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The mixing order of silica sand, clay (kaolinite), and water controls the microstructure of resulting artificial soil samples. Most
homogeneous microstructures can be achieved by applying the mixing order “sand-water-clay.” The following methods were used
to validate this statement: (1) optical observation, (2) X-ray tomography, (3) scanning electron microscopy, and (4) Mercury
intrusion porosimetry. For all samples, clays are mainly organized in a homogeneous matrix but are also dispersed hetero-
geneously in micrometer-sized layers surrounding sand particles, particularly where sand grains show a greater roughness. At
water contents >1.5 w;, the microstructures are visually similar from the mm to ym scale whatever mixing order is used. However,
for water contents lower than 1.5 w;, the mixing order controls the distribution of the clay particles. This paper proposes a
motivated choice of a preparation protocol of artificial clayey materials to be used in laboratory experiments. It might contribute to
better understanding and modeling grain movements and arrangements in artificial muds, used for instance in underground
mining, foundation settlement, hydraulic containment, road construction, soil stabilization, and in natural soils in the occurrence

of soil liquefaction, industrial brick manufacturing, and in studying shear processes in tectonic fault zones.

1. Introduction

Understanding the rheological behavior of soils provides
insights to improve the design and long-term stability of
construction foundations, roads, and artificial drilling muds.
Moreover, it allows a better quantification of the risks of soil
liquefaction and shrinkage and swelling disorders below civil
engineering structures [1-7]. Natural soils are generally
“gap-graded,” i.e., classified as sandy, silty, or clayey soils
based on their fine and coarse contents [8-10]. The char-
acterization of natural soils, especially clayey soils, is very
complex [11-15]. The soils can differ largely in their mi-
crostructure, which, in turn, controls their (anisotropic)
petrophysical properties and their rheological behavior.
Reconstituted or artificial soils with similar fabric to
natural soils are widely used in laboratory testing [16-18]. In

particular, sand-clay mixtures are commonly employed as
simplified and reconstituted soils in the laboratory to in-
vestigate the thermo-hydro-mechanical behavior of clayey
soils [13, 19-27]. The macroscopic behavior of soils is usually
known to be controlled by the microstructure, which was
examined by several studies [28-31]. Yet, a very significant
number of studies on the thermo-hydro-mechanical be-
havior of sand-clay and clay-clay mixtures [32-37] produced
their samples in differing ways and potentially ignored the
effect of different microstructures induced by sample
preparation that might have altered the experiments out-
comes. The verification of the microstructure after the
preparation is rarely known, except for classical material
characterization. For example, Vallejo and Mawby [21]
prepared dry sand-clay mixtures by shaking samples in
sealed plastic bags until visual homogeneity; Polidori [38] by
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adding deionized water into the mixture, the mixture was
then placed in an oven at 60°C to eliminate humidity
absorbed from the atmosphere before being mixed; Bend-
ahmane et al. [39] and Marot et al. [40] mixed sand and
water at a water content of 8% for three minutes and clay
powder was then added progressively during mixing.

The preparation of reconstituted clayey soils should
require as much fabric homogeneity (i.e., uniformity) as
possible to allow for a high number of identical test repeats
[13, 16, 41]. Otherwise, the micromechanical behavior of soil
at small scale, which takes into account the variability of the
heterogeneities, can result in different macroscopic behavior
and potentially identify the characteristics of a representative
volume element [42, 43].

This study investigates the microstructures that result
from three different mixing protocols of silica sand, clay, and
water. For that, optical observation, 3D X-ray tomography,
2D scanning electron microscopy (SEM), 2D environmental
scanning electron microscopy (ESEM) images, and Mercury
intrusion porosimetry (MIP) analyses were carried out on
wet and dry samples.

The paper is organized as follows: Section 2 is devoted to
the characterization of the primary materials used; Section 3
describes the sample preparation and the methods used to
investigate the microstructure; Section 4 presents the results
and, finally, Section 5 discusses and concludes these findings.

2. Materials

The materials used in this research are presented in this
section. Fontainebleau sand, clay, and distilled water are
used to prepare the sand-clay mixtures in the laboratory.

2.1. Fontainebleau Sand. Fontainebleau sand NE34 (called
hereafter FSand NE34) from Sibelco company (France) was
used to prepare sand-clay mixture samples. Fontainebleau
sand is fine siliceous sand, which is widely utilized as
reference material in many experimental studies
[6, 7, 44-49]. Energy dispersive spectrometer (EDS) ana-
lyses show that FSand NE34 is composed of 99% quartz
(SiO;). Table 1 illustrates the solid matter density and
characteristics of the grain size distribution. In the sec-
ondary electron (SE) images, FSand NE34 shows both
angular and smooth particles with a heterogeneous
roughness (Figures 1(a) and 1(b)).

The grain size distribution of FSand NE34 is given in
Figure 2(a), which was gained by laser granulometry test and
corresponds to the literature values [46, 48]. There are no
grains larger than 300 ym, according to the test results.

2.2. Clay. An industrial kaolinite-rich clay material (called
hereafter K Clay) from Argeco company (France) was
chosen to prepare the sand-clay mixtures, in agreement with
previous studies [24, 38, 50-52]. The kaolinite-rich clay
material used corresponds to the material K3 in San Nicolas
et al. [51]. Based on XRD data from Aboulayt et al. [53] and
San Nicolas et al. [51], it contains 55% of pure kaolinite. For
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TaBLE 1: Physical parameters of FSand NE 34 and K Clay.

d d
Material s (g/cm’® 10 S0 Cu=dgoldio (-
aterials ps (g/em’) (um) (um) so/dho (=)
FSand NE34 2.65 136 210 1.70
K clay 2.63 423 47.53 15.07
K clay 2.63 1.37 8.56 9.51
dispersed

the composition of the clay, we refer to San Nicolas et al. [51]
as well.

Kaolinites are present as micrometer-sized individual
particles and multimicrometer aggregates (Figure 1(d)). The
main parameters of K Clay are summarized in Tables 1 and
2. Note that the gained liquid (w;) and plastic limits (w)
of K Clay correspond to literature values, in particular to
soils significantly rich in clays [35, 54, 55].

The grain size distribution of the K Clay has been ob-
tained by two laser granulometers with three runs each: (1)
by using a dispersed K Clay in distilled water in order to
characterize the classical distribution of the material, and (2)
by using a dry K Clay powder, which is not dispersed
(Figure 2(a)). The particle size distribution of the aggregates
already present in the dry material (which will be mixed with
sand and water afterward, see Figures 3 and 4) is quantified.

The characterization obtained for the two types of
samples is given in Table 1. When not dispersed in distilled
water, K Clay shows a mean grain size ds, by a factor of 5.5
higher than that relative to water dispersed K Clay. The
diameter of the aggregates is from luym to 100um
(Figures 2(a) and 2(b)). SEM images show that those ag-
gregates are composed of clays or small grains of quartz
surrounded by clays (Figures 1(c) and 1(d)).

3. Methods

The following paragraphs describe sample preparation and
analytical methods used in this research.

3.1. Sample Preparation. Three different mixing orders of
dry FSand N34, dry K Clay and distilled water were per-
formed (Figure 3). Each mix was composed of 50 wt.% K
Clay (100g) and 50 wt.% FSand NE34 (100 g). Liquid and
plastic limits of the mixture were w;=22.4% and
w, =13.7%, respectively (obtained by the Casagrande ap-
paratus). Water was added in different quantities. In total,
seven moistened samples were prepared for three different
mixing orders, as detailed in the following, yielding pastes of
0.5, 1.0, 1.25, 1.5, 1.75 to 2.0 times the liquid limits. All
samples were mixed by rotating a stirring glass stick in a
container (1000 mL) for 10 minutes [39, 40] until visual
homogenization and to limit air drying. The three protocols
were as follows (Figure 3):

(S1) Samples were mixed by sand, then water, then clay.
In samples S1, clay was added progressively in sand
water mixture, by steps of 5 to 10 g and mixed for 1 min.

(S2) Samples were mixed by sand, then clay, then water.
In samples S2, water was added to the dry sand-clay
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FIGURE 1: Secondary electron (SE) images under SEM of (a) low magnification view of FSand NE34; (b

) high magnification view of FSand
NE34; (c) low magnification view of K Clay; (d) high magnification view of aggregates in K Clay.
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FIGURE 2: (a) Grain size distribution of FSand NE34 and K Clay represented by the cumulative passing as a function of particle diameter; (b)
Passing fraction as a function of particle diameter for the K Clay dispersed and nondispersed.

TasLE 2: Characteristics of K clay from Argeco.

Clay purity (wt.%) Liquid limit (%) Plastic limit (%) Plasticity index (-) Ps (g/cm3 )
55 37.3 19.0 18.3 2.63
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Order of Mixing
(S1) Sand + Water + Clay
(S2) Sand + Clay + Water
(S3) Clay + Water + Sand

FIGURE 3: The three protocols for mixing sand, clay, and water.
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FIGURE 4: Optical images of the macrostructure of the sand-clay mixtures at water contents from 0.5 to 2.0 wy.

mixture with a spray in order to ensure its homoge-
neous distribution [56].

(S3) Samples were mixed by clay, then water, then sand.
In samples S3, sand was added progressively to clay
water mixture by steps of 5 to 10g.

After mixing, the samples were placed in a vacuum
device [17, 57] for 1hour to remove potential air bubbles.
The samples were then oven-dried (48 hours at 105°C) for
microstructure analyses, as X-ray tomography, scanning
electron microscopy, and Mercury porosimetry measure-
ments require dry samples [58-60]. The samples were firstly
oven-dried to obtain dry samples for the microstructure
observation to make sure that there is no structural change
during observation and no damage on the device (e.g., the
electronic column). The samples were then cut by hand to
get a fresh surface, without any polishing or disturbing
handling on it. This subsampling technique can minimize
the microstructure disturbance and prevent possible arte-
facts due to the subsampling process.

Referring to the concept of the smallest representative
elementary area (REA) of the phase fraction in a sample,
clearly explained in Houben et al. [61], the size of the sand-
clay mixture samples for SEM scanning was chosen to be
about 10 mm x 10 mm, which is much larger than the mean
grain size of the sand. This choice is a compromise between
observing the largest surface as possible and avoiding a too
large sample in the SEM chamber. Conversely, bigger
samples were used for X-ray tomography and MIP analyses.

The choice of sample size for X-ray tomography was driven
by the need for an adapted resolution to distinguish the sand
and the clay matrix: cylindrical samples of 4 mm in diameter
were adopted to be representative of the phase fraction of the
entire sample. Moreover, the recommendation for the MIP
analyzer in our lab was to consider a volume of 1 x 1 x 1 cm’.

Besides, humid samples were prepared just before ob-
servation under environmental scanning electron micros-
copy to compare humid with dry microstructures. A total of
36 samples was prepared.

3.2. Analytical Methods

3.2.1. Scanning Electron Microscopy (SEM). SEM is com-
monly used in geosciences to investigate the microstructure
of clay materials [27, 54, 62-65]. A secondary electron (SE)
signal was used to acquire electronic images of the surface of
samples. Before observation, the specimens were gold-
coated to ensure electron reflection and interactions on their
surface. The acquisition was performed in a JEOL JSM-6060
LA, at a voltage of 20 kV and at magnifications between x40
and x20000, in high vacuum secondary electron (SE) im-
aging and low vacuum backscattered electron (BSE) modes.
SEM observations of microstructures were carried out on 8
different areas from each scanned sample to ensure the
representative elementary area of the whole sample [61, 66].
The SEM tests were conducted on the mixtures with an
initial water content of 0.5, 1.0, and 1.5 w;, to investigate
different microstructures for the same protocol.
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3.2.2. Environmental Scanning Electron Microscopy (ESEM).
ESEM allows the examination of specimens’ surfaces in
either wet or dry conditions, under insulating or conducting
conditions [67].

Three humid samples from S1, S2, and S3 procedures
were prepared at 1.5 w; and placed in the ESEM chamber.
Pressure and temperature conditions were kept constant
during the observations. Investigations were conducted in a
Zeiss EVO® 40 using a pressure of 946 Pa, at a temperature of
20°C, a voltage of 20kV, and relative humidity between 88
and 42%. Backscattered electron (BSE) mode was used with a
working distance of 5.5 mm. In total, 9 areas of each sample
were scanned at different magnifications.

3.2.3. X-Ray Tomography. X-ray tomography has been
shown to be very powerful in recording the multiscale
microstructure of materials in 3D, even in 4D (i.e., 3D plus
time). Although small clay particles and pores are commonly
below its resolution limit [68-77], the distribution of sand
grains in the sand-clay mixtures can be imaged.

For this, X-ray tomography scans of the dry samples
were acquired with an XRadia Micro XCT-400 device,
spending 9 hours recording time on each sample, yielding
the acquisition of 1800 projections. The resolution was
2.3 um/pixel, and the diameter of imaged samples was about
4 mm. The sample diameter has been chosen in such a way
that, because of the usual 1000 ratio between the size of the
sample and the expected resolution (um-pixel™), the last
could be of the order of few ym. This allowed detecting the
different phases of the mixture, ie., sandy grains, clay
matrix, and macroporosity, separately. Each sample was
placed into a thin kapton tube with an inner diameter of
4mm to ensure sample stability during scanning.

After the reconstruction of raw images, the grey level (8 bit)
volumes were filtered by a 3D median filter in Image] software
(2% 2% 2 voxels), followed by a nonlocal mean filter [73, 78].
The 3D segmentation was set on volumes of 852 x 823 x 1000
voxels for each. The volume data from reconstructed images
were then segmented in macroporosity, sand and clay matrix
components by Image] to quantitatively investigate the dif-
ferences in the three preparations. The segmentation threshold
of macroporosity, FSand NE34, and K Clay was defined by
using the histogram of grey levels with well distinct peaks over
the stack of images [58, 64, 79]. Only particles larger than 10
voxels were considered in this study [64] to avoid any reso-
lution artefacts. The volume fraction of each phase was finally
calculated by the analysis tool pack in Image].

3.2.4. Mercury Intrusion Porosimetry (MIP). Mercury in-
trusion porosimetry (MIP) is a technique usually applied for
the characterization of connected porous networks. It is a
standard and effective method employed for measuring
macro-, meso-, and micropore size distributions of a large
range of materials, such as concrete, rocks, and soils
[35, 80-83].

The Washburn equation relates entry pressure and pore
diameter (Eq. (1) and can be applied to estimate the diameter
of pore throat intruded at each pressuring step during the
MIP test [80, 81, 84, 85]:

_ —4y cost
P

d . (1)
where d is the diameter of the pores being intruded, y is the
surface tension of Mercury, 0 is the contact angle of Mercury
on the soil, and P is the applied Mercury pressure.

Mercury intrusion porosimetry (MIP) was used to
quantify the pore size distribution of three dry sand-clay
samples prepared by the three mixing protocols, having an
initial water content of 1.5 w;. Cubic specimens of 1cm’
were carefully cut from each preparation to serve the
Mercury intrusion porosimetry (MIP) experiments. The
tests were repeated two times for each sample preparation
protocol. The MIP was carried out in an AutoPore IV 9500
V1.05 device with low- and high-pressure modes. The
measurement range of low pressure was 0~345 kPa, with a
resolution of 69 Pa, transducer accuracy was +1% of full scale
(from transducer manufacturer’s specifications). Test under
low-pressure mode allowed the detection of the pore di-
ameter size ranging from 360 to 3.6 ym. The range of high-
pressure measurement was from 101kPa to 228 MPa.
Pressure resolution was 689 Pa from 101 kPa to 21000 kPa,
and 1400 Pa for pressure from 21000 kPa to 228 MPa. The
test under high-pressure mode allowed the detection of pore
diameter size ranging from 6 to 0.005 ym, with a full-scale
transducer accuracy of +0.1%.

It is worth noting that, in general, 0.001 ym is the lattice
distance of most clays, i.e., at that resolution all is void space
with some supertiny neutrons, protons, and electrons.

3.2.5. Geotechnical Tests. The mechanical behavior of the
sand-clay mixtures prepared according to the three
protocols was investigated by performing classical one-
dimensional oedometer and direct shear tests. The sand-
clay mixture samples for both the oedometer and direct
shear tests were prepared at 50% K Clay content and
mixed with an initial water content of 1.5 w;. The loading
steps of the effective vertical stress were 12.5kPa, 25 kPa,
50 kPa, 100 kPa, 200 kPa, 400 kPa, 800 kPa, then unloaded
to 50 kPa. The direct shear tests were carried out with a
normal stress of 100kPa and a shear rate of 0.006 mm/
min. The shear box was installed in a container (see
[7, 18, 48]) that was filled with distilled water to guarantee
a saturated specimen. The samples were performed with a
displacement-controlled shearing until a maximum
horizontal displacement of 5mm (i.e., constant volume
state). The shearing rate (i.e., 0.006 mm/min) was small
enough to ensure a drained shearing. It was chosen in
accordance with ASTM-D3080 [86] to guarantee that
excess pore water pressure was dissipated during the
shearing process.

4. Results

The analytical results of multiscales (from macro- to micro-)
are presented hereafter, aiming to find an optimum initial
mixing water content and assess the uniformity of samples
reconstituted by the three sample preparations.



4.1. Macrostructures of Sand-Clay Mixtures at Different Water
Contents. Photographs of the samples during mixing are
shown at different initial water contents (0.5, 1.0, 1.25, 1.5,
1.75, and 2.0 times of w; ) in Figure 4 for the three protocols
S1, S2, and S3.

At a water content of 0.5 times of w,;, millimeters to
centimeters size aggregates are formed during the mixing
process in S1 and S2 samples, while in S3, most of the
aggregates are multi centimeter-size. Between 0.5 w; and 1.0
w; (but not exactly at 0.75 w;), all samples contain mul-
timillimeter size aggregates, with sand and clay heteroge-
neously distributed in the mixtures. At w=1.0 w; and
w=1.25 wy, aggregates are progressively diluted within the
mixtures. At 1.5 w;, S1 samples resemble a visually ho-
mogeneous paste, contrary to S2 and S3 samples, which still
contain macroscopic aggregates. At 1.75 w; and 2.0 w,,
samples prepared by S2 and S3 still contain a few macro-
scopic aggregates, contrary to S1. At 2.0 wy, the sand starts to
sediment by using S1 protocol and sandy grains are sepa-
rated from clay particles.

At the same water content and same weight fraction of
sand and clay, the macrostructure of the samples (in terms of
volume and size of aggregates) depends on the sample
preparation. S1 at 1.5 w; is the first configuration to be
visually homogeneous among all samples and water contents
tested.

4.2. 2D Microstructures of Dried Samples. After mixing, all
the samples were placed into the oven (48h at 105°C).
Subsequently, surfaces of samples prepared by S1, S2, and S3
protocols and at initial water contents of 0.5, 1.0, and 1.5 w;
were selected and compared using SEM. The goal of the
observation is double: (a) to choose the most suitable initial
water content to get a uniform microstructure of the mix-
ture, and (b) to identify differences and similarities of mi-
crostructures between the protocols at the most suitable
water content (Figure 5).

With S1-type samples, the clay forms a somewhat
continuous thin film around sand grains, while in S2 and
S3 samples, sand grains are only partially covered by clays
(Figure 5). The continuity of the clay film after desiccation
shrinkage in S1 prepared samples suggests a more ho-
mogeneous distribution of clay particles within the
samples.

The cut sample surfaces show cracks and voids, pref-
erentially at sand grain boundaries but also between clay
particles. In all samples, clay is present as a clay matrix
between sandy grains and by a heterogeneous and orientated
micrometer-size clay layer around sandy particles. Some
sandy grains are also not covered by clay, especially in S3 but
also in S2 and S1 samples initially prepared at 1.5 w; . Notice
that in S1, the sand looks more homogeneously covered by
clays, but the thickness of the clay covering among all
samples, during mixing and or due to desiccation, can not be
quantified.

In general, SEM analyses support the conclusion from
photography (Figure 4), in such that (a) S1-type samples are
the most homogeneous at initial water content <1.0 w;
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conditions and (b) at initial water content equal to 1.5 w; all
mixing orders yield homogeneous pastes.

For general laboratory engineering applications, only
homogeneous samples should be considered, so the water
content was fixed at 1.5 w; for sample mixing in the rest of
the manuscript.

4.3. 2D Microstructures of Wet Sand-Clay Mixtures at 1.5 wy.
Low and high magnification images of the humid samples’
surfaces were acquired by ESEM observations (i.e., Figure 6).
As previously observed under SEM in dry conditions, S1
samples show a higher continuity of the clay matrix,
characterized, for example, by clay bridges between grains,
compared to S2 and S3, which contain a significant number
of voids between sandy grains (see Figures 6(a)-6(c)). Large
sandy grains are covered or partially covered by clay particles
mixed with small sandy grains and micrometer-sized clay
aggregates (Figures 6(d)-6(f)). All samples show the absence
of clay particles on the sharp sand edges (Figures 6(g)-6(h)).

Comparing images of pure sand (Figures 1(a) and 1(b))
with those of sand-clay mixture, it is clear that clay covers the
surface of sandy grains with a minimum roughness
(Figure 6(f)). Sharp edges are not covered by clay; this
suggests a roughness threshold for clay covering that might
be specific for each mixing order. Clay is therefore het-
erogeneously distributed on the surface of sandy grains
(Figures 6(f) and 6(g)) due to two effects: the heterogeneous
roughness of sand surface (Figures 1(a) and 1(b)) facilitates
local accumulations of humid clay particles around sand
during mixing, and the round shape of sand facilitates the
covering of clay particles (in a thin layer) during particle
rolling in the mixing process. The effect of sand geometry on
clay arrangement is therefore investigated below.

4.4. 3D Mesostructure of Sand-Clay Mixtures at 1.5w;. In all
samples, macroporosity is composed of macropores and
cracks at sand-clay interfaces and in the clay matrix
(Figures 7(a)-7(c) in black).

An example of macroporosity, sand and clay segmen-
tation is given in Figure 7(d). The volume fractions resulting
from the phase segmentation are shown in Table 3. Due to
the resolution of image acquisition of X-ray tomography,
only particles above 10 voxels can be observed and seg-
mented. Therefore, just particles above 121.7 um” are taken
into account, which corresponds to a mean diameter of
6.2 um for spherical particles.

The mean macroporosity detected in S1, S2, and S3 is
slightly the same at 10.02% on average with a +0.7% fluc-
tuation (Table 3). Considering a dry density of K Clay of
2.63 g-cm > and FSand NE34 of 2.65 g-cm >, weight fractions
were calculated from the volume fractions. K Clay and
FSand NE34 represent 44.0 and 56.0% for S1, 43.4 and 56.6%
for S2, and 42.8 and 57.2% for S3. The initial weight fractions
of FSand NE34 and K Clay are 50% each, so the difference of
fractions after drying is attributed by the surplus of 6 to 7.2%
of small grains of quartz in the K Clay, significantly larger
(>6.2 ym in diameter) to be segmented by image analysis.
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F1GUre 5: SEM images in secondary electron imaging mode of samples prepared by the three protocols in dry conditions and mixed at

different initial water contents.

The normalized frequency of macropore and crack vol-
ume is compared for the three samples in Figure 7(e). Each
distribution is fitted by a power law. According to coefficients
of the fitting power laws and the raw images, the size dis-
tributions of macropores and cracks within the samples is
very close and no significant difference is recorded.

The mean macroporosity and the macroporosity dis-
tribution are similar within the samples and no influence of
sample preparation is detected in 3D under X-ray tomog-
raphy at the resolution used.

4.5. MIP on Dry Sand-Clay Mixtures Initially Prepared at 1.5
wy. MIP tests were carried out on dry samples, prepared
initially at 1.5 w; by the three protocols. The presence of
microporosity, mesoporosity, and macroporosity is detected
by three peaks in the pore volume distribution curve
(Figure 8), as usual for clay soils.

Pore throat diameters (d,,) are classified into six scale
categories based on pore diameter values [83, 87-89]:

(i) Optical pores of d, > 100000 nm, including cracks in
the mixture
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Particle covering

FIGURE 6: Low magnification views under ESEM of humid (a) S1, (b) S2, (c) S3 samples; high magnifications views of sandy grain boundaries
and clay matrix of (d) S1, (e) S2, (f) S3 samples; (g) detailed views of sand boundaries of S1 sample and (h) sand arete in S3 sample.

(i) Large-size pores of 10000 < d,, < 100000 nm, mainly
cracks and pores between clayey and clay-sand
aggregates (macropores)

(iii) Medium-size pores of 5000nm < d, < 10000 nm,
mainly the ones within the clayey aggregates
(mesopores)

(iv) Small-size pores of 400 nm < d,, < 5000 nm, mainly
between clay particles and partly within the ag-
gregates (also treat as mesopores)

(v) Micropores of 10nm <d, <400 nm, between clay
particles

(vi) Ultra-micropores of d,<10nm, mostly the ones
inside clay particles

Macroporosity is composed of optical pores and
macropores (i+1ii), mesoporosity of medium and small-
size pores (iii +iv) and microporosity of micropores and
ultramicropores (v +vi) (Figure 8). The distributions of
the porous volume are qualitatively superimposed for the
microporosity and mesoporosity of S2 and S3 (Figure 8).
S1 shows a significantly different distribution, in

particular for mesoporosity, which is detected at larger
pore throat diameters than S2 and S3. The distributions of
macroporosity volume are all different among the sample
preparations and attributed to various connectivity of
cracks.

Quantitative values of mean porosity and mean and
median pore throat diameter are deduced from the
analysis of the pore volume distribution and the cumu-
lative Mercury intrusion curves (Tables 4 and 5; Figure 9).
Mean porosity values are 28.1% for S1, 30.1% for S2, and
28.6% for S3 (Table 4; triangles in Figure 9), with a
maximum difference of around 2%. S1 samples have
smaller average and median pore diameters than S2 and S3
(see Table 4), indicating S1 samples are less porous (in
terms of connected porosity) than the other two. This
result is confirmed by Tables 5 and 6, which shows the
different volume fractions of macroporosity, meso-
porosity, and microporosity according to the preparation
protocol and the mean pore throat size as a function of the
porosity category. Mesopores can be found commonly
within clay aggregates (pores iii +iv). As S1-type samples
contain fewer clay aggregates than S2 and S3, it also shows
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FIGURE 7: Mesostructures of (a) SI, (b) S2, (c) S3 samples under X-ray tomography; (d) image segmentation of FSand NE34, K Clay and
macroporosity in an extract of an S3 sample; (e) macropore size distribution for the three samples prepared initially at 1.5 wy, and after

drying at 105°C.

TaBLE 3: Comparison of the volume fractions (%) of the three samples.

FSand NE34 (%)

Sample Macroporosity (%) K clay (%)

S1 10.44 39.60 49.96
S2 9.39 39.51 51.10
S3 10.22 38.56 51.22

fewer mesopores. However, the aggregates are larger and
can hence accommodate larger mesopores.

In other words, the sample preparations change the balance
of volume fractions of connected macroporosity, mesoporosity,
and microporosity for the samples investigated. These changes

sum up to a maximum of only 5% variation of the entire pore
volume. This variation is mainly due to different macropore
sizes (56% pore diameter variation), while meso- and micro-
pores contribute much less to this discrepancy (10% and 5.8%
pore diameter variation, respectively).
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TaBLE 4: Porosity and pore throat diameters from the MIP tests for the samples prepared by the three protocols.

Sample Porosity (%) Average pore diameter (4 V/A) (nm) Median pore diameter (V) (nm)
S1 28.1 51.4 360.9
S2 30.1 58.4 1041.3
S3 28.6 54.6 480.7

TaBLE 5: The pore volume fraction from the MIP tests for the samples prepared by the three protocols.

Sample Optical pores (%) Macropores (%) Mesopores (%) Micropores (%) Ultramicropores (%)
S1 9.69 3.03 37.05 47.82 2.41
S2 10.42 2.38 40.55 44.79 1.86
S3 5.55 2.61 42.35 47.29 2.20
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FIGURE 9: Median and mean pore size as a function of the mean porosity for samples prepared by S1, S2, and S3 protocols.
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TABLE 6: Mean and median pore throat diameters from the MIP test.

Sample Optical + macropores Mesoporosity Microporosity + ultramicroporosity
S1 70422.93 1992.71 25.98
Mean pore diameter (nm) S2 98532.90 1878.81 27.49
S3 63111.83 1802.53 27.28
S1 314548.48 2854.54 29.58
Median pore diameter (V) (nm) S2 414553.75 2243.98 35.78
S3 260737.75 2169.59 34.43

4.6. Mechanical Behavior in Geotechnical Tests. The me-
chanical response of the three sample preparations, from
oedometer and direct shear tests, is presented in Figure 10.
The mechanical behavior of soils is usually largely dependent
on the changes in microstructure that occur at the particle
level [54, 62]. It can be observed that the mechanical be-
havior of the samples is quite close; i.e., the macroresponse is
not influenced by the microscopic heterogeneities. In other
words, at 1.5 w;, the sand-clay mixture samples prepared
with the S1, S2, and S3 protocols are sufficiently homoge-
neous at the macroscopic scale to show a similar repeatable
mechanical behavior in oedometer and direct shear exper-
iments, whatever the sample preparation is.

5. Discussion

A comprehensive discussion based on the results mentioned
above is presented as follows.

5.1. Flocculation and Aggregation during Mixing. At the
macroscale, the three types of samples contain various sizes
of aggregates despite of identical fractions. Flocculation and
aggregation are linked to the adsorption of water on the clay
particle surfaces [90]. S1 protocol consists of mixing sand
and water, then clay progressively. Contrary to other mixing
orders, water is therefore fully accessible to the clay fraction,
even at water contents lower than 1.5 w;. The charged
surface of clay particles can adsorb water, which allows
individual particles to form aggregates [91]. Due to the
significant excess of water in the mixture and continuous
stirring, those flakes are directly diluted, as flocculation is a
reversible process [92]. In the other cases (S2 and S3), clay is
the majority phase compared to water. Kaolinite adsorbs
water at each water addition and clayey aggregates forms
around water drops. For water contents higher than 1.5 w;,
aggregates in samples prepared by S2 and S3 start to dilute,
and all samples become qualitatively the same at the
macroscale.

The results confirm that the final mean water content of
1.5 w; has to be considered to ensure homogeneity of water
content and particle arrangement for S1, as previous studies
suggested [13, 15, 19, 59, 60]; however, the water content
should be higher than 1.5 w; for S2 and S3 due to the
presence of aggregates at the macroscale.

5.2. Effect of Sand Geometry on Clay Location in Sand-Clay
Mixtures. In the three types of samples, K Clay is present as

a clay matrix around sandy particles and as a discontinuous
micrometer layer around the sand in humid and dry
samples. This discontinuous clay layer is possibly caused by
several effects of (a) the shape of sand particles, which while
rotating, bring about clay particles to spread on their surface;
(b) the heterogeneous roughness of sand particles: sand
cavities capture clay particles during their rotation [93, 94],
and (c) the desiccation process at 105°C: the viscous clay
matrix shrinks while surrounding the grains [56].

Angular edges of sandy grains are clay-poor, showing
that clay covert is mainly due to a geometric effect on the
sand surface, which is emphasized by desiccation [95]. Clays
are caught on the sand for an interval of roughness which is
dependent on particle size [96]. A minimum roughness is
required to catch clays on sand surface and above a maxi-
mum roughness, clays cannot be stocked [97]. At dry state,
angular edges are then preferential contact points or contact
surfaces between sandy grains.

5.3. Effect of Drying on the Multiscale Structure of Sand-Clay
Mixtures. The desiccation process caused clay matrix
shrinkage and crack opening within the matrix and at the
interface between clay matrix and sandy grains. For water
contents lower than 1.5 w;, the desiccation of the matrix
showed different patterns under SEM. Clay matrix exists as a
more continuous phase and shows fewer cracks in S1 than S2
and S3 samples due to less shrinkage occurred in S1 samples
(see Figure 5).

For dry samples initially mixed at water contents higher
than 1.5 w,;, aggregates are not clearly visible at the me-
soscale under X-ray tomography, SEM, or ESEM, contrary
to the macroscale. As a consequence, the desiccation process
has probably caused a rearrangement of clayey particles,
which formed aggregates [98], as the microstructure of clay
material can be significantly affected by drying methods [61].

5.4. Effect of Sample Preparation on the Porosity. At the
mesoscale under X-ray tomography, all samples have similar
pore size distribution (connected or not) but slightly dif-
ferent mean porosities, which highlights that the number of
macropores, but not their size, varies as a function of the
sample. Different macropore size distributions were detected
by MIP tests, which is interpreted by different pore con-
nectivity because of varying size and density of desiccation
cracks [88].

At the meso- and microscales, S2 and S3 have the same
mean pore size distribution contrary to S1, which is char-
acterized by larger mesopores. In clay soils and clay rocks
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FiGuUre 10: Mechanical behavior of the three sample preparations S1, S2, and S3 in (a) oedometer test and (b) direct shear test.

[95, 99], mesopores usually separate clay minerals organized
in flakes that contain interlayered and bound water. The
larger size of mesopores in S1 is interpreted by a more
efficient dispersion of kaolinite in water in comparison to S2
and S3.

The mean porosity (including macro- to microporosity)
values of all samples reveal that on average, porosity differ-
ences do not exceed 5% among the different sample prepa-
rations. However, even if the mean porosity is close, different
fractions of micro-, meso-, and macropores are highlighted.
In conclusion, samples prepared by S1 contain a lower
fraction of larger mesopores and a significantly smaller
median pore size, which confirms that clay minerals are better
dispersed in the mixtures prepared by S1 than S2 and S3.

6. Conclusion

Regarding the high number of experimental studies in-
volving variable preparations of clay soil samples, mixtures
of Fontainebleau sand, K Clay, and water were prepared by
three different protocols to investigate the effect of the
sample preparation on their texture. From centimeters to
micrometers, different imaging and bulk techniques were
used to perform the comparison between the three proto-
cols: optical photography, 3D X-ray tomography, SEM,
ESEM, and MIP.

The study reveals that the protocol, which consists of
mixing sand firstly, then water, and lastly clays, allows
preparing samples with a better dispersion of clays with no
significant macroscopic clayey aggregates. The samples
prepared in this way contain, on average, a lower mean
porosity with a lower mean and median pore size, despite of
larger mesopores but in lower quantity than in the other
preparations. The repeatable mechanical behavior from
oedometer and direct shear tests reveals that the sample

heterogeneities of the three preparations are limited and not
so significant, for what concerns the macroscopic me-
chanical response. For a better dispersion of mineral phases
within the samples, S1 preparation is, therefore, more rec-
ommended for engineering applications that require ho-
mogeneous clayey soil samples.

The rheological response of artificial soils can be sig-
nificantly altered by the identified varying pore distributions.
Future studies should therefore examine such differences
when developing geomechanical tests other than the con-
sidered oedometric and shear ones. The effect of the sample
preparation should be investigated on different weight
fractions of sand and clay as well.

Data Availability
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10.17632/6vbytyhd7y.1). The porosimetry raw data (pore
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