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Abstract An experimental study has been performed to
investigate the effect of the biocalcification process on the
microstructural and the physical properties of biocemented
Fontainebleau sand samples. The microstructural proper-
ties (porosity, volume fraction of calcite, total specific
surface area, specific surface area of calcite, etc.) and the
physical properties (permeability, effective diffusion) of
the biocemented samples were computed for the first time
from 3D images with a high-resolution images obtained by
X-ray synchrotron microtomography. The evolution of all
these properties with respect to the volume fraction of
calcite is analysed and compared with success to experi-
mental data, when it is possible. In general, our results
point out that all the properties are strongly affected by the
biocalcification process. Finally, all these numerical results
from 3D images and experimental data were compared to
numerical values or analytical estimates computed on
idealized microstructures constituted of periodic overlap-
ping and random non-overlapping arrangements of coated
spheres. These comparisons show that these simple
microstructures are sufficient to capture and to predict the
main evolution of both microstructural and physical prop-
erties of biocemented sands for the whole range of volume
fraction of calcite investigated.
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1 Introduction

Several soil reinforcement techniques were developed in
the last 50 years, with the huge development that has
occurred in the industry such as chemical grouts,
mechanical compactions, rigid inclusions and jet grouting.
These techniques show limitations for specific cases (great
depth situations, old and sensitive structures); it is also
considered as money and time-consuming techniques and
harmful technologies for the environment [9]. In recent
years, the application of biological processes in geotech-
nical engineering has received more attention. Different
biological processes have been recommended to overcome
all the drawbacks of the classical techniques of soil
improvements, such as biogas processes, biofilm formation
and biocementation [11]. The microbiologically induced
calcite precipitation (MICP) technique represents one of
the most promising techniques of biocementation based on
the precipitation of calcite by biochemical reactions. These
reactions are governed by a strong ureasic activity of
bacteria such as Sporosarcina pasteurii, which can
decompose the urea (NH,),CO into ammonium (NH, ")
and carbonate (CO§2). This chemical component can par-
ticipate in the composition of the final product (calcite:
CaCOj3) (Eq. 1). This phenomenon can be reproduced
within soils, by the injection of the ureasic bacteria and
chemical reactants (urea + calcium source).

NH,),CO + 2H,0 + CaCl, =%° CaCO; + 2NH,Cl (1
2
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This phenomenon plays a considerable role in increasing
the mechanical strength of the treated soils, by bounding
soil grains together with the precipitation of the calcite.
Different studies have been performed to explore the
increase in the mechanical strength of the soils treated by
MICP [1, 7, 12, 13, 19, 21, 22, 32]. These studies show a
significant increase in shear strength of biomediated soils,
where the calcite precipitates preferentially at the inter-
granular contacts [1, 15], which increase the amount of the
cohesive contact surface between grains and thus the
cohesion and the strength of the soil. On the other hand, the
precipitation of calcite decreases the porosity of the soil
specimen and changes its microstructural properties (pore
structure and geometry, specific surface area) depending on
the procedure of injection, which influences the deposition
manner of calcite in pores. These changes lead to a slight
decrease in the physical properties (permeability, effective
diffusion) for a small amount of calcite, depending mainly
on the quantity of injected bacteria and chemical reactants
[19, 33].

Increasing the shear strength of a soil is highly desirable
in geotechnical engineering. However, the permeability
reduction could be an advantage or drawback depending on
its application. For example, decreasing the permeability in
order to control the infiltration of water into soil slope can
minimize the risk of landslide. However, its reduction may
not be favourable for controlling failure induced by
earthquake in liquefiable soils [20]. Several applications of
this process have proven their worth in geotechnical
engineering, such as the reinforcement of dams against
seepage and internal erosion, where the MICP process
improves the critical shear stress and reduces the erodi-
bility of sand—clay mixtures with wide gap, by cementing
grains with each other, without a significant decrease in
permeability [16]. Liquefiable soils could be reinforced
with the biocementation; in [20], Montoya proved that the
biocementation increases the cyclic strength and stiffness
of sand and provides significant improvement against
liquefaction.

The evolution of the physical and mechanical properties
is related directly to the changes of the microstructure of
the biocemented sand. However, a clear relation between
the change in the microstructure and these properties is not
yet established. Several investigations have been per-
formed in different works using different techniques of
observations at the microscale (transmission light optical
microscopy, scanning electron microscopy and energy-
dispersive X-ray spectroscopy), in order to explore in a
qualitative manner the spatial distribution of calcite, as
well as the calcium carbonate morphology. These studies
show that the calcite appears in different morphological
natures around individual microbes or their aggregates and
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deposits preferentially in particle—particle contacts with
thin layer on the grain surface. This illustrates the affinity
of bacteria to deposit in these regions of porous media
[8, 10, 15, 18, 28]. Al Quabany and Soga in [1] show that
the protocol of injection, in particular the urea—calcium
chloride concentrations, has an influence on the distribu-
tion, the shape and the size of calcite crystals. Lower
concentration gives small calcite crystals with great dis-
tribution all around the grains. These results were con-
firmed by [30], showing that crystals are found to
precipitate in two forms: smaller single particles distributed
uniformly on the surface of grains for small concentrations
of reactants, and single mesocrystals which have bigger
size for large concentrations of reactants.

The exploration in a quantitative way of the treated soils
microstructure is necessary to understand the evolution of
the mechanical and physical properties of the biocemented
soils. Different alternative techniques exist to explore these
properties in a porous media. The rapid developments of
imaging and computer technology make the X-ray micro-
tomographic observations expanding fast in the geomate-
rials field. The use of this technique permits to visualize in
a quantitative and precise manner the microstructure of
scanned objects, which gives more rigorous and reliable
results for the properties inferred from the 3D images. Few
works have been addressed using X-ray microtomography
to study the microstructure of biocemented sand such as
Tageliafiri et al. [29], where they perform in situ triaxial
test on biocemented sand. In this work, the chosen reso-
lution of 15 pm is not sufficient to capture the shape and
the distribution of the calcite at the pore scale.

In the present work, different sand specimens with
various calcification levels have been observed in the
European Synchrotron Radiation Facility (ESRF) at a very
high resolution in order (1) to observe the distribution of
the calcite at the pore scale and (2) to characterize the
evolution of the microstructural (volume fraction of calcite,
specific surface area, etc.) and physical properties (per-
meability tensor, effective diffusion tensor) of biocemented
sand as a function of the cementation level. The numerical
results computed on representative elementary volumes
extracted from the 3D images are compared with experi-
mental data, analytical models (self-consistent estimates)
and numerical values obtained on simple periodic
arrangements of coated spheres. The paper is organized as
follows: Section 2 is devoted to “Materials and methods”:
sample preparation, permeability and calcite mass fraction
measurements, 3D images acquisition and treatment,
computed microstructural and physical properties. In
Sect. 3, the properties computed from the 3D images are
presented, discussed and compared with experimental data
and analytical estimates.
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2 Materials and methods
2.1 Biocemented samples preparation

Two solutions have been prepared for the biocementation
process: (1) bacterial solution which contains one optical
density (10Dgqg) of Sporosarcina Pasteurii provided under
a dried form by Soletanche Bachy (Soletanche Bachy
Entreprise, Rueil-Malmaison, France) with 3 g of NaCl
dissolved in one litter of commercial water, in order to
increase the potential attachment of bacteria to soil grains
and (2) reactant solution (calcifying solution) which con-
tains 1.4 moles of urea and the same amount of calcium
chloride. Fontainebleau sand (NE34) was used in this
experimental investigation of the biocementation proce-
dure. The characteristics of this sand are listed in Table 1.
Eight sand columns with the same diameter of 68 mm
and different heights (4 columns have a height of 560 mm
and 4 columns of 300 mm) were prepared with a pluviation
technique in the plastic tubes of the injection system, as
shown in Fig. 1. These columns were prepared with a
relative density of 80%, between two filter papers and
small layers of 20 mm of coarse sand, in order to
homogenize the water flow injection. A saturation phase of
each column was adopted before starting the treatment
injections. After this phase, an injection of one pore vol-
ume of the bacterial solution was performed from the
bottom to the top with a flow rate of 0.2 mm/s. After one
hour, two injections of calcifying solution of one pore
volume were carried out with a flow rate of 0.14 mm/s and
with a time offset of 10 h between these two injections.
After the second treatment, two pore volumes of flushing
water were injected inside columns with a flow rate of
0.14 mm/s, in order to expel all the process residues. This
injection procedure usually leads to columns with a mass
fraction of calcite of about 5-6%. This injection was
repeated twice on eight columns in order to reach higher
mass fractions of calcite, typically between 10 and 12%.
After the treatment procedure, each column “i” (i = 1-8)
was cut in two or three samples depending on its total
height. The columns with an overall height of 560 mm were
divided into three triaxial samples. For the column “i”, these
samples are named “iT” (top), “iM” (middle) and “iB”
(bottom) (see Fig. 2). The columns of height 300 mm were
divided into two triaxial samples only (top and bottom).
Each triaxial sample has a height of 140 mm suitable for

Table 1 Fontainebleau sand characteristics

standard drained triaxial tests. After the triaxial test, sub-
samples with a volume of around 500 mm” were taken at the
top and the bottom of each triaxial sample and are denoted
“ITT”, “iTB”, “iMT”, “iMB”, “iBT” and “iBB”. These
sub-samples were used in order to measure the mass fraction
of calcite along the column using the Bernard calcimeter.
Unfortunately, these volumes are too big to be used for the
X-ray observation. Therefore, sub-samples with a volume of
around 10 mm® were taken at the same position as the
previous ones to characterize the distribution of the calcite at
the pore scale by X-ray microtomography.

2.2 Permeability measurement

The permeability for each triaxial sample was measured in
a triaxial cell, using a Marriott system, based on the mea-
surement of the flow rate through the sample under a
constant hydraulic head. During the permeability mea-
surement, a confining pressure of 100 kPa is applied to
stick the membrane on the sand sample and to avoid lateral
circulations of water between the membrane and the sand
sample. These measurements have been repeated more than
three times for each sample, in order to ensure a good
precision and reproducibility.

2.3 Mass fraction of calcite

The mass fraction of calcite of each sub-sample was
measured using the Bernard calcimeter [24]. It is based on
the dissolution of the calcite with HCI acid and the mea-
surement of the released CO,, which has the same molar
quantity as CaCOj; (Eq. 2).

CaCOs3 + 2HCI — CaCl, + H,0 + CO, (2)
The calcite measurements with the Bernard calcimeter
were repeated more than three times for each sub-sample, in

order to ensure a good accuracy of the measurement (less
than 10%) of the deposited calcite within the sand samples.

2.4 Microstructural and physical properties
computed on 3D images

2.4.1 Image acquisition and treatment

3D images of some biocemented sand sub-samples (see
Table 2) were obtained wusing X-ray synchrotron

Sand Mean diameter Uniformity Minimum void Maximum void Unit weight of sand [p;  Shape
[Dsp (mm)] coefficient (C,) ratio (€min) ratio (€max) (kg/m3)]
Fontainebleau sand  0.21 1.5 0.549 0.886 2650 Sub-
(NE34) rounded
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Fig. 2 Sampling of the biocemented columns of sand

microtomography on the ID19 beamline at the ESRF in
Grenoble. To obtain such 3D images, the sub-sample is
fixed between the parallel beam line and the detector
(FReLoN CCD), which is characterized by fast data saving
and a low noise. A resolution of (0.65 um)3lvoxel was
chosen in order to visualize precisely the calcite crystals,
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which have a typical size of 10 micrometers (see SEM
images in Fig. 3). The field of view is (3250 x 3250 x
2000 voxels), i.e. (2,11 x 2,11 x 1,3 mm®) to obtain 3D
images large enough to be representative of the material.
The transmitted rays were recorded for 1800 projections.
Later, these images were collected to reconstruct
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Table 2 List of the columns, triaxial samples and sub-samples under consideration and associated properties

Column Initial porosity Triaxial Permeability (cemented Sub-sample Mass fraction of calcite
(without calcite) sample sand)/permeability measured using Bernard calcimeter
(uncemented sand)

1 36 IT 0.34
1M 0.28
1B 0.32
2 36 2T 0.37
2M 0.36
2B 0.34
3 37 3T 0.33
3M 0.35
3B 0.35
4 37 4T 0.32
4 M 0.36
4B 0.34
5 37 5T 0.46
5B 0.43
6 36 6T 0.5
6B 0.43
7 38 T 0.55
7B 0.35
8 43 8T 0.66
8B 0.47

ITT 13.4
1TB 12.6
IMT 9.5
1MB 5

IBT 12.8
1BB 9

2TT 7

2TB 15.2
2MT 13.4
2MB 16.9
2BT 12.7
2BB 9

3TT 9.3
3TB 14.7
3MT 11.6
3MB 12.5
3BT 12.6
3BB 11.9
4TT 8.8
4TB 13

AMT 12.7
4MB 11.7
4BT 124
4BB 14.6
STT 5.9
5TB 14.3
5BT 12.6
5BB 7.4
6TT 5.8
6TB 17.2
6BT 16.1
6BB 5.7
7TT 13.5
7TB 12.5
7BT 6.9
7BB 8.3
S8TT 3.9
8TB 8.8
S8BT 12.7
8BB 1.7

Sub-samples in bold were observed using X-ray microtomography

numerically the internal microstructure of the sample using
a filter back-projection algorithm. Due to weak difference
in absorption between the calcite and the sand, a phase
retrieval approach was used [25]. The obtained 3D images
represent a 3D map that is proportional to the density of

each phase within the scanned sample. Figure 4 shows
some 2D views of three sub-samples after reconstruction.
We can distinguish the three phases: air (dark phase), sand
grain (grey phase) and calcite (light grey phase). The
chosen approach allows increasing the contrast between

@ Springer
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Fig. 4 X-ray tomography of biocemented sand sub-samples (column 2, a 2BT, b 2MB, ¢ 2TT)

both phases with a slight brightness of calcite, which is
coating sand grains (Fig. 4). In the case of pure absorption
images, it would not have been possible to distinguish
between calcite and sand, because of the similar absorption
coefficients of the two phases, which is related to their
densities (p, = 2650 kg/m3, o = 2710 kg/m3).

In order to compute some microstructural quantities, the
3D images in grey levels must be treated to separate the
three phases (pore, sand and calcite) [27]. The typical grey-
level histogram of an image is presented in Fig. 5. It shows
that the pore and the sand phases can be easily separated by
a simple thresholding [23]. By contrast, the separation of
the calcite and the sand phases is not straightforward,
because of the similar density of these two constituents. In
the present work, the separation of these two phases has
been performed by using the first threshold (between sand
and pore) and assuming that the grey-level histogram of the
sand phase follows a Gaussian distribution to define the
second threshold by symmetry (between sand and calcite)
following the method proposed by [23]. After the treatment
of all the slices (2D images), the 3D image of each sample
is obtained (Fig. 5). By visual observations, the partial
volume effect has no significant effect because of the high

@ Springer

quality of the obtained images and the large contrast
between the solid (calcite and sand) and the void.

2.4.2 Computed microstructural properties

Microstructural properties, such as the porosity (¢), the
volume fraction of calcite (f.), the correlation length (1),
the overall specific surface area (SSA) and the specific
surface area of calcite (SSA.), can be computed on 3D
volumes extracted from the total segmented 3D images.
These volumes must be large enough to be representative
of the material. For that purpose, hereafter, two methods
have been used [17]:

e In the first one, the representative elementary volume
(REV) is estimated by performing a systematic analysis
of the volume size influence on the computed proper-
ties. The REV is given by the size of the volume for
which the fluctuations of the effective property become
limited. For that purpose, each microstructural property
was computed on volumes of size (I x [ x [ mm®),
where [ varies from 0.1 to 1.3 mm. In the following,
this method is referred as the “REV approach”.
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Fig. 5 Image treatments applied on 2D images and the corresponding 3D volume

e In the second one, the effective property under
consideration is computed by taking the average of
the apparent properties of a large number of non-
overlapping sub-volumes of the same size [17, 26]. In
the present case, sub-volumes of 400° voxel (of about
one sand grain) distributed over the total volume have
been chosen for the computation of the effective
properties from the 3D images. This choice was taken
after testing different configurations of different sizes
and numbers of sub-volumes in order to find the most
effective configuration (from the points of view of
accuracy and computation time). In the following, this
method is referred as a “statistical approach”.

As already mentioned, five microstructural properties
have been computed on the 3D images of biocemented
samples:

Porosity (¢) and volume fraction of calcite (f.): These
two quantities are computed by a simple counting of voxels
of each phase within the 3D images. The mass fraction of
calcite (m.) can be easily deduced from these two quanti-
ties, assuming that the density of the sand and the calcite is
ps = 2650 kg/m® and p. = 2710 kg/m’, respectively.

e Correlation lengths (I,): For each image, we can
compute the following two-point correlation function
for the air phase: S,(r) = </I(x) I(x + r) > whereris a
vector, I(x) is the characteristic function of the air phase
(I(x) = 1 if x lies in the air phase and O otherwise) and
the angular brackets denote the volume average. In
general, S)(r =0)=¢ where ¢ is the porosity;
S,(r) decreases with increasing r and tends towards an
asymptote defined by S,(r = I;)) = c|)2, where the norm
of I, is defined as the correlation length. This

correlation length can be computed for any direction
of the vector r within the 3D space. These correlation
lengths are often used to characterize the typical size of
the heterogeneities within the microstructure and to
quantify its anisotropy [5, 26, 31].

e Total specific surface area (SSA) and specific area of
calcite (SSA.): Several numerical methods have been
proposed in the literature to compute the specific
surface area from 3D binary images (the stereological
approach, the marching cubes approach, and the
voxel projection method [14]). In this work, the
stereological approach is used. This method is based
on the averaging of the number of interface points
per unit length computed in the three directions of
the 3D image [14]. This method has been used to
compute:

e The total specific surface area (SSA) is defined as
SSA = (S, + S.)/V, where S, and S, are the surface
area of the grain and the calcite in contact with the
voids (of the air or fluid), respectively, and V = L’
is the volume under consideration (Fig. 6).

e The specific surface of calcite (SSA,) is defined as
SSA. = S/V. This specific surface area of calcite
characterizes the surface of calcite in contact with
voids. This area will play an important role in the
durability of the biocementation process.

In order to evaluate the influence of the biocementation
process on the microstructural properties, the porosity, the
correlation lengths and the total specific surface area (SSA)
were also computed on the same 3D images without cal-
cite, i.e. by replacing the calcite voxels by pore voxels
within the 3D images.
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Fig. 6 Total specific surface area: SSA = (S, + S.)/V; specific
surface of calcite: SSAc = S./V

0.5

Figure 7a presents the typical evolution of the two-point
correlation function S,(x) along x for one image of the sub-
sample “2 MB” with and without calcite. This fig-
ure shows that the correlation length [, is the order of
75 um without calcite. This correlation length character-
izes the size of the “heterogeneity” within the sample
along x. This correlation length slightly increases with the
biocementation process, due to the deposition of the calcite
over sand grains. This correlation length has been com-
puted for various angles within the three main planes (x, y),
(v, 2) and (x, z). The obtained results (red marks in Fig. 7b,
c¢) were then fitted by an ellipsoid in order to determine the
three principal correlation lengths with and without calcite.
In the present case, I, max/lh_min 1S close to 1 (1.2 without
calcite and 1.46 with calcite). This result, as well as
Fig. 7b, c, shows that the microstructure of the sand sample
before and after treatment is almost isotropic. Similar

—With calcite (a)
—Without calcite

S2(x)

(Dz

100 -
50 -
n 04
50

-100

150 200 250 300

Ihx (um)

Fig. 7 a Two-point correlation function S,(x) for the air phase computed on a 2D image of the sub-sample “2 MB”. Correlation lengths
computed on the total 3D volume of the sub-sample “2 MB” within the three main planes (x, y), (y, z) and (x, z) b without calcite, ¢ with calcite.

The green surface was adjusted on the numerical values (red mark)
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results have been obtained on all the observed sub-samples
whatever the volume fraction of calcite.

Figure 8 presents the microstructural properties (volume
fraction of calcite, porosity, SSA and SSAc) computed on
the sub-sample “2 MB” using both the REV and statistical
approaches. The numerical results obtained using the
“REV approach” (Fig. 8a, c, e, g) show that all the com-
puted properties tend towards a constant value when the
volume size is larger than (1 x 1 x 1 mm3), i.e. larger
than around (10 x 10 x 10) lﬁ (1000 heterogeneities).
Figure 8b, d, f, h presents the evolution of the computed
properties with respect to the number of sub-volumes. In
this figure, “M” the relative error, defined as (Mgs — -
Mga)/Mga, wWhere the subscripts o and ga refer to the
value computed following the statistical approach and REV
approach, respectively, is also reported for each
microstructural property. The value Mgy is the computed
value on a volume of (1 x 1 x 1 mm®). We can observe
that in general, this relative error between the two
approaches is smaller than 5% when the number of sub-
volumes is greater than 16. Similar results have been
obtained on all the sub-samples.
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2.4.3 Physical properties

The permeability tensor (K) and the effective diffusion
tensor (D) of the biocemented samples have been com-
puted by solving on 3D images specific boundary value
problems arising from the periodic homogenization process
[2, 4]. The knowledge of these two effective physical
properties is important in order to describe the transfer
through the soil during and after the process, or to study the
stability of the reinforcement. These two tensors have been
computed on binarized 3D images by using the GeoDict
software (see [3, 6] for more details) and following the
statistical approach only, which is more efficient (short
computation time, less memory resources are needed). For
a better accuracy, even if 16 sub-volumes could have been
sufficient (according to Sect. 2.4.2), the computations have
been performed on a maximum of 27 sub-volumes.
Figure 8a and b shows the components of the perme-
ability tensor and the dimensionless effective diffusion
tensor (D/D,,, where D,, is the molecular diffusion coef-
ficient) of the sub-sample 2 MB mentioned previously. The
sample appears to be isotropic (Fig. 9c, d) because:
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Fig. 9 Evolution of the physical properties computed on the 3D images of the sub-sample “2 MB” versus the number of sub-volumes under
consideration: a permeability components, b dimensionless effective diffusion components, ¢ mean permeability, d mean dimensionless effective

diffusion
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e The off-diagonal terms are negligible compared to the
three diagonal ones

e The three diagonal components of the permeability and
diffusion tensor are almost identical, and consequently,
these two properties can be considered as isotropic.

This result is consistent with the isotropy of the
microstructure observed using the correlation lengths. The
values of the properties under consideration stabilize after a
small number of sub-volumes greater than 10 sub-volumes.
According to these results, in the following the effective
value of each property (permeability, effective diffusion) is
taken as the mean of the three diagonal components com-
puted on 27 sub-volumes. The same comments apply for
the properties computed on images where the calcite has
been replaced by voids (labelled “without calcite” in
Fig. 8c, d) and are valid for all the sub-samples under
consideration in this work.

3 Results and discussion

In what follows, all the results computed on the 3D images
correspond to the value obtained by using the statistical
approach considering 27 sub-volumes of 400° voxels.

3.1 Microstructural and physical properties
from 3D X-ray microtomography

3.1.1 Initial porosity and mass fraction of calcite

e Porosity The initial porosity of the sand columns has
been measured during the preparation of the columns;
the corresponding values are presented in Table 2 for
each sand column. The experimental values of the
initial porosity measured on the entire column can be
compared with the ones computed on 3D images of the
sub-samples extracted from the same column
(Fig. 10a). Figure 10a shows a good agreement
between both the experimental and numerical values.
The observed differences can be mainly explained by
the difference of scales of the considered samples: the
total porosity of columns corresponds to a volume of
2 x 10° mm3, whereas for 3D images, the volume of
the sub-samples is of about 2 mm3, which represents a
local measurement of the porosity.

e Mass fraction of calcite: The measurements of the mass
fraction of calcite show a non-uniform distribution of
the amount of the deposited calcite along the sand
columns (Table 2), which can be due to several
parameters: injection velocity, bacteria and ingredients
concentration. In general, this distribution is character-
ized by a maximum of calcification in the middle of the
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Fig. 10 Experimental versus the numerical results computed on 3D
images: a initial porosity and b mass fraction of calcite. The vertical
error bar represents the minimum and the maximum of four
measurements

columns as listed in Table 2, and in Fig. 4, which
presents 2D images obtained by X-ray microtomogra-
phy from the same column (2) at different positions
(bottom, middle and top). Figure 10b presents a
comparison between the mass fractions of calcite
deduced from the 3D images with the ones measured
using Bernard calcimeter. This figure shows a good
agreement between both experimental numerical val-
ues. Once again, the observed differences can be
mainly explained by the difference in volume size of
the samples used for 3D imaging (2 mm’) and in
Bernard calcimeter (500 mm3). Despite these differ-
ences, this comparison validates the image treatment
proposed in Sect. 2.4.1 and more precisely the pro-
posed methodology for the separation between the two
overlapped phases, which is based on the assumption of
a Gaussian distribution of the grey level for the sand
phase

3.1.2 Correlation lengths

The mean correlation length, defined as the mean of the
major axis of the ellipsoid fitted on numerical values (see
Sect. 2.4.2), has been computed on the 3D images of all the
sub-samples under consideration. In the absence of calcite,
we found that this mean correlation length associated with
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Fig. 11 Evolution of the ratio of the mean correlation lengths with
and without calcite versus the volume fraction of calcite

the grain sand and pores is about 85 £ 8 um. Figure 11
shows the evolution of the ratio between mean correlation
lengths before and after the MICP treatment with respect to
the computed volume fraction of calcite (f.). As already
observed in Fig. 7, this ratio increases almost linearly with
increasing the volume fraction of calcite and indicates, in
first approximation, that the mean thickness of the calcite
layer which covers the “heterogeneities” is the order 6-7
microns in average when f, = 15%. This thickness repre-
sents typically one layer of calcite crystals, as shown in
Fig. 3.

3.1.3 Total specific surface area (SSA) and specific area
of calcite (SSA.)

e Total specific surface area (SSA): The evolution of the
total specific surface (SSA) area is not significant with
the increase in the quantity of the deposited calcite.
Figure 12 shows the evolution of the ratio of the SSA
with and without calcite versus the volume fraction of
calcite. This figure shows that this ratio, which ranges
between 0.8 and 1.15, slightly increases when f, < 10%
approximately and then decreases. The slight increase
can be interpreted as the development of a rough layer
created by the precipitation of calcite on the grain
surface, without modification of the number of contacts
between grains. For f, > 10%, the rough surface cre-
ated by the deposition of calcite on the grain surfaces is
balanced by the disappearance of surfaces induced by
the creation of new contacts between grains, leading to
a decrease in the SSA.

e Specific area of calcite (SSA.): Figure 13 presents the
evolution of the ratio between the specific surface area
of calcite (SSAc) and the total specific surface area
(SSA) of the cemented sand versus the volume fraction
of calcite. According to the definition of SSAc and SSA
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Fig. 13 Evolution of the ratio SSAc/SSA versus the volume fraction
of calcite computed on 3D images

(see Sect. 2.4.2), this ratio is written: SSAc/SSA = (S./
S)/(1 + (Sc/S,)), where S. and S, are the surface area
of the grain and the calcite in contact with the voids.
This ratio, which characterizes the percentage of the
initial surface of sand covered by the calcite, is equal to
0 when §. = 0 (no calcite), to 0.5 when S. = S, and 1
when S, = 0, i.e. sand grains are totally covered with
calcite. The figure shows that when f, < 6% approxi-
mately, this ratio increases almost linearly with
increasing the volume fraction of calcite and then
seems to reach a constant value around 0.4-0.5, i.e. the
calcite covers between 40 and 50% of the sand surface.
As already mentioned, the injection procedure is
repeated twice to get columns with a high mass fraction
of calcite. The above results seem to show that during
the second injection procedure, the bacteria are prefer-
ably attached on the calcite crystals already precipitated
during the first injection procedure.
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3.1.4 Permeability and effective diffusion

e Permeability: Figure 14 shows the evolution of the
permeability ratio of the same sub-sample with and
without calcite versus the volume fraction of calcite. A
nonlinear decrease in permeability of the cemented
sand was found with the increase in the cementation
level (Fig. 14). This reduction, which is about 70% for
a volume fraction of calcite of 14%, is mainly due to
the reduction of the porosity of the porous media and
the change in the microstructural properties (SSA,
tortuosity) with the calcite deposition. Figure 14 shows
also a good agreement between the permeability com-
puted on the 3D images of sub-samples and the ones
measured on triaxial samples. The slight differences
observed can be mainly explained by the difference in
volume size of the sample used for 3D imaging and for
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Fig. 14 Evolution of the permeability ratio of the same sub-sample
with and without calcite versus the volume fraction of calcite
computed from 3D images. Comparison with experimental values,
analytical estimate (SCM) and numerical values (BCC, FCC). The
vertical and horizontal bars represent the minimum and the maximum
values of three different measurements
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Fig. 15 Evolution of the effective diffusion ratio of the same sub-
sample with and without calcite versus the volume fraction of calcite
computed from 3D images. Comparison with analytical estimate
(SCM) and numerical values (BCC, FCC)

triaxial tests, i.e. the heterogeneity in cementation of
the sand columns and potential clogging localized in
the porous structure generated by the calcite precipi-
tation within the pores.

e FEffective diffusion: The evolution of the effective
diffusion ratio of the same sub-sample with and
without calcite versus the volume fraction of calcite is
presented in Fig. 15. This ratio decreases almost
linearly when increasing the volume fraction of
calcite, i.e. when decreasing the porosity. For a
volume fraction of 14%, the effective diffusion is
reduced by around 50%.

3.2 Comparison with analytical estimates
and numerical values

3.2.1 Models

The prediction of the physical and the microstructural
properties from basic morphological information on the
porous media is available nowadays. The periodic
homogenization method (HPM) represents one of the most
important approaches, to go from the microscopic to the
macroscopic description of the material [2, 4]. It requires a
minimum of information on the porous structure, for
instance in the case of a granular material, on the shape,
size and arrangement of grains. The self-consistent method
(SCM) represents an alternative approach, which does not
require detailed information on the morphology of the
microstructure and thus enables to obtain analytical esti-
mates. In the following, we proposed to compare our
numerical and experimental results obtained on bioce-
mented soils (see Sect. 3.1) with numerical results and
analytical estimates obtained for simple arrangements of
coated spheres with calcite. More precisely, our results are
compared:

e with numerical values computed using the HPM
method [4] on two periodic arrangements—body-cen-
tred cubic (BCC) and face-centred cubic (FCC)—of
overlapping coated spheres of same radius. The repre-
sentation of the calcite deposition in the sand sample is
simulated by the growth of a uniform layer on the
spheres in both BCC and FCC microstructures
(Fig. 164, b).

e with analytical estimates derived by the SCM method.
In that case, the microstructure is seen as a random
assemblage of non-overlapping coated spheres sur-
rounded by a fluid shell (bi-composite spherical
pattern) (Fig. 16c). The analytical estimates for the
permeability and the effective diffusion can be easily
deduced from the ones presented in Boutin and
Geindreau [4]. The permeability estimate is written
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Sand

Calcite layer

Fig. 16 Periodic lattices of coated spheres with calcite: a body-centred cubic arrangement (BCC), b face-centred cubic arrangement (FCC), ¢ bi-
composite sphere constituted by a coated grain Qs (sand (Qg) + calcite) surrounded by a spherical shell Qf full of fluid

R2
K="
3

243
LUy )
B(3+2p)
where K(f.) is the intrinsic permeability (mz), f = RJR

where R and R, are the radius of the bi-composite sphere
and the solid phase, respectively. This factor can be

(3)

expressed as a function of the current porosity (®) by ff =
V1 — @ with ® = @, — f., where @, and £, are the initial
porosity and the volume fraction of calcite, respectively.
The effective diffusion estimate reads:

29
D= Dmm (4)

where D,, is the molecular diffusion coefficient.

3.2.2 Correlation lengths and total specific surface area
(SSA)

In Fig. 11, for each microstructure, the ratio between the
radius of the grain with and without the calcite layer with
respect to the volume fraction of calcite is reported. This
figure shows a good agreement between numerical values
of the correlation lengths ratio computed on 3D images and
this ratio whatever the volume fraction of calcite. This
result confirms our previous comments about the thickness
of the calcite layer, which covers the sand grain.

For each microstructure, the total specific surface area
(SSA) can be analytically estimated. These analytical
estimates are based on the calculation of surface area of the
spheres for each structure taking into account the evolution
of the contact surfaces as a function of the growth of the
calcite layer. The initial porosity of all the microstructures
is supposed to be about 37%, as the experimental one. The
evolution of the SSA with respect to the volume fraction of
calcite for the three microstructures under consideration is
presented in Fig. 12. For f. < 10% approximately, this
figure shows a good agreement between all the results from

@ Springer

3D images and simple arrangements of coated spheres. For
fe > 10% approximately, the SSA of the bi-composite
spheres still increases with increasing the volume fraction
of calcite, which is not consistent with numerical values
computed on 3D images. By contrast, Fig. 12 shows that
the SSA of both BCC and FCC arrangements of coated
spheres decreases when the volume fraction is typically
larger than 8 and 12%, respectively. Indeed, when this
volume fraction is reached, the spheres start to overlap and
new contacts appear, and consequently, the SSA decreases.
All these results confirm that the particular evolution of the
SSA with respect to the volume fraction of calcite is
strongly linked to the creation of new contacts within the
microstructure.

Finally, let us remark that these simple microstructures
suppose that SSAc/SSA = 1 for the whole range of con-
sidered porosities, which is not consistent with our
numerical results presented in Fig. 13.

3.2.3 Permeability and effective diffusion

The evolution of the permeability and the effective diffu-
sion with respect to the volume fraction of calcite for the
three microstructures under consideration is presented in
Figs. 14 and 15, respectively. These figures show a good
agreement between all the results for the whole range of
volume fraction of calcite under consideration. As expec-
ted, the volume fraction of calcite is, at the first order, the
most important microstructural parameter responsible for
the permeability (or effective diffusion) decay measured
experimentally.

4 Conclusions
In the present paper, biocemented sand columns with dif-

ferent levels of calcification (0 < f. < 14%) have been
achieved in order to quantify the influence of the
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precipitated calcite on microstructural (volume fraction of
calcite, porosity, correlation lengths, total specific surface
area, specific area of calcite) and physical properties
(permeability, effective diffusion). All these properties
were computed on 3D images at high resolution of sub-
samples using synchrotron X-ray tomography and com-
pared with experimental data, when it was possible. All the
comparisons have shown a good agreement between
numerical and experimental data, despite the differences in
volume size of the used samples (for 3D imaging, Bernard
calcimeter, permeability). This good correlation between
these data also proves the validity of the proposed method
to treat the 3D images and to separate the three different
phases (sand, calcite and pore). All these numerical and
experimental results show that:

e the biocementation process creates a thin layer of
calcite over the sand grains. In average, the thickness of
this layer is the order of 6-7 microns, i.e. the order of
one layer of calcite crystals;

e at low volume fraction of calcite (typically f. < 10%),
the total specific surface area (SSA) slightly increases
when increasing the volume fraction, due to the
formation of rough surfaces with the precipitation of
the calcite on the grain surface. By contrast, for volume
fraction of calcite larger than 10%, our results show
that the SSA slightly decreases, due to the creation of
new contacts between grains.

e the specific surface area of the calcite (SSAc) increases
when increasing the volume fraction of calcite and does
not exceed 45% of the total surface of the sand grain
when f, > 10%. This asymptotic value seems to show
that the calcite precipitates in preferential locations
(contact between grains, etc.).

e the permeability and the effective diffusion, before and
after treatment, are isotropic and decrease with an
increase in the volume fraction of calcite. For
f. = 14%, these decreases in the permeability and the
effective diffusion are about 70 and 40%, respectively.

Finally, all these numerical results from 3D images and
experimental data have been compared with numerical
values or analytical estimates computed on idealized
microstructures constituted of periodic overlapping (BCC
and FCC) and random non-overlapping (SCM) arrange-
ments of coated spheres. These comparisons show that
these simple microstructures are sufficient to capture and to
predict the main evolution of the microstructural and
physical properties of biocemented sands for the whole
range of volume fraction of calcite investigated.
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