. Owing to the higher clay contents in the soil, more cation exchange
reactions occur, which might diminish the effect of aggregate size. However, significant effect
of aggregate size on Gmax appears for both the silt samples and the clay samples after a long
curing time. This can be attributed to the formation of more cementitious compounds with a
better distribution in the samples prepared with small aggregates.

4.8. Conclusions
In this chapter, the results of aggregate size effect obtained through the microstructure
observations, the mineralogy analysis and the measurements of thermal conductivity, water
retention capacity, air permeability and small strain shear modulus on both silt and clay are
presented and analysed. Several conclusions can be drawn:
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1) Aggregate size significantly impacts the large inter-aggregate pores of untreated and
lime-treated samples: larger soil aggregates usually form larger inter-aggregate pores. On
the other hand, negligible effect of aggregate size is observed on the intra-aggregate pores
of untreated sample (for both silt and clay). However, an increased quantity of
micro-pores ranging from 0.006 to 0.1 µm is observed for the treated silt sample with
larger aggregates after 90-day curing. This can be explained by the relatively concentrated
lime distribution in the sample with large aggregates, which enhances the creation of large
C-S-H particles.

That has been proven by the XRD investigations on the lime-treated silt

sample with large aggregates. Aggregate size also affects the inter-grain pores in untreated
clay.

2) The lime-treated silt samples prepared with large aggregates have a higher thermal
conductivity than those prepared with small aggregates. On dry side, large aggregates lead
to a smaller total surface coated by cementitious compounds, constituting a lower thermal
resistance among the contacts. Whereas on wet side, cementitious compounds are
distributed in less dispersed way for the samples with large aggregates, resulting in a
lower thermal barrier and thus a higher thermal conductivity compacted to the case with
small aggregates.

3)

There is no aggregate size effect on the water retention capacity of untreated samples: on
dry side, de-saturation starts in the intra-aggregate pores which have a similar pore size
distribution for the samples with different sizes of aggregates; on wet side, both the
untreated clay with large aggregates and that with small aggregates show a similar
microstructure, resulting in the similar water retention behaviour. Conversely, significant
aggregate size effect was seen on the water retention capacity of lime-treated samples,
especially for the samples compacted wet of optimum: the larger the aggregates, the lower
the water retention capacity. More cementitious compounds with intensive distribution are
expected in the treated samples with smaller aggregates, contributing to the higher
improvement of water retention capacity.

4)

The aggregate size effect on the suction changes during curing is more significant for the
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clay samples than for the silt samples, whatever the compaction state. A much higher
suction at given curing time was detected on the treated clay samples with small
aggregates. This suction was greatly increased after a long curing. Nevertheless, the
suction of treated silt samples with small aggregates is only slightly higher than that in the
samples with larger aggregates. Limited increase in suction of treated silt samples appears
during curing. More cementitious compounds can be expected in the treated clay due to
the higher clay fraction and the more lime addition in the clay samples, benefitting the
larger increase in suction during curing.

5) The air permeability of silt samples prepared with large aggregates is generally one order
of magnitude higher than that of samples prepared with small aggregates, which can be
ascribed to the larger difference in the entrance size of inter-aggregate pores. Besides, in
the samples prepared with large aggregates, the lime treatment effect seems to be
negligible on the air flow efficiency, while the treated samples with small aggregates
show a slightly reduced efficiency for air flow and air permeability. This can be explained
by the fact that the morphology of smaller inter-aggregate pores is more sensitive to lime
treatment.

6) The results from oedometer tests show that both the untreated and lime-treated silt
samples with larger aggregates have larger compressibility, due to the larger
inter-aggregate pores and the lower tensile strength of larger aggregates. For the
lime-treated samples with small aggregates, a lower compressibility was observed, which
is attributed to the more cementitious compounds generated by pozzolanic reactions. The
treated clay samples with small aggregates present a higher effective yield stress
according to their water retention curves. However, the aggregate size effect on the
compressibility of the treated clay samples is not significant because the compressibility
of clay samples is rather dominated by the large inter-aggregate pores while the suction is
controlled by the intra-aggregate pores where de-saturation starts at the beginning of
drying. As for the lime-treated clay samples compacted wet of optimum, similar large
compressible macro-pores are detected.
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7) The small strain shear modulus Gmax of lime-treated silt samples obtained immediately
after compaction presents a slight effect of aggregate size: the smaller the soil aggregates,
the higher the stiffness. This can be ascribed to the faster and more cation exchange
reactions in the lime-treated silt samples with small aggregates, effectively enhancing the
aggregate structure. In addition, significant aggregate size effect appears for both the
lime-treated silt and clay samples after a long curing time. As the increase of curing time,
more cementitious compounds are expected in the samples prepared with smaller
aggregates, due to the better distribution of lime and the larger total contact surface
between lime and clay particles.

213

General Conclusion

General Conclusion
The thermo-hydro-mechanical behaviour of lime-treated soils has been investigated. Both silt
and clay treated with lime were analysed by performing a series of experiments:
microstructure observations, mineralogy analyses, thermal conductivity measurements, water
retention curve and air permeability determinations, compression behaviour and small strain
shear modulus identifications. The effects of curing time and the aggregate size were studied
by testing lime-treated samples with various curing times and with different sizes of
aggregates, respectively. The results allow the following conclusions to be drawn.

Curing time effect
Microstructure and mineralogy: during curing, the appearance of cementitious compounds,
such as crystalline C-S-H, was detected on the lime-treated silt after a curing time as long as 1
year. C-S-H gels were also observed as binders coating the surface of soil particles. Lime
treatment slightly reduces the modal sizes of both micro-pore and macro-pore for the treated
silt over curing time. The cementitious compounds that gradually fill the pores contribute to
such result. For the lime-treated clay, no crystalline C-S-H can be detected by X-ray
diffraction. However, the microstructure of clay is greatly modified by the lime treatment that
changes both the pore mode and the pore size of clay-rich soil.

Thermal conductivity: the treated silt samples compacted dry of optimum show a slight
reduction of thermal conductivity during curing, due to the creation of cementitious
compounds characterized by lower thermal conductivity. By contrast, curing time has
insignificant impact on the thermal conductivity of the treated samples compacted wet of
optimum, because in these samples the dispersed structure presents a larger number of
contacts between solids and the continuous liquid phase makes the effect of cementitious
compounds negligible.
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Hydraulic behaviour: the water retention capacity of both treated silt and clay-rich soils is
significantly improved during curing due to the generation of cementitious compounds, which
corresponds to the decreases of both the size and the continuity of pores. The slight reduction
of air permeability of treated silt samples S04 can be also attributed to the cementitious
compounds generated during curing. Additionally, a fundamental increase of suction with
stable water content during curing is seen for the lime-treated clay. It also indicates a
progressive improvement of the water retention capacity of clay, due to the modification of
microstructure induced by the cementitious compounds.

Mechanical behaviour: the compressibility of treated silt substantially decreases with the
increase of curing time. Larger compressibility is observed for the treated clay, compared to
the untreated one. Besides, large improvement of the yield stress and the small strain shear
modulus over time is observed for both the treated silt and the treated clay. These
enhancements on the mechanical behaviour of soils (both the silt and the clay) are mainly
attributed to the cementitious compounds which bond the soil particles together.

Aggregate size effect
Microstructure and mineralogy: the aggregate size effect is found to be significant on the
large inter-aggregate pores of soil (the larger the soil aggregates, the larger the
inter-aggregates pores), while negligible effect is found on the intra-aggregate pores. The
creation of crystalline C-S-H particles is observed for the treated silt prepared with large
aggregates due to the relatively concentrated lime distribution.

Thermal conductivity: the lime-treated silt samples prepared with large aggregates and
compacted dry and wet of optimum have a relatively higher thermal conductivity than that
prepared with small aggregates. For the treated samples with large aggregates compacted dry
of optimum, smaller surfaces of aggregates are coated by cementitious compounds that are
characterized by a lower thermal conductivity, giving rise to a lower thermal resistance at the
contacts. For the samples with larger aggregates compacted wet of optimum, clay particles
normally surround the larger silt grains, with less dispersed cementitious compounds,
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constituting a lower thermal barrier.

Hydraulic behaviour: no evident aggregate size effect on the water retention capacity can be
found for the untreated samples, whereas the water retention capacity of lime-treated samples
is significantly impacted by the aggregate size. The larger the aggregates the lower the water
retention capacity. It can be explained by the larger quantity of cementitious compounds
expected with a more dispersed distribution in the case of smaller aggregates. This effect is
much evident for the treated clay compacted wet of optimum. Moreover, the treated samples
with large aggregates at both dry and wet sides of optimum present a much lower suction than
those with smaller aggregates, in which larger quantity of cementitious compounds created
contributes to higher water retention capacity. Besides, the silt sample prepared with large
aggregates presents an air permeability which is one order of magnitude higher than that of
sample prepared with small aggregates. However, the dominant morphology of the
inter-aggregate pores of smaller entrance size is found to be more sensitive to lime treatment
in the case of treated sample with small aggregates.

Mechanical behaviour: the treated silt samples with small aggregates present much higher
oedometric modulus and larger small strain shear modulus, compared to those with larger
aggregates. The treated clay samples with small aggregates also show higher yield stress,
smaller volume change and higher stiffness compared to those with large aggregates. The
better mechanical behaviour of lime-treated sample with small aggregates can be explained by
the higher quantity and the more homogeneous distribution of cementitious compounds.

Perspectives
The present study allowed a better understanding of the thermo-hydro-mechanical behaviour
of lime-treated soils and the effects of curing time and aggregate size. In light of the findings
obtained, various axes can be proposed for the future works:
-

The study can be extended to other chemical treated soils, such as cement-treated
soils, fly ash treated soil and so on, to evidence the effect of curing time and the effect
of aggregate size.
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-

The thermo-hydro-mechanical properties of lime-treated soils in the large field scale
should be investigated. Based on the experimental data from both the field and the
laboratory, a model for the thermo-hydro-mechanical properties of lime-treated soils
could be established, enabling up-scaling the results in laboratory conditions to those
in field conditions by considering the effect of aggregate size.

-

It appears also interesting to further investigate the aggregate size effect on other
mechanical behaviours of lime-treated soils, such as cohesion, friction angle, etc.

-

The results obtained in this study can be also used for the further numerical analysis
of lime-treated earth structure durability.
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