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Lime treatment of soils is a complex process which combines chemical andmechanical aspects of the soil behav-
ior. The investigation presented here aims at understanding the effect of lime treatment of clayey soils by char-
acterizing their microstructure evolution, along curing time, using X-RayMicro-Computed Tomography (XRμCT)
andMercury Intrusion Porosimetry (MIP). Binary sand–bentonitemixtures are considered as amodelmaterial to
simplify the soil microstructure and the diversity of phenomena involved in lime treatment. Samples containing
10%, 15% and 20% of bentonite and, respectively 90%, 85% and 80% of sand have been treated with 1% lime and
compacted. Results in XRμCT show first that porosity is present at two scales: micropores within the bentonite
aggregates andmacropores between sand particles and bentonite aggregates. Micropores are shown to be exclu-
sively saturated with water, while macropores are only full of air. Second, XRμCT images on the same sample at
different curing times show the migration of lime enriched aggregates diffusing into bentonite during the first
weeks of curing. Third, bentonite is shown to shrink progressively and to form clusters around the sand grains.
Consequently, the fraction of macropores increases while the micropore size decreases. On the other hand,
through MIP, three pore size categories have been determined: micropores, mesopores and macropores. The
evolution in time of the three pore size categories seen in MIP confirms the behavior observed by XRμCT.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Lime treatment of soils is widely used in civil engineering in order to
increase the soil mechanical properties such as improved cohesion
levels and load bearing capacities. Lime, calcium oxide or hydroxide, is
an industrialmineral coming from the decarbonation process of calcium
carbonate rocks by heating. Silty and clayey soils can be improved by the
addition of small percentages of lime (Little, 1964). The advantage of
this treatment lies in the low quantity of lime added and the potential
related ecological advantages obtained by improving the properties of
the soil already in place without requiring replacement. Lime treatment
influences the soil behavior on two different time scales. First, lime
quickly reacts with clay by modifying its structure, and allowing the
clay minerals to merge to form larger aggregates (Little, 1964). Lime
modification improves the soil towards a higher load-bearing capacity,
a lower plasticity and a shift towards higher grain size distributions.
The second effect is soil stabilization owing to the fact that long term
pozzolanic reactions also take place after soil modification (Eades
et al., 1962). Mineral formations obtained from pozzolanic reactions in-
deed confer relevant soil mechanical properties such as a higher cohe-
sion level (Thompson, 1965), higher compressive/tensile strengths
and frost resistance (Arabi et al., 1989). In lime-treated clayey soils,
is).
such reactions take place between the calcium of the lime and the
silicates and aluminates of the clay minerals; and CSH (calcium silicate
hydrate), CAH (calcium aluminate hydrate) and CASH (calcium alumin-
ium silicate hydrate) are formed (Diamond and Kinter, 1965). However,
the reaction kinetics is slow because it requires the dissolution of clay
minerals into silicate and aluminate species and this dissolution is
only possible for highly alkaline solutions (pH N 10) (Keller, 1964).
Research on soil stabilization has been active during the last decades.
Bell (1996), De Bel et al. (2009), Diamond and Kinter (1965) and
many others observed an increase of the unconfined compressive
strength (UCS) in lime-treated soils as a function of time. Many impor-
tant parameters influence soil stabilization, such as the water content
and the dry density of soil (Locat et al., 1990). Also, higher temperatures
increase the speed of the reaction (De Bel et al., 2009), whereas the
presence of organic matter could decrease the efficiency of lime (Locat
et al., 1990). In addition, the clay mineral type is an important parame-
ter of soil stabilization. Montmorillonite, for example, has a better effi-
ciency for lime adsorption than kaolinite (Carroll, 1959), illustrating
the importance to consider the cation exchange capacity (CEC) in the
assessment of lime treatment.

In order to build a progressive understanding of lime treatment, this
study aims at characterizing its influence on themicrostructure of soils.
This contribution combines MIP and XRμCT techniques in order to in-
vestigate the time dependent microstructural evolutions in lime-
treated sand–bentonite controlled mixtures. The combination of these
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Table 2
Ingredients for the three different mixtures: the lime quantity is the same and the water
content and density follows the MOP curve.

Mixture 10b 15b 20b

Bentonite % 10% 15% 20%
Sand % 90% 85% 80%
Lime % +1% +1% +1%
Water % +14% +17% +20%
ρd (g/cm3) 1.74 1.70 1.64
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tools provides a visual interpretation with XRμCT as well as the quanti-
tativeMIP results on themicro-scale, and thereby sheds light on themi-
crostructure development linked to lime treatment of soils. This study
also clarifies the reorganization of a soil composed of a lime-reactive
fraction (bentonite) and a non-reactive fraction (sand), as well as the
influence of their proportion on the kinetics of the evolution and in
the formation of a more or less cohesive matrix after lime-treatment.
Let us mention that other methods can also be suggested to study
microscale changes in lime-treated soils such as X-Ray Diffraction,
Thermogravimetric Analysis and Transmission and Scanning Electron
Microscopy, see Al-Mukhtar et al. (2012) for a review.

X-Ray Computed Tomography made its way to geosciences in the
past decade forwhich awide range of issues can be addressed. Its imple-
mentation is based on the computer processing of numerous snapshots
of the sample taken at different angles by an X-Ray source. Since X-Rays
pass throughmatterwith a level of absorption that depends on the local
density and atomic number, the snapshots represent the local X-Ray
absorptivities of the sample. Computer processing allows further
recombining the snapshots to form the entire 3D reconstruction of the
object. A review for the use of XRμCT in geosciences can be found in
works by Mees et al. (2003), Ketcham and Carlson (2011) and
Desrues et al. (2006). Tomography carries the main advantage that
the micro-fabric of materials is not disturbed by the observation tech-
nique, and was therefore used for various characterizations in a
geomechanical context, in which the evaluation of densities, water con-
tent and volume fractions at small scale is of particular interest
(Anderson et al., 1988; Taud et al., 2005; Riedel et al., 2012). Also, it is
a powerful tool in order to follow local deformations as performed in
Lenoir et al. (2007) for rock materials and Desrues et al. (1996) as
well as Hall et al. (2010) and Higo et al. (2011) for sandy soils. Investi-
gations on bentonite-based mixtures were also studied recently. In
Kawaragi et al. (2009), the microstructure of sand–bentonite mixtures
was analyzed through XRμCT for permeability studies for sealing plugs
of radioactive waste disposal. In Saba et al. (2014), XRμCT was used to
understand the effect of swelling non-homogeneities of a sand–benton-
ite mixture throughout the sample. Lime treatment investigation with
XRμCT was recently carried out by Lemaire et al. (2013). Results show
that limebinders aggregate the silt particles during short term soilmod-
ification and form a strong shell structure surrounding the aggregates
during the long term soil stabilization. This shell structure in silty soils
was also studied before by Cabane (2004). Both studies concluded
with conceptual models of silty soils forming aggregates covered by
strong lime-treated shells. As a complement, the present research
aims at investigating the effect of lime on clayey soils and at character-
izing the lime treatment behavior on these types of soils with a comple-
mentary conceptual model as well.
Table 1
Properties of the sand and bentonite.

Sand:
Sibelco© Mol M32
D50 (μm) 260
Cu = D60/D10 1.5
ρs (g/cm3) 2.65

Bentonite:
Ibeco© Deponit CA
Fine particles (b2 μm) 65%
Silt (2 μm N D N 67 μm) 28%
Sand (N67 μm) 7%
ρs (g/cm3) 2.72
Methylene-blue value (mg/g) 300 ± 30
CEC (meq/100 g) 60 ± 10
Water absorption capacity ≥160%
Free swelling index (ml/2 g) ≥7
Liquid limit 115%
Plastic limit 33%
Plasticity index (calculated) 82%
Mercury Intrusion Porosimetry (MIP) is the second tool selected
here to provide a quantitative characterization of the soil microstruc-
ture. It was recently applied for lime treatment research. For instance,
Cuisinier et al. (2008) used MIP to investigate the effect of alkaline
fluid circulation into a sand–bentonite mixture. Le Runigo et al. (2009)
studied the microstructure of a lime treated compacted silt submitted
to long-term leaching. Combined with suction control, MIP studies
were also used in Stoltz et al. (2012) to investigate the effect of swelling
and shrinkage onmicropores andmacropores in lime-treated expansive
clayey soils. More recently, Tran et al. (2014) tracked the evolution of
the pore size distribution of a lime-treated expansive clay during the
first seven days of curing. They observed that macropores (i.e. inter-
aggregate pores) increase in sizewhile the intra-aggregate pore-size re-
mains constant. They attribute this change to the hydration of lime that
induces a macroscopic swelling. On the contrary, Cuisinier et al. (2013)
observed the formation of a small pore population due to lime treat-
ment. Similarly, Russo and Modoni (2013) and Cecconi and Russo
(2013) noticed an increase of micropores frequency during curing
time on compacted silty soils and pyroclastic soils, respectively, due to
the formation of stable bonding compounds that splits large pores into
a series of smaller pores. This is consistent with the MIP observations
from Metelková et al. (2012) on a compacted and stabilized loess. To
study the evolution of the microstructure of lime-treated soils upon
wetting–drying cycles, Aldaood et al. (2014) and Khattab et al. (2007),
performed MIP tests along curing times after various wetting–drying
cycles. They concluded that those hydraulic cycles may have detrimen-
tal effects on the soil microstructure but they did not focus on the effect
of curing time itself.

In the present study, mixtures of sand and bentonite have been in-
vestigated for three different proportions through XRμCT scanning and
MIP at different curing times. XRμCT allows obtaining information
about the proportion between interparticular macropores and micro-
pores in the bentonite and the local evolution of bentonite due to the
presence of lime. The evolution of micro–macro-pores through curing
time is also investigated usingMIP.Moreover,MIPwas used to compare
micro–macro-pore proportions with XRμCT measurements.

The paper is structured as follows. Section 2 presents themethodol-
ogy used for both XRμCT and MIP analyses. The technologies of XRμCT
and MIP, the samples preparation, the curing times and the data
Table 3
Summaryof the 10 samples scannedunder XRμCT. The xmarkers show the curing times at
which the samples were scanned. (*) Accelerated curing at 45 °C after the first 7 days.

Curing time (days)

7 14 17 21 56 105

10b7 x x*
15b/7 x x*
20b7 x x*
10b56 x
15b56 x
20b56 x
10b105 x
15b105 x
20b105 x
15b3t x x x



Fig. 1. Cross section of a tomographic image of a lime-treated sand–bentonite mixture.
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treatment image registration and segmentation are explained. After-
wards, the results of XRμCT scans are illustrated in Section 3 where
the main observations such as a three phase medium interpretation as
well as the evolution of soil stabilization during curing are discussed.
Then, the observations from the MIP are exposed in Section 4 where
the explanations of three porosities are shown together with their evo-
lution in curing. A discussion of these results and their interpretation are
given in Section 5 before concluding remarks.

2. Methodology

2.1. Materials composing the mixtures

The effects of the lime treatment of soils can be highly varying from
one soil to another as a result of their complexmineral composition. Un-
derstanding the behavior of lime treatment is complex and depends on
numerous parameters such as: (i) the mineralogy of the involved clays
(Carroll, 1959); (ii) interfering materials like organic matter, gypsum,
iron minerals, etc. (Netterberg and Paige-Green, 1984; Sherwood,
Fig. 2. a) Raw image of a cut in the tomography of one of the mixtures in gray levels; b) image
(blue) phases. (For interpretation of the references to color in this figure legend, the reader is
1993); (iii) the grain shapes and sizes of the skeleton (sand part);
(iv) the reactivity of silt and the complexity of its microstructure; and
(v) the lime quantity, water content and compaction density (Bell,
1996). The study presented here aims at understanding themicrostruc-
ture evolution associated with lime treatment avoiding however, in a
first approach, the inter-related influence of too many parameters. The
presence of any interfering materials will therefore be avoided. To this
end, the complex influence of the silt will not be taken into account.
The claywill have a singlemineralogy andwill provide for the clayey co-
hesivematrix that reactswith lime. The skeleton selectedwill be chosen
as a homometric sand. Based on these assumptions, themodelmaterials
studied in this paper aremixtures of sand and bentonite at different pro-
portions. Consequently, this research has the goal to investigate the lime
treatment of soils without considering the problem of the diversity of
soils from one to another (e.g. the presence of many different clay min-
eralogies or organic components). The three soils investigated here only
differ by their clay and water contents in order to avoid other factors to
interfere and render the understanding of the observed effects much
more complex.

Moreover, an increasing number of research efforts are focused on
the effect of mixing sand and bentonite for different applications, espe-
cially for its efficiently lowhydraulic conductivity. In thefield of study of
this paper, lime treated sand–bentonite mixtures can be interesting for
their increase in mechanical strength and an alternative to the treat-
ment of sand with cement.

The sand selected for the investigations is homometric (D50 =
260 μm and D60/D10 = 1.5). The clay matrix is a bentonite which is se-
lected because of its high reactivity with lime (principally montmoril-
lonite) and its wide availability in the market. Calcium bentonite is
chosen over sodium bentonite to avoid any excessive swelling upon
wetting (free swelling index of 7 ml/2 g following ASTM D5890). It
has a 65% weight fraction of fine particles (D b 2 μm), 28% silt
(2 μm N D N 67 μm) and 7% sand (D N 67 μm). The lime used is named
Proviacal® ST from Lhoist R&D S.A., which is a dry quicklime CL 90-Q
in accordance with the norm EN 459-1.

All properties of the sand and bentonite are given in Table 1. The
mixtures considered are composed of 10%, 15% and 20% bentonite and
respectively 90%, 85% and 80% sand, and are respectively called 10b,
15b and 20b. The lime quantity to be added was calculated according
to the Eades and Grim (1966) procedure (ASTM D-6276), and 1% lime
was added for all the considered mixtures. The density of the sample
segmentation technique aimed at separating sand (red), bentonite (green) andmacrovoid
referred to the web version of this article.)
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Fig. 3. Comparison between theory and XRμCT images shows that micropores within the bentonite are saturated with water and macropores represent air.
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was determined with the Modified Proctor Optimum (MOP) curve of
each mixture treated with 1% lime. The compaction was performed
according to the Modified Proctor test ASTM D1557. In this procedure,
the soil is mixed dry by hand with a precise lime quantity. Distilled
water is then poured at different water contents corresponding to the
MOP curve of each mixture and the resulting mixture is then mixed
by hand. Finally, the wet soil is put in a plastic bag to mellow for 24 h
at 20 °C. After 24 h, the samples are compacted at 98.5% of the MOP
density. Table 2 summarizes the materials used, the water contents
and the densities for preparation of the three mixtures.

2.1.1. Samples for XRμCT
Themolds containing themixtures weremade of Plexiglas. The con-

tainer dimensions were 10 mm height by 10 mm diameter and their
precise volume was measured with mercury. The mixtures were intro-
duced in each container with a chemical spatula until the desired
weight. The compaction was therefore made statically. All mass mea-
surements were made with an analytical balance with 0.1 mg accuracy.
Afterwards, a cap was put on each mold and insulation was achieved
with scotch tape followed by paraffin coating. The samples were subse-
quently stored in a room maintained at 20 °C.
Fig. 4. Images of the same sample of 15b mixture taken at different cur
2.1.2. Samples for MIP
Samples of 70 mm height by 36 mm diameter were compacted dy-

namically, coated with a plastic film and an aluminium foil, sealed
with paraffin and, finally, stored at 20 °C for 7 and 56 days. After curing
time, the samples were opened and cubic fragments of approximately
1 cm3 were extracted from their center. The fragments were then
freeze-dried and analyzed under MIP.
2.2. X-Ray Micro-Computed Tomography

X-Ray Computed Tomography (X-Ray CT) is a powerful non-
invasive technique that allows obtaining a three-dimensional represen-
tation of objects. Based on the radiograms of the objects, the computer
treatment of the set of images allows obtaining a full three-
dimensional gray-level picture representing the local X-Ray attenuation
of the material. Used nowadays for a wide variety of applications, this
technique was introduced initially for medical imaging (Hounsfield,
1972). The first micro-scale tomography (XRμCT) was performed by
Elliot and Dover (1982), with a voxel resolution of 15 μm. An extensive
review of the possible use of X-Ray CT can be found in Kalender (2006).
ing times: images show no visual difference at short curing times.
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The resolution of the images taken by the XRμCT is close to 8 μm.
This resolution allows characterizing the effects of lime treatment
on bentonite at the macroscopic scale (i.e. a few micrometers) rela-
tive to the clay particle size which is denoted here the micro-scale.
The visual evolution of lime treatment at microscopic (nanometer)
clay-scale is not investigated here and could be the topic of future
studies (such as Cuisinier et al. (2013), Aldaood et al. (2014) for
MIP or Keller et al. (2011) for nanotomography). For XRμCT obser-
vation, the concern is to keep the focus on a scale that allows
using the classical variables of soil mechanics (porosity and water
content, among others). However, MIP, as will be discussed further,
is used to explore the micro-scale, which makes the two techniques
complementary.
Fig. 5. Images of the three mixtures: 10b, 15b and 20b taken at different long curing times. The
samples. Images show cracking appearing in the bentonite phase showing the shrinkage effect
2.2.1. Samples and curing times
The scans presented here were produced in the 3S-R Laboratory of

the Université Joseph Fourier in Grenoble, France. The resolution of
the images is 7 μm/voxel. To reach such a resolution, cylindrical samples
of 10 mm height by 10 mm diameter were used, generating images of
1500 × 1500 × 1500 voxels. In total, 10 samples were prepared. One
group of three samples was prepared for scanning after 7 days of curing
time (samples 10b7, 15b7 and 20b7). After that, the samples were
stored at 45 °C and scanned again after 14 more days for the sample
10b7, 10more days for the sample 15b7 and 7more days for the sample
20b7. Curing at 45 °C accelerates the pozzolanic reaction approximately
4–5 times with respect to curing at 20 °C (DeWindt et al., 2014). Conse-
quently, after curing times at 45 °C, the samples 10b7, 15b7 and 20b7
two first rows are taken with the same samples while the two last rows are from different
of lime on bentonite.



Fig. 6. Conceptual model of bentonite clustering. After a long curing time (more than a fewmonths), the lime-treated bentonite shrinks, cracks and eventually detaches from sand grains.
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have an equivalent curing time between one to two months. Two
groups of three samples were also prepared to be analyzed at 8 weeks
curing time (samples 10b56, 15b56 and 20b56) and 15 weeks curing
time (samples 10b105, 15b105 and 20b105). Each group includes the
three compositions of themixtures 10b, 15b and 20b. Finally, a last sam-
ple was made from the 15b mixture (sample 15b3t) for analysis at 3
short term curing times: 7 days, 14 days and 21 days. Table 3 summa-
rizes the curing time of all the samples described in this paragraph.

2.2.2. Image segmentation and registration
All tomographic images are composed of three different phases: the

sand, the bentonite and the macropores. The micropores cannot be dis-
tinguished using this imaging technique because of the tomograph
maximum resolution (7 μm/voxel). The gray levels of the three phases
are different. However, due to noise and non-homogeneous density
(mainly in bentonite), each phase is represented by a Gaussian distribu-
tion in the image histogram which induces an overlapping of the gray
Fig. 7. Difference of gray levels makes evolution detection easier: red shows evolution into dar
d) difference between a) and b); e) difference between b) and c). The square represents the
the reader is referred to the web version of this article.)
levels of each of the phases. Moreover, the boundary between the
sand phase (high gray level) and the macrovoid phase (low gray
level) has the same gray level as the bentonite phase (middle gray
level) due to Partial Volume Effects, a common artifact in XRCT imaging
explained for example in Mukunoki et al. (2004). Therefore, a simple
threshold technique could not deliver a proper segmentation of the
three phases, and the segmentation methodology developed in
Hashemi et al. (2014) was used.

To investigate the evolution of a given sample as a function of
time, the numerical difference of gray levels between two images
at two different times can be used. However, when a sample is
scanned several times (to evaluate the evolution of the soil micro-
structure during curing), it is not positioned identically at every
scan. Hence, the tomographic images do not perfectly match and
an image registration should be used. For more information about
image registration, the reader can refer to Zitova and Flusser
(2003). The image registration involves an affine transformation
ker gray values and green into clearer. Sample 15b3t at a) 7 days, b) 14 days, c) 21 days;
zone zoomed in Fig. 8. (For interpretation of the references to color in this figure legend,



Fig. 8.Detail of the sample presented in Fig. 7 showing the cluster of highly enriched lime region. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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(as proposed in Gentle (2007)) followed by a contrast matching.
The affine transformation 4 × 4 matrix R transforms a set of coordi-
nates into another according to:

xi yi zi 1ð ÞR ¼ x0i y0i z0i 1
� �

: ð1Þ

However, to calculate first the R matrix, at least 4 matching points
from both images have to be selected. Lime particles in the samples
are good candidates for this purpose as their high gray level makes
them easily selectable with a simple threshold on the histogram, and
as their location is completely dispersed throughout the sample. An ar-
bitrary threshold is made to select the highest gray level voxels. Around
15,000 are selected in both images. The voxels appear in clusters
representing the lime particles. The same clusters appearing on both
images are then manually selected. The center of each cluster is put as
coordinates in Eq. (1) as (xi, yi, zi) for the first image and (xi′, yi′, zi′) for
the second image. 8 coordinates for each image were chosen in order
to obtain a more accurate value of R calculated therefore by the least-
squares method.
Fig. 9. a) A cross section of the 10b7 sample at 7 days curing time showing a region rich in lime; b
decrease of gray value, green = increase of gray value). (For interpretation of the references to
2.3. Mercury Intrusion Porosimetry

MIP is an effective tool to analyze the fabric of porousmedia thatwas
first noticed by Washburn (1921). Using the non-wetting property of
mercury, the pressure required to force mercury into a porous medium
is inversely proportional to the entrance radius of its pores according to:

p ¼ −2γcosθ
r

ð2Þ

where p is the capillary pressure, γ is the surface tension of mercury
(0.485 N/m), θ is the contact angle between mercury and solids (130°)
and r is the entrance radius of the pore. The cumulative intrusion of
the soil is determined by gradually increasing the pressure of mercury
intrusion into the soil and determining the volume entrance for each
pressure. The derivative of the cumulative intrusion with respect to
the logarithm of the pore size yields the incremental intrusion which
represents the pore size distribution (PSD) of the soil. However, it
should be noticed that this method does not take isolated pores into
account and suffers from the ink-bottle effect as it may count some
pores as a smaller size if they are located behind bottlenecks (thus
) the same cross section after 7 days at 45 °C; c) difference between the two images (red=
color in this figure legend, the reader is referred to the web version of this article.)



Fig. 10. Cumulative porosity and pore size distribution of the three mixtures at 7 and
56 days of curing time.
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underestimating the cumulative pore size distribution). Romero and
Simms (2008) presented a wide review about the use of MIP in geoma-
terials, showing the efficiency of MIP in spite of the above mentioned
limitation.

The MIP was performed in Lhoist R&D Laboratory using the device
Micromeritics AutoPore IV 9500. Pressures of intrusion range from
3.5 kPa to 200 MPa, corresponding to filling pores from 350 μm down
to 6 nm.

3. Results of XRμCT

3.1. Three phase medium and image segmentation

In this study, a distinction will be made between the phases (as ob-
served from XRμCT) and the constituents (corresponding to raw mate-
rials). As illustrated in Fig. 1, the samples are composed of three
phase: the sand, the bentonite–lime mixture and the macropores.
Lime particles can also be seen from place to place in pure white. The
raw materials are made of four constituents (sand, bentonite, air,
water). The lime volume and mass were neglected due to the low
proportion present in the mixture. The segmentation of these images
was performed (see Hashemi et al. (2014)) in the phases mentioned
above as shown in Fig. 2, where Fig. 2a is the original image and
Fig. 2b is the segmented image. Based on the segmentation of the
images representing the three mixtures, it is possible to estimate vol-
ume proportions of each phase in the samples. Consequently, knowing
the total porosity of the sample from macroscopic data and the
macroporosity from XRμCT, the proportion between micropores and
macropores can be calculated as well as the mean dry density of the
bentonite aggregates located between the sand particles. These phase
proportions are depicted for comparison with the volume of each con-
stituent of themixture in Fig. 3. The volume proportions of each constit-
uent of the mixture were calculated by determining its mass in the
mixture and its specific density. Measurements of specific density for
sand and bentonite were performed using the pycnometer whereas
the water was supposed to have a density of 1. Specific densities of
sand and bentonite are shown in Table 1. The results show that the
volume of the macropores phase is equivalent to the air volume while
the volume of the bentonite phase is equal to the sum of the volume
of water and bentonite constituents. In other words, this means that
the bentonite absorbs all the water contained in the mixture and
becomes saturated. The micro–macro-distribution of pores in the
sand–bentonite mixtures is consequently controlled by macroscopic
parameters: thewater contentw, the dry density ρd, the specific density
of sandρs,s, the specific density of bentonite ρs,b and themass proportion
of bentonite in the sand–bentonite mixture b (here 10%, 15% or 20%).
The total porosity is given by

n ¼ 1−ρd
1−b
ρs;s

þ b
ρs;b

 !
ð3Þ

while the microporosity nμ and macroporosity nM are given by:

nμ ¼ w
ρ
ρw

;nM ¼ n−nμ ð4Þ

where ρw is the density of water and ρ is the bulk density. Finally,
the dry density ρd,b of the bentonite phase in the mixture is given
by:

1
ρd;b

¼ 1
ρs;b

þ w
bρw

: ð5Þ
3.2. Microstructural evolution of bentonite

As explained in Section 2.2.1, samples of three different mixtures
were analyzed at different curing times. Fig. 4 shows the same zone ob-
tained from one sample scanned at 7 days, 14 days and 21 days curing
times. From these three images, it can be concluded that no important
visual difference can be identified at short curing time. Conversely,
Fig. 5 illustrates the effects of longer curing times and shows evidence
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of changes in the bentonite phase. Due to the shrinking of the bentonite
phasewith the effect of lime, some cracks appear for the samples 15b56,
15b105, 20b56 and 20b105. They also appear at longer curing times
(105 days) in the sample 10b105 and in the sample subjected to accel-
erated curing times. Duringpozzolanic reaction, lime consumes a part of
the water from the bentonite, thereby inducing shrinkage. Due to the
peculiar bi-modal microstructure of this sand–bentonite mixture, the
sand skeleton particles provide stiffness against macroscopic shrinkage.
However, at microscale, bentonite tends to shrink. This shrinkage is
constrained by the rigid sand skeleton which induces the appearance
of tensile cracks in bentonite. This effect is amplified by the fact that
the plastic limit of bentonite is significantly reduced by the lime treat-
ment. The lime reaction reduces the ductility of the bentonite which
cannot accommodate the deformation induced by shrinkage, hence
leading to tensile cracks. It is noted that this cracking phenomenon
may be specific to this particular bi-modal microstructure and general-
ization to all types of soils remains to observe. At 105 days, it appears
that the cracks in the bentonite phase of the 15b and 20b mixtures are
numerous, corresponding to an advanced state of the reaction. Fig. 6 de-
picts a conceptual model of this effect. The visualization under XRμCT of
lime treated sand–bentonite mixtures shows that the bentonite phase
shrinks and forms hard clusters around the sand grains and interlocks.
Cracks are formed in the bentonite phase and, eventually, between the
bentonite itself and the surrounding sand grains.

3.3. Lime migration

The evolution of the soil microstructure of the same sample at differ-
ent curing times can be characterized by determining the difference be-
tween the corresponding images. This is illustrated, for the sample
15b3t scanned under XRμCT at three curing times (7, 14 and 21 days),
in Figs. 7 and 8, where such a gray level difference is used to detect evo-
lution. Fig. 7d and e depicts the difference between the 7 days and the
14 days curing times and between 14 days and 21 days curing times, re-
spectively. Red pixels show a decreasing gray value while green pixels
show an increasing value. The cross section in the figure was explicitly
chosen to show a cluster of highly lime-enriched regions in the sample.
The detail of this cluster is shown in Fig. 8. The pictures show a migra-
tion of a phase in middle gray value around the cluster. The gray level
of this phase is slightly clearer with respect to the bentonite phase
gray level. It is here postulated that this is a “lime-enriched aggregate”.
The aggregate occupies first the macropores and is progressively
absorbed by the bentonite phase. The detail in Fig. 8 shows, between
the first and the second weeks of curing, a global change in the gray
level whereas, between the second and the third weeks, the change is
rather located on the edge of the aggregate. It is however not trivial to
differentiate the lime-enriched aggregate from the bentonite phase in
the XRμCT images as they both have close X-Ray absorptivities. This ef-
fect is observed in few parts of different samples. Fig. 9 shows the same
effect of lime migration at a broader scale for the 10b7 sample scanned
twice. The presence of a higher macroporosity in a 10b mixture than in
the two others suggests the existence of lime-enriched aggregate
opening of

shrinkage of bentonite
leaving more space for
macrovoids

macrovoids mesovoidspore size

Fig. 11. Conceptual model of the microstructure fabric evolution with curing t
formation. The red zone in Fig. 9c is closely surrounded by a more dis-
perse green zone suggesting that lime migrated into the bentonite
phase.

The effect of lime migration is less or not present in the two other
scanned samples 15b7 and 20b7 as it may be highly dependent on the
process of soil mixing and the homogeneity of the mixture as well as
on the higher macroporosity availability in the 10b mixture. An area
with high lime concentration exists between sand particles and benton-
ite aggregates. After a few weeks, the lime migrates into the surround-
ing bentonite and leaves either a void or a less lime-concentrated area
at the starting point. Thismodel is close to the conceptualmodel already
shown in literature by Locat et al. (1990), where the aggregates of lime
diffuse through water and surround the clay particles, thereby increas-
ing their strength.
4. Results of MIP

Six samples have been analyzed for MIP representing the three mix-
tures 10b, 15b and 20b multiplied by two curing times, at 7 days and
56 days. The evolution of the distribution of pore size measured with
MIP is consistent with the vizualization under XRμCT. Fig. 10 presents
for the three mixtures, the results of the MIP on samples at 7 days and
56 days of curing times. According to the pore size distribution of
every sample, three categories of pores can be defined: micropores for
D b 3 μm, mesopores for D included between 3 μm and 30 μm and
macropores larger than 30 μm. Those limits correspond to the minima
of pore size distribution curve obtained and are not related to any stan-
dard of pore size separation. In particular, the IUPAC classification, ex-
tensively used in clay sciences, considering the processes occurring at
nanoscale, is clearly not our scale of interest and cannot be used in the
present study. Consequently, a specific separation of pore size has
been defined, consistent with the multi-modal pore-size distribution
observed. For all threemixtures, it is observed that the fraction ofmicro-
pores decreases with curing time. On the other hand, the total porosity
remaining constant, pores larger than 3 μm increase in volume. For the
mixtures 10b and 15b, the porosity above 3 μm is a combination of
mesopores and macropores. Both mesopores and macropores in both
mixtures 10b and 15b increase in size during curing. The peak of the
mesopores distribution in 10b7 is growing from 10 μm to 20 μm,
while in the 15b mixture, the increase of the mesopores size is lower
but their volume fraction increases. The mixture 20b has only one
class of porosity above 3 μm because the minimum at 30 μm is not
clearly visible. For high bentonite content (20b samples), the character-
istic size of macropores is slightly lower than for 10b and 15b samples.
This is due to the fact that bentonite better fills the space between
sand grains. As a consequence, macropores and mesopores are
merged, which explains why the mesopores are not explicitly visi-
ble in the MIP of 20b samples. The macroporosity in the mixture
20b increases with curing time as in the case of the mesopores in
the mixtures 10b and 15b. Fig. 11 shows a conceptual model of
this evolution.
shrinkage of bentonite

 cracks

microvoids

frequency

ime. The model shows a division in three categories evolving differently.
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5. Discussion

In Section 3.1, it was found that the proportions betweenmicro- and
macro-pores can be calculated theoretically by assuming that bentonite
is fully saturated while macrovoids are full of air. The total porosity of
the samples matches this theoretical estimation (which is between
35% and 40%). As explained in the previous section, themicropores con-
sidered inMIP are thosewith an equivalent diameter smaller than 3 μm.
The mesopores and macropores of MIP results (pores larger than 3 μm)
will be denoted, in this paragraph, as macropores. Table 4 shows the
proportions ofmicro- andmacropores obtained bymeans of theMIP re-
sults. Even if the general trend is consistent between MIP and XRμCT, it
can be seen that MIP overestimates the amount of macropores and un-
derestimates the micropores. The most plausible explanation is as fol-
lows. Once the sand–bentonite mixture is freeze-dried, the structure
and organization of the clay particles remain unchanged. However,
this clay structure without water ismademuchmore brittle and its fab-
ric can be easily damaged. This leads to the fact that intruding the mer-
cury will inevitably widen the macropores by compacting the clay
aggregates. This is the case when mercury fills the macrovoids while
microvoids are still empty. The transition of mercury from macropores
to micropores ranges from 30 μm to 3 μm. These diameters correspond
tomercury intruding at pressures from0.4 bar to 4 barswhich is enough
to modify the clay structure. Consequently, the intrusion of mercury
may affect the structure of the clay particles. It widens the macropores
and compacts the clay aggregates thus decreasing micropores.
However, in total, the porosity remains the same as theoretically
expected.

Even though the proportion between macropores and micropores
cannot be quantitatively describedwithMIP, the evolution of lime treat-
ment on the mixture porosity is clearly shown. Moreover, a similarity
can be seen when combining XRμCT and MIP. The decrease of propor-
tions of micropores between 7 days and 56 days of curing times,
observed in MIP, is consistent with the visual observation of bentonite
shrinkage in XRμCT. The presence of cracking and bentonite shrinking
in XRμCT can be translated to the increase in size or volume of
macropores in the MIP. In Fig. 5, at 56 days, the samples 15b56 and
20b56 exhibit cracking. These cracks are 1 to 2 voxels wide which
approximately corresponds to an order of magnitude of 10 μm (the
resolution of the picture is 7 μm/voxel). By looking in the MIP results,
the increase of macropores during curing is a consequence of the
bentonite shrinkage that opens cracks of the order of 10 μm.
6. Conclusions

In order to provide a microstructural interpretation of the macro-
scopic evidence of soil stabilization with lime, this study had the objec-
tive to investigate the micro-scale using XRμCT (at the scale of 10 to
100 μm) and MIP (between 10 nm to 100 μm). Controlled mixtures of
sand and bentonite were tested at three different proportions: 10%,
Table 4
Proportions of micropores andmacropores in MIP show a significant difference from the-
ory (valid with XRμCT). However total porosity is comparable in both measurement
methods.

Mixture Micro n (%) Macro n (%) Total n (%)

10b (theory) 23.1% 12.4% 35.5%
10b (MIP 7d) 10.2% 26.1% 36.3%
10b (MIP 56d) 16.4% 29.3% 35.7%
15b (theory) 27.5% 10.0% 37.5%
15b (MIP 7d) 9.6% 30.7% 40.3%
15b (MIP 56d) 6.4% 30.8% 37.2%
20b (theory) 32.5% 5.7% 38.2%
20b (MIP 7d) 9.4% 27.5% 36.9%
20b (MIP 56d) 6.2% 29.8% 36.0%
15% and 20% of bentonite and 90%, 85% and 80% of sand with added
water content of, respectively, 14%, 17% and 20% of total weight
(corresponding to Modified Optimum Proctor water content). All
mixtures were treated with 1% of lime and then compacted at 98.5% of
Modified Optimum Proctor dry density. Samples for XRμCT were
created for the three mixtures at different curing times (7, 14, 21, 56
and 105 days). Samples for MIP were created for the three main
mixtures at 7 days and 56 days curing times. The obtained results
allow drawing the following conclusions:

1. The relative proportion between micropores and macropores is
governed only by macroscopic parameters: the water content, the
bulk density, the specific density of sand and the specific density of
bentonite. Micropores are concentrated in the bentonite aggregates
and are filled exclusively with water. Macropores, on the other
hand, are inter-aggregate pores between sand particles and benton-
ite aggregates and are exclusively full of air.

2. XRμCT scans of a given sample at different curing times show on
some samples the migration of lime throughout the mixture. These
migrations are detectable by image registration and image differenti-
ation. The evolution of lime-enriched aggregates is such that the
quantity of lime in these aggregates decreases and migrates in the
surrounding bentonite.

3. Oncebentonite is reactingwith lime, after a givenperiod(2–4months),
the bentonite aggregates shrink and crack. This in turn causes an
increase of the macroporosity and a decrease of the microporosi-
ty. MIP results are reliable to show this evolution qualitatively.
The amplitude of this cracking phenomenon of bentonite is poten-
tially linked to the peculiar bi-modal microstructure of the sand–
bentonite mixture. The sand skeleton provides a significant stiff-
ness that avoids macroscopic shrinkage while bentonite shrinks
due to the lime reaction. This differential shrinkage behavior be-
tween skeleton and bentonite induces cracking.
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