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Abstract
The mechanical efficiency of the biocementation process is directly related to the microstructural properties of the

biocemented sand, such as the volume fraction of calcite, its distribution within the pore space (localized at the contact

between grains, over the grain surfaces) and the contact properties: coordination number, contact surface area, contacts

orientation and types of contact. In the present work, all these micromechanical properties are computed, for the first time,

from 3D images obtained by X-ray tomography of intact biocemented sand samples. The evolution of all these properties

with respect to the volume fraction of calcite is analyzed and compared between each other (from untreated sand to highly

cemented sand). Whatever the volume fraction of calcite, it is shown that the precipitation of the calcite is localized at the

contacts between grains. These results are confirmed by comparing our numerical results with analytical estimates

assuming that the granular medium is made of periodic simple cubic arrangements of grains and by considering two

extreme cases of precipitation: (1) The calcite is localized at the contact, and (2) the grains are covered by a uniform layer

of calcite. In overall, the obtained results show that a small percentage of calcite is sufficient to get a large amount of

cohesive contacts.

Keywords Biocementation � Contact orientation � Contact surface area � Coordination number � MICP � X-ray micro-

tomography

1 Introduction

Strong interactions between the geotechnical engineering

and the biology these recent years have resulted in the

discoveries of different natural processes, which can be

transformed into soil reinforcement techniques such as the

biocementation by using catalytic microorganisms and the

bioclogging for water filtrations, which can be performed

by pore-filling material generated by microbial processes

[20]. The microbial-induced calcite precipitation (MICP) is

considered as one of the most promising techniques of

biocementation. Hence, several research works have been

performed in order to evaluate the efficiency of this tech-

nique for different geotechnical problems in the laboratory

by performing standard geotechnical tests

[2, 4–7, 11, 13, 14, 18, 19, 28] and in situ by achieving

large-scale tests [17, 27]. Almost all of these studies have

shown that this technique strongly enhances the mechani-

cal properties of the soil and slightly decreases the transfer

properties such as permeability [8].

Most of these studies [2, 6] also point out that the

mechanical efficiency of this process is directly related to

the microstructural properties changes of the sand induced

by the biocementation process (precipitation manner of

calcite inside the sand specimen and size of calcite crys-

tals), which are mainly controlled by the treatment condi-

tions: concentrations of bacteria, calcification solution; and

the in situ conditions: water content, particle size and

distribution, temperature, etc. [2, 6].
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Two precipitation scenarios have been discussed in

previous works:

• The localized precipitation: In that case, the calcite

precipitates preferentially in the grain contacts zone and

increases the cohesion of the soil significantly, with a

slight modification of the friction angle. The part of

calcite which forms a bridge between two grains is

called the effective part (active calcite). This configu-

ration or precipitation manner is the most common one

which has been observed by using scanning electron

microscope [9, 22, 23, 26]. This affinity of precipitating

in particle-to-particle contacts has been described by

DeJong et al. [9] using two parameters: the biological

behavior and filtering process. During the biocementa-

tion process, the bacteria prefers to get attached in the

grain contact zones, because of the weak shear stress of

fluid flow and the availability of nutriments in these

specific places (biological behavior). The other amount

of bacteria is suspended in pore fluid, and the calcifi-

cation occurs in this place. Thus, small crystals are

suspended and are then forced by the injection process

to be attached near the region of intergranular contacts

(filtering process). Controlling the amount of effective

calcite is possible in reinforced soils by controlling the

soil saturation during the biocementation process.

Cheng et al. [6] have shown that lower saturation

states have provided more resistant specimens com-

pared to higher saturated specimens due to the local-

ization of the calcite in the small meniscus of water

(intergranular contacts).

• Uniform precipitation: In that case, the calcite is

deposited uniformly on the soil grains and increases

slightly the intergranular contact surface area which

causes a slight increase in cohesion and friction angle.

In that case, a large amount of the calcite are considered

as passive because it is not contributing in the cohesion

evolution, but it is contributing in an indirect way to the

mechanical strength, by roughening the grain surfaces

and increasing the friction angle of the treated soil. The

surface roughness is an important parameter in the

friction angle evolution but not the only one, and other

parameters interact between each other’s such as the

effective particle size distribution after cementation, the

effective angularity and the coordination number.

Concerning the size of calcite crystals, Al Qabany and

Soga [1] have recently shown that this parameter has a

slight influence on the unconfined compression strength.

More precisely, they have shown that smaller calcite

crystals obtained by low concentration of reactants give

slightly higher mechanical resistance compared to a bio-

cemented sand, which contains larger calcite crystals

obtained with high chemical reactants concentrations.

Clearly, the mechanical efficiency of the biocementation

process is directly related to the microstructural properties

of the biocemented sand, such as the calcite volume frac-

tion and its distribution within the pore space (at the con-

tact between grains, at the surfaces of the grains), the

coordination number, the contact surface area and the

contact orientation. Nowadays, X-ray micro-tomography

represents one of the most efficient techniques to explore

the 3D microstructural properties of a porous media in

qualitative and quantitative ways. The accuracy of the

results depends on the resolution and the contrast of the

objects in the 3D images [24]. Different studies have been

performed to follow the contact characteristics during

in situ tests using X-ray observations [3, 10, 12]. Andò [3]

has performed in situ triaxial tests on sand and has

extracted the evolution of the contact parameters for dif-

ferent triaxial stress levels by separating in two different

ways the grains in the 3D images, and by computing the

evolution of the contacts surface area and the coordination

number. In this work, the resolution was not sufficient to

capture the punctual contact between two grains, and the

contact surface area have been quantified by direct count-

ing of voxels, which can result in some errors. Tageliafiri

et al. [25] have performed in situ triaxial test on bioce-

mented sand with X-ray micro-tomography observations.

In this work, the chosen resolution of (15 lm)3/voxel was

not sufficient to capture the shape and the distribution of

the calcite at the pore scale. Recently, 3D images of some

biocemented samples were performed using X-ray syn-

chrotron micro-tomography on the ID19 beamline at the

ESRF in Grenoble [8]. A resolution of (0.65 lm)3/voxel

was chosen in order to visualize precisely the calcite

crystals, which have a typical size of 10 micrometers. After

thresholding, the trinarized images were used to compute

mean microstructural properties (porosity, volume fraction

of calcite, specific surface area, etc.) and to quantify their

impact on some transport properties (permeability, effec-

tive diffusion tensor, etc.) according to the level of

biocementation.

In the present work, we propose to determine and to

quantify the evolution of the contact properties (contact

surfaces, coordination number, contacts orientation, type of

contact, etc.) of biocemented sand as function of the

cementation level using 3D images obtained by X-ray

micro-tomography. The numerical results computed on

representative elementary volumes extracted from the 3D

images are then compared with numerical values obtained

on simple periodic arrangements (SC) of sand grains,

assuming that the precipitation is localized at the contacts

between grains or uniform. The present paper is organized

as follows. Section 2 is devoted to the materials and

methods: 3D images treatment, computed contact proper-

ties (coordination number, contact surface area, contact
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orientation and type of contact). In Sect. 3, the properties

computed from the 3D images are presented, discussed and

compared with analytical estimates on simple microstruc-

tures (SC), with a uniform or a localized precipitation.

2 Materials and methods

2.1 Sample preparation

Different biocemented subsamples have been extracted

from triaxial specimens of biocemented sand (Table 1).

These triaxial specimens have been prepared using Fon-

tainebleau sand (NE34) with an initial porosity ranging

from 37 to 40%. The mean diameter of sand grains is

D50 = 0.21 mm with a uniformity coefficient Cu = 1.5.

The sand has been prepared inside plastic columns with

diameter of 68 mm and different lengths (340 and

560 mm). These columns have been firstly flushed with

commercial water (Cristaline water) in order to be satu-

rated. Then, two solutions have been injected successfully

for the biocementation process inside these columns from

the bottom to the top: (1) bacterial solution which contains

one optical density (1 OD600) of S. pasteurii provided

under a dried form by Soletanche Bachy (Soletanche

Bachy Entreprise, Rueil-Malmaison, France) with 3 g of

sodium chloride (NaCl) dissolved in one liter of commer-

cial water, in order to increase potential attachment of

bacteria to soil grains and (2) reactants solution (calcifying

solution) which contains 1.4 mol of urea and the same

amount of calcium chloride. These operations have been

repeated one or more time in order to obtain different

biocementation levels (see Dadda et al. [8], for more

details).

2.2 Image acquisition

As already mentioned, 3D images of these biocemented

samples were performed using X-ray synchrotron micro-

tomography with a resolution of (0.65 lm)3/voxel on the

ID19 beamline at the ESRF (Grenoble, France). As already

mentioned, this resolution has been chosen in order to

visualize precisely the calcite crystals, which have a typical

size of 10 micrometers. Moreover, the field of view is

(3250 9 3250 9 2000 voxels), i.e.,

(2.11 9 2.11 9 1.3 mm3) to obtain 3D images large

enough to be representative of the material (Dadda et al.

[8]).

2.3 Image treatments

To compute the microstructural properties linked to the

contact, the 3D images must be treated in order to (1)

identify the three phases (pores, sand and calcite), (2) to

separate and label the grains, which constitute the

(sand ? calcite) phase and (3) to identify and label the

contacts between grains.

2.3.1 Identification of three phases (pore, sand, calcite)

After reconstruction, 3D images in gray levels represent a

3D map that is proportional to the density of each phase

within the scanned sample. In order to compute

microstructural quantities, the 3D images in gray levels

(Fig. 1—A1) have been treated to separate the three phases

(pore, sand and calcite). In the present case, the pore and

the solid (sand ? calcite) phases were easily separated by a

simple thresholding [21]. By contrast, the separation of the

calcite and sand phases was not straightforward, because of

the similar density of these two constituents (for the sand

qs = 2650 kg/m3, for the calcite qc = 2710 kg/m3). To

overcome this problem, a Gaussian distribution of the gray

level of both phases has been assumed to define the second

threshold by symmetry (between sand and calcite) (see

Dadda et al. [8] for more details). Fig. 1—A3 shows a 2D

image of the sample ‘113MB’ after treatment, where we

can distinguish the three phases: pore in light gray, sand in

orange and calcite in purple.

2.3.2 Grains separation and labeling

The second step of this image processing consists in the

separation of the grains, which constitute the

(sand ? calcite) phase. This operation has been performed

on binarized 3D images of biocemented sand, i.e., assum-

ing that the sand and calcite phases have the same gray

level (Fig. 1—image A2), using the software Visilog�.

Particle separation is obtained using a 3D watershed

algorithm. The particle labeling was then achieved with

Matlab� by detecting the grains in the 3D images. The key

parameter of this watersheding is the tolerated intensity

variation to group the markers of the objects in 3D. Indeed,

this parameter controls directly the final number of grains.

In the biocemented sand, the surfaces of grains are rough,

which can lead to an over separation of the grains if this

Table 1 Characteristics of the scanned subsamples. (Dadda et al. [8])

Subsample 2T 12MB 13TT 11BB 13BT 13MB

Volume fraction of

calcite fc (%)

1.9 3.2 4.7 6.2 8.8 14.8

Calcite mc (% in

mass)

3 5 7 9 12.7 16.9

Initial porosity /0 40 40 38 38 37 38
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parameter is too small. In the present work, several

attempts have been performed on the 3D images in order

determine the optimal value leading to realistic grain sep-

aration. An optimal value of 8 was found. For example, the

image A5 (Fig. 1) corresponds to the image A2 where the

grains (sand ? calcite) are now separated and labeled by

using different color levels. The contact between two

Fig. 1 Different steps of the image treatment (subsample ‘13BT’)
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grains is characterized by a voxel cloud with a width of one

voxel.

Finally, let us remark, for each biocemented subsample,

a similar 3D image containing the sand grains only, which

can be obtained by removing the calcite phase identified on

the 3D image A3 from the image A5. This image is con-

sidered as the initial state of the sand before calcification

for each subsample.

2.3.3 Identification of each contact and labeling

In order to identify and label each contact, a dedicated

routine has been developed in Matlab�. All the contacts

surfaces (Fig. 1—image A6) are computed by subtracting

the image A2 and the image A4 (Fig. 1). Then, the Matlab

routine allows labeling all the contacts between grains by

following a method similar to the one developed by Andò

[3]. This method consists in scanning the 26 neighbor

voxels of each voxel of the contact surfaces (image A6)

and in determining the minimum and the maximum color

level of these neighbor voxels in the labeled grains image

(image A5). All the voxels with the same minimum and

maximum color levels are then supposed to constitute one

surface of contact between the two grains labeled with the

minimum and maximum color levels, respectively. If the

maximum and minimum color levels are equal, which can

occur due some artifacts induced by the grains separation

process (voxel of a contact surface inside a grain, for

example), the voxel is deleted. The image A7 (Fig. 1)

corresponds to the image A6 after the labeling of all the

contacts.

As previously, the 3D image of the labeled contacts

without calcite (Fig. 1—A8) is then obtained by removing

the calcite phase identified on the image A3 from the image

A7.

2.4 Computed contact properties

2.4.1 Coordination number

From both images A5 and A7 (Fig. 1), a list of all the

labeled grains with their corresponding contacts can be

constructed. From this list, the coordination number (Zi) of

each grain ‘i’ can be easily computed. Figure 2c shows the

distribution of the coordination number (the number of

contacts per grains) computed on the 3D image of size

(1.3 9 1.3 9 1.3 mm3), which contains around 700 grains

(Fig. 2a), before and after biocementation. According to

these results, we can observe that many grains present 1–4

contacts only with the others, which is unrealistic. These

grains correspond to the ones located close to the edges of

the image. In order to avoid this ‘edge effects,’ all these

grains (around 300), in black on Fig. 2b, have not been

taken into account in the following analysis. Figure 2d

presents the new distribution of the coordination number of

the grains within the sample. This distribution has a clas-

sical Gaussian shape. From this distribution, for each

sample, we can compute the mean coordination number �Z

and the total number of contact nt, before (noted with a

subscript ‘b’) and after (noted with a subscript ‘a’) the

biocalcification. For the sample ‘13MB’ presented on

Fig. 2, we have typically: ntb = 798, �Zb ¼ 7.7 and nta-
= 809, �Za ¼ 7.8.

2.4.2 Contact surface area

A cloud of voxels with a complex 3D shape (inclined rough

surface) represents each contact surface between two

grains (Figs. 3b, c). A direct computation of the voxels

number can be used as a first estimation of the contact

surface area. However, this method usually underestimates

the real value. For that reason, different methods (marching

cube, voxel-based area estimation, Crofton method, etc.)

have been proposed in order to compute the surface area of

a cloud of voxels [15, 16]. In this work, all the contact

surface areas have been estimated by using the Matlab

function ‘geometric measures in 2D/3D images’ developed

by Legland et al. [15]. The surface area is measured using a

discretization of the Crofton formula. For regular 3D

objects (cubes, spheres and plane surfaces), a discretization

along the three main orthogonal directions is sufficient to

get a good accuracy of the surface area. When the surface

is irregular with a complex shape, it has been shown that 13

directions of discretization are sufficient to estimate the

surface area with accuracy [15]. In order to evaluate the

errors induced by the method, the surface area of well-

known surfaces have been computed. The surfaces under

consideration are planar square surfaces of different sizes

(the number of voxels varies between 100 and 10,000, i.e.,

the area ranges between 50 and 5000 lm2 that are typical

values encountered in the samples) inclined with an angle

of 45� with respect to both planes (XY) and (XZ). An error

has been found ranging from 3% for the small surfaces to

15% for the larger ones.

For example, Fig. 3d presents the distribution of the

contact surface area for the subsample ‘13MB,’ before and

after biocalcification. From these results, we can compute

the total contact surface area St within the sample and the

mean contact surface area of each contact defined as �S = St/

nt. The total cohesive (or calcite) contact surface area noted

as Stc is obtained by subtracting to the contact surface area

after calcification Sta the one before calcification Stb: Stc-
= Sta–Stb. The mean cohesive (calcite) contact surface area

ð�ScÞ per contact is given by �Sc = Stc/nta. For the subsample

‘13MB,’ we have typically Stb = 4.3 9 105 lm2,
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Sta = 106 lm2, Stc = 5.7 9 105 lm2, �Sb = Stb/ntb-
= 564 lm2, �Sa = Sta/nta = 1237 lm2 and �Sc = Stc/nta-
= 705 lm2. In the present case, the mean contact surface

area after biocementation is more than 2 times larger than

the one before biocementation.

2.4.3 Identification of contact types

The type of contact in soil micromechanics is a very

important parameter to understand and to predict the

macro-mechanical behavior of soils. Generally, in

untreated saturated sand, the contacts between two grains

of silica are ‘frictional.’ After cementation, we can dis-

tinguish three different types of contact: (1) ‘frictional’

contacts (silica only) as in untreated sand (Fig. 4a), (2)

‘mixed’ contacts (Fig. 4b) and (3) ‘cemented’ contacts

(Fig. 4c). ‘Mixed’ contacts are ‘frictional’ contacts which

became ‘cohesive’ due to the biocalcification process, as

illustrated in Fig. 4. ‘Cemented’ contacts are new contacts

created by a bridge of calcite between two grains (Fig. 5).

A Matlab� routine has been developed in order to deter-

mine these different contacts in each sample, by scanning

the constituent (calcite and/or sand) of each contact surface

using images A3 and A7 (Figs. 1, 4).

Figure 5a shows, for example, the distribution associ-

ated with the number of contacts within the subsample

13MB. The number of ‘frictional,’ ‘mixed’ and ‘cemented’

contacts is noted as naf, nam and nac, respectively, with

nta = naf ? nam ? nac. In the present case, naf = 91, nam-

= 707 and nac = 11. This distribution is not enough to

evaluate the efficiency of the process; the distribution

associated with the surface area of each type of contact is

also very important. Figure 5b presents such distribution

within the sample 13MB. The total surface area associated

with each type of contact is noted as Saf, Sam and Sac, with

Sta = Saf ?Sam ? Sac. For the subsample 13MB, we have:

Saf = 8 9 104 lm2, Sam = 9.6 9 105 lm2 and Sac-
= 2.1 9 104 lm2. In the present case, we can observe that

most of the contacts after biocementation are ‘mixed’

contacts. Some ‘frictional’ contacts remain, and very few

‘cemented’ contacts are created.

2.4.4 Contact orientation

A cloud of voxels characterizes each contact between two

grains. In order to determine the orientation of each con-

tact, this cloud of voxels has been fitted (mean square

method) by the equation of a plane in 3D. The normal of

this plane, which represents the contact orientation, is then

(a) (b)

(c) (d)

0.5 mm 0.5 mm

Fig. 2 Distribution of the coordination numbers (c) within the image (a) before and after biocementation, distribution of the coordination

numbers (d) within the image (b) before and after biocementation, without ‘edge effects’ (subsample ‘13MB’)
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computed. In the following, pi is the unit vector associated

with the contact ‘i.’ These orientations have been com-

puted for the contacts within the sample before and after

biocalcification. In a fixed orthonormal coordinate system,

the vector pi can be defined by its polar angle h [0, 2p] and
its azimuthal angle u [0, p]. Figure 6 presents the polar

orientation of all the contacts with the sample 13MB,

before and after biocalcification. Different colors are used

to distinguish the orientation of the ‘frictional’ contacts (in

blue), the ‘mixed’ contacts (in red) and the ‘cemented’

contacts (in green). In the present case, we can observe that

the contacts within the sample, before and after biocalci-

fication, are not oriented in a privileged direction, and

almost all the ‘frictional’ contacts before biocalcification

became ‘mixed’ contact after biocalcification. This later

result is consistent with the one presented in Fig. 5.

Using these results, we can also compute the fabric

tensor (Ac) associated with the contacts orientation and

defined as: Ac½ � ¼
P

N

pi � pi; where N (= nta, or ntb) is the

total of contacts under consideration. Figure 6 presents the

matrix associated with Ac in the principal axis. We can

observe that the diagonal values are close to 0.33, which

confirms that the contact orientation within the subsample

‘13MB’ before and after biocalcification is isotropic.

3 Result and discussion

3.1 Coordination number

Figure 7a presents the distribution of the coordination

number within the six samples under consideration, before

and after biocalcification. This figure shows that whatever

the volume of calcite, the distribution has a Gaussian

shape. When the volume fraction of calcite increases, the

distribution after biocalcification slightly moves to the

right, i.e., the number of contacts per grain slightly

increases due to the calcification process. This result is

confirmed by Fig. 8 which presents the evolution of the

ratio ð�Za=�ZbÞ of the mean coordination number after and

before biocalcification with respect to the volume fraction

of calcite. Let us remark that the initial mean coordination

number �Zb of all the specimen is about (7.1–8.5) depending

(a)

(c)
(d)

(b)

0.5 mm

Fig. 3 Geometry of the grain to grain contacts: (a) 2D labeled grains image, (b) example of two grains in contact, (c) contact surface between the
two grains in contact, (d) distribution of the contact surface area before and after calcification (subsample ‘13MB’)
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on the initial porosity /0 which varies between 37 and 40%

(see Table 1). This ratio ð�Za=�ZbÞ is almost constant and

equal to 1 when the volume fraction of calcite is lower than

3.2% and then increases nonlinearly until 1.08 for a volume

fraction of calcite equal to 14.8%. As expected, due to the

calcification process, new contacts or calcite bridges

between grains are created. Even if this increase of the

mean coordination number is moderate, it can affect sig-

nificantly the macroscopic behavior of the sample, such as

the shear strength. This increase could be higher in the case

of loose soils, where the coordination number before cal-

cification is lower.

3.2 Contact surface area

Figure 7b shows the distribution of contact surface areas

before and after calcification for the six specimens. Before

biocalcification, as expected, the contact surface areas are

small. For all the samples, these contact surface areas

typically range between 0 and 3000 lm2, and more than

A3: Trinarized image 
(sand, calcite, pore)

0.5 mm0.5 mm

A7: Labeled contact image 
(a�er calcifica�on)

(b)(a) (c)

Fric�onal contact Mixed contact Cemented contact

Fig. 4 Definition of the different types of contact

Fric�onal contact Mixed contact Cemented contact Cemented contactMixed contactFric�onal contact

(b)(a)

Fig. 5 Distribution of the different types of contact. a Number of contacts, b contact surface area (subsample ‘13MB’)

604 Acta Geotechnica (2019) 14:597–613

123



50% of these contact surfaces are smaller than 600 lm2,

which represents less than 0.4% of the typical outer surface

of a grain (SD50 = 14 9 104 lm2 with D50 = 210 lm).

These small values of contact surface area before calcifi-

cation are due to the nature of contacts between grains in

3D which are almost punctual. After biocalcification,

Fig. 7b clearly shows that the distribution of contact sur-

face areas changes progressively as function of the volume

fraction of calcite. Indeed, the small surfaces are progres-

sively transformed into large surfaces. The distribution of

the contact surface areas becomes almost uniform for a

volume fraction of calcite larger than 6.2%, and the contact

surface areas typically range between 0 and 10,000 lm2.

From these distributions, we can compute the total

surface area of contact, but also the mean contact surface

area before calcification ð�SbÞ, after calcification ð�SaÞ and

the mean cohesive (calcite) contact surface area ð�ScÞ as

defined in Sect. 2.3.2 (see Fig. 7). Figure 9 presents the

evolution of the ratios ð�Sa=�SbÞ and ð�Sc=�SaÞ with respect to

the volume fraction of calcite. The ratio ð�Sa=�SbÞ increases
almost linearly with respect the volume fraction of calcite.

For a volume fraction of calcite of 14.8%, this ratio is of

the order of 6. The ratio (ð�Sc=�SaÞ increases nonlinearly with
respect to the volume fraction of calcite. This evolution

shows that for a volume fraction of calcite larger than few

percents (around 3%), more than 60% of the contact sur-

face areas after biocalcification are cohesive.

3.3 Contacts orientation

Figure 10 presents the orientation of the contacts within the

six samples under consideration, before and after biocal-

cification. In the polar representation, different colors are

used to distinguish the orientation of the ‘frictional’ con-

tacts (in blue), the ‘mixed’ contacts (in red) and the ‘ce-

mented’ contacts (in green). The components of the fabric

tensor (Ac) are also given. This figure shows that whatever

the volume fraction of calcite, the orientation of the con-

tacts is isotropic before calcification and remains isotropic

after biocalcification. This latter result seems to prove that

preferential direction of the flows (injection of the bacterial

solution, reactants…) during the biocementation process

does not induce any anisotropy. In the present case, after

these injections, there is no flow through the sample. This

biocementation process can be qualified as ‘static.’ In

practice, if the biocementation process is applied to a dam,

there is usually a continuous flow through the soil. The

biocementation process is ‘dynamic,’ and in that case may

lead to an anisotropic orientation of the contacts. Finally,

Fig. 10 also shows that almost all the contacts which are

initially frictional contacts become mixed contacts when

the volume fraction of calcite is larger than few percents.

This point is discussed more in details in the following

section.

(a) (b)

Fig. 6 Contact orientation before (a) and after (b) biocalcification (subsample ‘13MB’)
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3.4 Contact types and distribution

Figure 11 presents the distribution of the different types

(‘frictional,’ ‘mixed’ and ‘cemented’) of contact in terms

of number of contact (Fig. 11a) and contact surface area

(Fig. 11b) for the six samples under consideration. Fig-

ure 11a shows that, for a volume fraction of calcite of 1.9%

(3% of calcite in mass), around 85% of the contacts are still

‘frictional’ contacts and 15% are now ‘mixed’ contacts.

Even if the biocementation level is low, these ‘mixed’

contacts represent almost half of the total contact surface

area within the sample. For a biocementation level of 3.2%,

we can observe (Fig. 11a) that the number of frictional of

contacts rapidly decreases and becomes lower than 8%.

Most of the contacts (around 90%) are now ‘mixed’ con-

tacts and very few (around 2%) ‘cemented’ contacts are

created. Figure 11b shows that the ‘mixed’ contacts rep-

resent around 98% of the total contact surface area. By

increasing the level of biocementation, the number of

‘frictional’ of contacts still decreases and is equal to zero

for the highest volume fraction of calcite, fc = 14.8%. The

number of ‘mixed’ contacts remains the most important

one, even if the number of ‘cemented’ contacts slightly

increases. These remarks are also valid for the distributions

in terms of contact surface area.

Figure 12a, b After one injection of the bacterial solu-

tion, one injection of the calcification solution leads to a

small amount of calcite (around 2%); thus, most of the

contacts within the sample remain ‘frictional.’ After the

second injection of the calcification solution, most of the

contacts become mixed contacts, even if the volume frac-

tion of calcite is quite small, typically of the order of 3–4%.

This second injection of the calcification solution is

required in order to activate all the injected bacteria. The

large number of mixed contacts created suggests that the

bacteria are located in these zones, i.e., where the shear

stresses induced by the flow are very small. Less than 10%

of the contacts remain frictional. They are probably located

in the vicinity of large pores, where high shear stresses do

not allow bacteria attachment. Finally, let us remark that

after this second injection of the calcification solution, the

mean cohesive contact surface area represents around 60%

of the mean contact surface area after calcification (see

Fig. 12c).

• after one injection of the bacterial solution, one

injection of the calcification solution leads to a small

amount of calcite (less than 3%), and thus, most of the

contacts within the sample remain ‘frictional.’ After the

second injection of the calcification solution, most of

the contacts become ‘mixed’ contacts, even if the

volume fraction of calcite is quite small, typically of the

order of 2.5–4%. This second injection of the calcifi-

cation solution is required in order to activate all the

injected bacteria. The large number of ‘mixed’ contacts

created suggests that the bacteria are located in these

zones, i.e., where the shear stresses induced by the flow

are very small. Less than 10% of the contacts remain

‘frictional.’ They are probably located in the vicinity of

large pores, where high shear stresses do not allow

bFig. 7 a Distribution of the coordination number within the six

samples, b distribution of the contact surface areas within the six

samples, before and after biocalcification
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bacteria attachment. Finally, let us remark that after this

second injection of the calcification solution, the mean

cohesive contact surface area represents around 50% of

the mean contact surface area after calcification (see

Fig. 9b).

• After the second injection of the bacterial solution and

the third and fourth injection of the calcification

solution, the distribution of the different types of

contact in terms of number or in terms of surface area

remains almost the same. As expected, since the

volume fraction increases, ‘frictional’ contacts disap-

pear progressively, and the number of ‘cemented’

contacts slightly increases and represents less than 10%

of the total number of contacts. This latter remark

suggests that the new bacteria injected are once again

attached in the zone of the initial contacts between

grains, where the shear stresses are small and where

grain surfaces present a high roughness created by the

calcite crystals precipitated after the first injection. This

is confirmed by the increase in the mean cohesive

contact surface area which reaches around 80% of the

mean contact surface area after calcification (see

Fig. 9b).

3.5 Precipitation manner and modeling

As already discussed in the introduction, several studies

have shown by simple qualitative observations (SEM, etc.)

that the precipitation of calcite occurs mainly at the con-

tacts between grains, but also on the surface of grains

[9, 22, 23, 26]. According to these observations, the calcite

precipitation can be seen as localized or uniform. In this

section, we propose to use our results computed on 3D

images in order to identify and quantify which calcite

precipitation process dominates. For that purpose, in the

following, we focus our attention on two microstructural

properties:

• the ratio ð�Sc=�SaÞ, i.e., the ratio of the mean cohesive

contact surface area ð�ScÞ to the mean contact surface

area ð�SaÞ after biocalcification (Fig. 15).

• the ratio (SSAc=SSAt), i.e., the ratio of specific surface

area of calcite SSAcð Þ to the total specific surface area

of the medium SSAtð Þ [8]. The total specific surface

area SSAtð Þ is defined as SSAt = (Sg ? Sc)/V, where Sg
and Sc are the surface area of the grain and the calcite in

contact with the voids (of the air or fluid), respectively,

and V = L3 is the volume under consideration (Fig. 13).

The specific surface of calcite (SSAc) is defined as

SSAc = Sc/V. This specific surface area of calcite

characterizes the surface of calcite in contact with

voids. According to the definition of SSAc and SSAt,

we have SSAc/SSAt = (Sc/Sg)/(1 ? (Sc/Sg)). This ratio,

which characterizes the percentage of the initial surface

of sand covered by the calcite, is equal to 0 when Sc = 0

(no calcite), to 0.5 when Sc = Sg and 1 when Sg = 0,

i.e., sand grains are totally covered with calcite.

Figure 13 shows the evolution of these two ratios

(ð�Sc=�SaÞ and (SSAc=SSAt) with respect to the volume

fraction of calcite. As already underlined, the ratio (ð�Sc=�SaÞ
increases nonlinearly with respect to the volume fraction of

calcite and is equal to 80% for fc = 14.8%. The ratio

(SSAc=SSAt) also increases nonlinearly with respect to the

volume fraction of calcite and tends toward an asymptotic

value 0.45 (less than 45% of the sand initial surface cov-

ered by the calcite) for fc = 14.8%. The evolution of these

two ratios proves that the second injection of bacteria

(Fig. 12) does not increase the surface of the grain already

covered by the calcite, but mainly increases the size of the

contacts. It confirms that in general the calcite precipitated

in the zone of contact.

In order to validate these results, they are now compared

with analytical estimates assuming that the granular media

are made of periodic simple cubic (SC) arrangements of

grains. The initial porosity is fixed to 40%, and the diam-

eter of grain is equal to D50. Two extreme cases of pre-

cipitation are considered (Fig. 14): In the first case, we

suppose that the calcite is localized at the contact and as a

cylinder shape (Fig. 14a). In the second case, the grains are

supposed to be cover by a uniform layer of calcite

(Fig. 14b). Let us remark that in both cases (1) the coor-

dination number is equal to 6, which is smaller to the one

measured on 3D images, which ranges between 7.7 and 9.2

and (2) the creation of ‘cemented’ contacts is neglected.

Figure 15 shows the evolution of the ratios (ð�Sc=�SaÞ and
(SSAc=SSAt) computed on 3D images with respect to the

volume fraction of calcite, in comparison with the ones

derived analytically from the above simple microstructures.

The numerical values of (ð�Sc=�SaÞ lie between the two

modelings (Fig. 15a). By contrast, Fig. 15b shows that the

numerical values of (SSAc=SSAt) are in good agreement

with the analytical estimates when the calcite is localized at

the contacts. This comparison between our numerical

results obtained on 3D images and analytical estimates

confirms that the calcite is in general mainly localized at

the contact between grains. Let us remark that this pre-

cipitation at the intergranular contacts can be enhanced by

performing the biocementation in non-saturated conditions

[6].

bFig. 10 Orientation of the contacts within the six samples under

consideration, a before and b after biocalcification
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4 Conclusion

As underlined in the introduction, the mechanical effi-

ciency of the biocementation process is directly related to

the microstructural properties of the biocemented sand,

such as the calcite volume fraction and its distribution

within the pore space (localized at the contact between

grains, uniform over the grain surface), the coordination

number, the contact surface area, the contact orientation. In

the present work, the evolution of the contact properties

(contact surfaces, coordination number, contacts orienta-

tion, type of contact, etc.) of biocemented sand as function

of the cementation level (0\ fc\ 15%) using 3D images

obtained by X-ray micro-tomography has been determined.

The obtained results point out that:

bFig. 11 Distribution of the different types of contact, in each sample

after biocementation, in terms of a number of contacts, b contacts
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contacts, b contact surface area. c Typical protocol for the

biocementation process: number of injections of bacterial solution

(BS) and calcification solution (CS)

Fig. 13 a distribution of the calcite at the grain scale, b evolution of

the ratio between the mean cohesive contact surface area and the

mean contact surface area after calcification ð�Sc=�SaÞ and the ratio

between the specific surface area of calcite and the total specific

surface area (SSAc=SSAt) with the volume fraction of calcite
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Fig. 14 Granular media is made of periodic simple cubic (SC)

arrangements of grains. a The calcite is localized at the contact, b the

calcification is uniform at the grain surface
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• the coordination number, due to the creation of new

contacts (‘cemented’ contacts), slightly increases when

increasing the volume fraction of calcite. This increase

is about 8% for a volume fraction of calcite of 14.8%.

• the distribution of contact surface areas changes

progressively with the volume fraction of calcite (fc).

The ratio (ð�Sa=�SbÞ between the mean contact surface

areas after calcification (ð�SaÞ and before calcification

ð�SbÞ increases almost linearly with respect to the

volume fraction of calcite and is the order of 6 for

fc = 14.8%. By contrast, the ratio ð�Sc=�SaÞ (where �Sc is
the mean cohesive contact surface area) increases

nonlinearly with the volume fraction of calcite and is of

the order of 60% for fc = 5%.

• the orientation of contacts within the samples is

isotropic before and after calcification. This result must

be put in regard to the biocementation process, which is

‘static’ in the present case. There is no flow through the

samples after the injection of both the bacterial and

calcification solutions. Probably, these observations are

no more valid when a continuous flow is present during

the process.

• three types of contact (‘frictional,’ ‘mixed’ and ‘ce-

mented’ contacts) can be considered after biocalcifica-

tion. For a volume fraction of calcite lower than 3%,

most of the contacts remain ‘frictional.’ Beyond this

value, most of the contacts (in terms of number and

surface area) are ‘mixed’ contacts. Whatever the value

of fc, the number of new contacts (‘cemented’ contacts)

created by the biocementation process remains quite

small (less than 10% for fc = 14.8%) and the corre-

sponding contact surface area is almost negligible. This

evolution of the contacts, in terms of type, seems to be

also related to the injection protocol of both the

bacterial and calcification solutions.

• the precipitation of the calcite mainly occurs at the

contacts between grains. Indeed, we have shown that

the ratio (ð�Sc=�SaÞ increases nonlinearly and tends

toward 80% for fc = 14.8%, whereas the ratio

(SSAc=SSAt), i.e., the ratio between specific surface

area of calcite SSAcð Þ and the total specific surface area
of the medium SSAtð Þ does not exceed 45% for

fc = 14.8%. These results show that the contact surface

area still increases with increasing the volume fraction

of calcite, whereas less than half of the surface of the

grain is covered with the calcite. These results are

confirmed by comparing our numerical results with

analytical estimates assuming that the granular media

are made of periodic simple cubic (SC) arrangements of

grains and by considering two extreme cases of

precipitation: (1) The calcite is localized at the contact;

(2) the grains are covered by a uniform layer of calcite.

All the computed microstructural properties (coordina-

tion number, contact surface, cohesive surface, etc.) will be

used in the future as input parameters in micromechanical

models (DEM simulations) in order to link these

microstructural properties to the macroscopic effective

properties (Young modulus and shear modulus) and

strength properties (cohesion and friction angle).
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