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A B S T R A C T

Bio-cemented soils can exhibit various types of microstructure depending on the relative position of the car-
bonate crystals with respect to the host granular skeleton. Different microstructures can have different effects on
the mechanical and hydraulic responses of the material, hence it is important to develop the capacity to model
these microstructures. The discrete element method (DEM) is a powerful numerical method for studying the
mechanical behaviour of granular materials considering grain-scale features. This paper presents a toolbox that
can be used to generate 3D DEM samples of bio-cemented soils with specific microstructures. It provides the
flexibility of modelling bio-cemented soils with precipitates in the form of contact cementing, grain bridging and
coating, and combinations of these distribution patterns. The algorithm is described in detail in this paper, and
the impact of the precipitated carbonates on the soil microstructure is evaluated. The results indicate that
carbonates precipitated in different distribution patterns affect the soil microstructure differently, suggesting the
importance of modelling the microstructure of bio-cemented soils.

1. Introduction

Inspired by natural processes, many innovative technologies have
been developed as ecological alternatives in geotechnical engineering
(DeJong et al., 2010; He et al., 2019; Martinez et al., 2022; Tang & Tao,
2022; Zhang et al., 2023). Microbially induced calcite precipitation
(MICP), which has attracted attention in recent years, is one of them.
MICP can be used for a wide range of applications spanning ground
improvement (Fu et al., 2023; van Paassen et al., 2010; Xiao et al.,
2022b; Zeng et al., 2021; Cheng et al., 2019, among others), liquefac-
tion mitigation (Darby et al., 2019; Xiao et al., 2018, protection against
soil erosion (ClaràSaracho et al., 2021; Jiang & Soga, 2017; Salifu et al.,
2016; Shahin et al., 2020; Wang et al., 2023, dust control (Hamdan &
Kavazanjian, 2016, heavy metal removal (Chen et al., 2017; Li et al.,
2013,Li et al., 2016; Zeng et al., 2023, and remediation of desiccation
cracking (Liu et al., 2020).
MICP involves biogeochemical processes to drive the precipitation

of calcium carbonate, thereby cementing the soil and enhancing its
mechanical properties. The enhancement of mechanical properties of
MICP-treated soils is strongly related to their microstructure.
Benefitting from techniques such as scanning electron microscope
(SEM) (Cheng et al., 2016; Ma et al., 2022; Mujah et al., 2019,

computed tomography (CT) (Dadda et al., 2017; Terzis & Laloui, 2018)
and microfluidic chip tests (Elmaloglou et al., 2022; Wang et al., 2019;
Xiao et al., 2021a,2022a), crystal size, shape, growth pattern and dis-
tribution pattern of the precipitated calcium carbonate can be assessed.
In particular, soils treated by MICP were found to exhibit typical mi-
crostructures depending on the location of the precipitated carbonate
particles with respect to the host granular skeleton (Fig. 1). In general,
three basic distribution patterns of calcium carbonate can be observed
experimentally (Kajiyama et al., 2017; Van Paassen, 2009; Xiao et al.,
2021b), as conceptualised and illustrated in Fig. 1: (1) particle bridging,
where carbonate crystals fill the gap between two host grains which are
initially not in contact with each other, (2) contact cementing, where
CaCO3 particles are located at the contact between two host grains, and
(3) particle coating, where the crystals are attached to the surface of
host grains. The distribution pattern of the precipitated carbonates is
found to be affected and partly controlled by factors such as soil sa-
turation degree (Cheng et al., 2013, urease activity (Cheng et al., 2019
and the solution pH (Okwadha & Li, 2010).
Being able to model explicitly the different microstructures of bio-

cemented soils is an important step towards a better understanding of
the material behaviour and thus facilitating the applications of MICP.
The discrete element method (DEM) has been extensively used to
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investigate the behaviour of cemented granular materials. A common
approach to modeling these materials is to introduce virtual bonds
(such as parallel bonds) between host grains to mimic the function of
carbonate particles (referred to as fines in the present paper) (Feng
et al., 2017; Shen et al., 2016; Utili & Nova, 2008; Yang et al., 2019.
However, this approach is not able to capture the effect of various
microstructures as the virtual bonds can only be deployed at existing
grain contacts. Explicitly modelling the cohesive particles in host sands
can address this problem (Wang & Leung, 2008; Wu et al., 2023; Zhang
& Dieudonné, 2023a,b). In this paper, we present a toolbox that can be
used to model 3D cemented granular assemblies with diverse micro-
structures. The toolbox, named Cementor, is based on the open-source
DEM platform YADE. The algorithms of the toolbox are first described
in detail. Microscopic observations on the 3D DEM bio-cemented
samples are then presented.

2. 3D DEM modelling of various microstructures of bio-cemented
soil

The toolbox aims to introduce fine spherical particles at specific
positions within an assembly made up of spherical grains. The toolkit
enables the modelling of various types of microstructures, including
bridging, contact cementing, coating, and combinations thereof.
Cementor is compatible with the open-source platform for discrete
element modelling YADE (Yet another dynamic engine) (Šmilauer et al.,
2021).
The overall structure and the algorithms for modelling the different

distribution patterns are described in the following sections. The term
“fine” is used to refer to the carbonate particles in soils treated by MICP.

2.1. Overall structure

The flowchart to generate cemented samples with a single dis-
tribution pattern is presented in Fig. 2. The procedure starts with im-
porting a host sample (the generation of the host sample is not covered
in this study but can be found in YADE examples). Thereafter, all par-
ticles need to be fixed by blocking all their degrees of freedom, which

ensures that the initial fabric of the host material is preserved during
the process of introducing fines. The fines generation process, indicated
inside the dashed rectangle zone in Fig. 2, starts after that. It contains
four steps:

Fig. 1. Conceptual representation of the microstructure of bio-cemented soils: (a) 2D schematics, and (b) experimental observations. SEM picture (i) is cited from
Xiao et al. (2021b) and SEM picture (ii) is from Van Paassen (2009). CaCO3 in different distribution patterns are characterised by different colours.

Fig. 2. Flowchart for generating samples containing fines with various micro-
structures.
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1. Enter input parameters. Different input parameters are used to
generate the target microstructure, as summarised in Table 1. The
input parameters control the number and size of the fines to be
generated and, therefore, the fine content of the sample. The fine
content can be defined by the user. For example, the fine mass
content is the ratio of the mass of fines to the mass of the host
material. The meaning of each parameter is given in the following
subsections. Besides the input parameters listed in Table 1, other
parameters such as those related to the material properties (density,
Young’s modulus, etc.) and contact properties (friction angle, co-
hesive strength, etc.) need to be introduced. These are not discussed
in this paper as they depend on the specific material and contact
laws selected by the user.

2. Generate raw fines with a defined distribution pattern. At this
stage, the radius and coordinates of the fines are computed using the
algorithms described in the following subsections.

3. Update interactions. The newly generated fines have not been
assigned with interactions. Therefore, we run a “blank” step to de-
tect contact and build interactions.

4. Remove the undesired fines from the raw fines. Part of the raw
fines generated in step 2 may be problematic. For instance, they can
unreasonably penetrate into other particles. These fines are un-
desired, and they are removed at this stage. Note that the criterion
for removing undesired fines varies depending on the target mi-
crostructure. According to the definition of each type of micro-
structure, a fine particle in the pattern of bridging has two sand-fine
contacts, a fine particle in the pattern of contact cementing has two
sand-fine contacts and two fine-fine contacts, and a fine particle in
the coating pattern has one sand-fine contact. Therefore, the fines
whose number of interactions is not equal to 2 in the case of brid-
ging, 4 in the case of contact cementing, and 1 in the case of coating
will be removed.

After the above-described steps, the fixed particles are set free by
unblocking all their degrees of freedom. Finally, the cemented sample
can be saved.
The algorithms used to generate raw fines, as mentioned in step 2,

are described in the following subsections.

2.2. Single distribution pattern

2.2.1. Bridging
Bridging refers to the distribution of fines which fill in the gaps

between sand grains. The gap size distribution is a known feature for a
given host sand sample. Therefore, we reproduce the bridging type of
microstructure by defining the target minimum and maximum radii of
fines, TRmin and TRmax. In the code, we loop through all pairs of sand
particles to get the coordinates of the centres of both sand particles, Cs1
and Cs2, and their radii rs1 and rs2. The gap distance d of this pair of sand
particles is calculated as:

d C C r rs s s s1 2 1 2= (1)

as depicted in Fig. 3. For gaps that satisfy TRmin≤d≤ TRmax, a fine
particle of radius r= d∕2 is inserted. It should be noted that r is a
theoretical value while the computation is done with a finite precision.
Therefore, it is suggested to slightly round up r to facilitate contact
detection in DEM. The centre Cf of the fine particle to be introduced is

given by its position vector:

OC OC C C OC r r C C

C C
( )f s s f s s

s s

s s
1 1 1 1

1 2

1 2

= + = + +
(2)

where O(0, 0, 0) is the origin of the space.

2.2.2. Contact cementing
Contact cementing refers to a microstructure where fines are located

around the sand-sand contact points. Microscopic observations (Lin
et al., 2016; Xiao et al., 2021b, 2022c, among others) have shown that
carbonate particles located at sand-sand contacts can either form a
complete ring or be located eccentrically on one side of the contact. The
algorithm presented in this paper assumes a complete and intact ring.
Other cases can be easily tackled by removing some particles from the
intact ring.
For a given host sand sample, the existing sand-sand contacts can be

accessed from YADE. A percentage TCC of all sand-sand contacts is
randomly selected in order to be cemented. For each selected sand-sand
contact, a set of fines are introduced around the sand-sand contact
point, forming a chain (Fig. 4). All fines of a given chain are in contact
with each other and have the same size. The number of fines in each
chain NCC is an input parameter. The radius r of the fines can then be
determined from the input parameter NCC, the radii of the two sand
particles in contact, rs1 and rs2, and the overlap d of these two sand
grains. These last quantities can be obtained from YADE.
The fine radius r can be expressed as (Fig. 4):

r r
N

sinc
CC

=
(3)

where the chain radius rc is given by (Fig. 4):

r r r r d h( ) (
2

)c s s1
2

1
2= + +

(4)

with h, the distance between the contact point P and the chain centre
Cc, given by:

Table 1
Input parameters for controlling the number and size of fines.

Microstructure type Input parameters

Bridging TRmin, TRmax
Contact cementing TCC, NCC

Coating TCO, NCO, α

Fig. 3. Illustration of calculation for bridging pattern.

Fig. 4. Illustration of calculation for contact cementing pattern, demonstrated
with 15 fines on a chain.
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( )
h

r r r

r r d

( )s s
d

s s

1 2 2

1 2
=

+

+ (5)

Note that the contact point P lies along the line connecting Cs1 and Cs2,
and is the middle point of the overlap.
The coordinates of all NCC fines of a given chain can be determined

by knowing the position of any of these fines. Therefore, the co-
ordinates of the chain centre Cc should first be obtained. Its position
vector is given by:

OC OP h jc = + (6)

where the coordinates of the contact point P are known from YADE, and
j is a unit vector whose direction is from the centre of the sand particle
with the largest radius towards the centre of the sand particle with the
smallest radius. Accordingly, it is defined as:

j C C

C C
s s

s s

1 2

1 2

=
(7)

where Cs1 and Cs2 are known from YADE.
After Cc is obtained, the coordinates of the fine particles in the chain

are calculated as follows:

1. Define a non-zero vector w orthogonal to j a b c( , , )= . In 3D, there
is an infinite number of vectors perpendicular to j . We construct
one of them, w , according to the following strategy. We initially set
w a b c( , , )= , and then find out the smallest coordinate a, b or c in
absolute value. We set this value to zero, and swap the other two
coordinates and negate the first one. For example, if ∣a∣≤∣b∣ and
∣a∣≤∣c∣, set a to 0, swap b and c and negate c. Consequently,
w c b(0, , )= . Thereby, w is perpendicular to j at any time, since
j w a bc cb0 0= + = .

2. Convert w into a vector u of magnitude rc:

u r w
wc=

(8)

3. Construct a vector v perpendicular to j and u such that:

v j u= × (9)

4. Determine the coordinates of the centre Cf of one of the fines as:

OC OC C C OC u vcos( ) sin( )f c c f c= + = + + (10)

where α is an arbitrary angle.
5. Compute all NCC coordinates of the fines centres on the chain as:

OC OC u k
N

v k
N

cos 2 sin 2 .f
k

c
CC CC

= + +
(11)

where k=0, 1, 2, …, NCC −1.

The above algorithm is applied on all the selected sand-sand con-
tacts, so that all raw fines with contact cementing type of micro-
structure are obtained.

2.2.3. Coating
Coating refers to a microstructure where fines attach to one sand

grain only. There are three input parameters controlling the number
and size of coating fines: the proportion of sand particles to be coated
(TCO), the target number of fines coating each selected sand grain (NCO),
and the ratio of the radius of the coated sand particle over the radius of
fine particle (α). Accordingly, in the case of coating, the fine size is
linked to the coated sand grain such that r= αrs. The sand particles to
be coated are randomly selected from all the sand grains. For each of
the selected sand grains, the fines are randomly distributed on the
surface of that sand grain, as demonstrated in Fig. 5. The coordinates of
the centre of each fine is given by:

OC OC r r n( )f s s= + + (12)

where n is a random unit vector in the 3D space. Note that since the
fines are randomly generated, it is possible that the generated fines
overlap with each other, which may cause large repulsive force and an
unstable situation. These fines can be detected since their number of
interactions is larger than one, and they will be removed as described in
Fig. 2.

2.3. Mixed-type microstructure

The toolbox is able to generate samples with mixed distribution
patterns, namely, a sample exhibiting more than one microstructure
pattern. Therefore, the functions for generating the involved micro-
structures can be activated by assigning the input parameters as listed
in Table 1 to the corresponding functions. The process is the same as
described in Fig. 2. Specifically, fines with each type of microstructure
are generated separately. After that, all the generated fines are assessed
to identify the undesired fines. The criterion for determining the un-
desired fines is the same as described before. Finally, all the undesired
fines are removed, and the sample with fines is output.

3. Microscopic observations

In a MICP treatment, carbonate crystals can precipitate in different
distribution patterns in the soils, which may lead to different changes in
the soil microstructure. In this section, CaCO3 precipitation-induced
microstructure change is evaluated in terms of effective coordination
number and contact distribution. To achieve this goal, a 3D DEM

Fig. 5. Illustration of calculation for coating pattern.
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uncemented sample is first generated (more details can be found in
Zhang and Dieudonné (2023b)). After that, carbonate particles with
different contents (defined as the mass of CaCO3 divided by the mass of
the sample) and distribution patterns (i.e. bridging, contact cementing
and coating) are introduced into the uncemented sample. In this way,
the original fabric of the sand particles is the same in all the cemented
samples. Accordingly, the effect of each carbonate distribution pattern
on the soil microstructure can be assessed individually. The information
of the bio-cemented samples illustrated here is summarized in Table 2.

3.1. Effective coordination number

The coordination number and the mechanical coordination number
are commonly used indexes to describe the state of a granular packing
(Dai, Yang, & Luo, 2015; Gu, Zhang, & Huang, 2020; Thornton, 2000;
Yang, Kavazanjian, & Neithalath, 2019. However, there are limitations
in using these two indexes to describe a bio-cemented sample when the
carbonate particles are explicitly modelled (Zhang & Dieudonné,
2023b). Therefore, this section evaluates the change in the effective
coordination number due to the carbonate precipitation.
The effective coordination number Ze describes the average number

of effective bonds per sand grain. It is defined as:

Z C C
N

2( )
e

s b

s
= +

(13)

where Ns is the number of sand particles in the sample, Cs is the total
number of sand-sand contacts and Cb is the number of effective bond in
the sample. In the case of a bridging type of cementation, each carbo-
nate initially connects two sand grains that forms an effective bond.
Therefore, Cb is equal to the number of carbonate particles at the initial
state. In terms of contact cementing type cementation, several carbo-
nates form a cement chain and, together, strengthen one sand-sand
contact. Therefore, in this case, Cb is equal to the number of intact
cement chains. Note that the cemented contacts are counted twice in
the proposed definition of the effective coordination number. This is
meant to reflect the fact that, in the case of contact cementing, two
components contribute together to the mechanical response of the
contact: the sand-sand contact, which is purely frictional, and the part
from the cohesive carbonates. In the case of coating, Cb is equal to zero
as carbonate particles do not introduce connections between sand
grains.
Fig. 6 shows the evolution of the effective coordination number with

respect to carbonate content. It can be seen that the introduction of
carbonates in the coating pattern does not lead to any change in Ze
compared to that of the uncemented sample. This is aligned with the
physics that carbonates in the coating pattern do not form any effective
connection between sand grains. By contrast, contact cementing and

bridging cases exhibit obvious increases in Ze. The higher the carbonate
content, the higher Ze they show. In addition, given the same amount of
carbonates, the bridging type of sample tends to present higher Ze than
that of the contact cementing type of sample at a lower carbonate
content. As the carbonate content increases, the contact cementing case
can exhibit a higher Ze than the bridging case.

3.2. Contact normal distribution

The constitutive behaviour of soils is largely affected by their fabric,
which is associated with the arrangement of soil grains. In this section,
the change of soil fabric due to the introduction of CaCO3 is in-
vestigated. The arrangement of particles is described by the contact
orientation distribution in this study. The orientation of a contact be-
tween particles is described by the contact normal unit vector, which is
the normal unit vector along the line connecting the centres of the two
spheres in contact. It should be noted that, as there are sand and car-
bonate particles in a cemented sample, the contact normal distribution
is demonstrated in terms of all inter-particle contacts, sand-carbonate
(S-C) contacts and carbonate-carbonate (C-C) contacts.
Fig. 7 shows the orientation distribution of the contact unit normal

vectors of DEM samples with different characteristics using a rose
diagram in 3 planes, i.e. X-Y (left column), X-Z (middle column) and Z-Y
plane (right column), respectively. In a rose diagram, each branch

Table 2
Information of the DEM samples.

Microstructure type Input parameters CaCO3 number Content (%)

Bridging TRmin = 0.0003, TRmax = 0.00054 5185 0.5
TRmin = 0.0003, TRmax = 0.000703 8674 1.5
TRmin = 0.0003, TRmax = 0.000803 10675 2.5

Contact cementing TCC =19, NCC =15 37905 0.49
TCC =59, NCC =15 117630 1.5
TCC =99.5, NCC =15 198210 2.5

Coating TCO =13, NCO =50, α=6.67 10391 0.5
TCO =47, NCO =50, α=6.67 32164 1.5
TCO =100, NCO =50, α=6.67 55312 2.5

Note: The unit of TRmin and TRmax is metre (m).

Fig. 6. Effective coordination number of uncemented sample and bio-cemented
samples with different carbonate distribution patterns and contents.
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represents the normalised number of contact unit normal vectors that
are located in the space interval. The cemented samples presented in
Fig. 7 have the same carbonate content (1.5%). The contact normal
distribution of the uncemented sample is also plotted so that the fabric
changes caused by the introduction of CaCO3 can be evaluated. It can
be seen from Fig. 7(a) the contact orientation distribution of bridging is
almost the same as that of the uncemented sample, suggesting that
CaCO3 distributed in the pattern of bridging does not change the fabric
much. As shown in Fig. 7(b) and (c), a more uniform contact orientation
distribution can be found in the case of contact cementing and coating
compared to the uncemented sample. As all the samples have the same
sand-sand fabric, the difference in the orientation distribution of all

inter-particle contacts mainly comes from that of the sand-carbonate
contacts. Fig. 8 compares the orientation distribution of sand-carbonate
contacts between bridging, contact cementing and coating types of
cemented samples with the same carbonate content (1.5%). It can be
seen that contact cementing and coating cases present a more uniform
distribution than bridging, consequently leading to a uniform dis-
tribution of all inter-particle contacts. It should be noted that there are
also carbonate-carbonate contacts in contact cementing type of sam-
ples. The orientation distribution of carbonate-carbonate contacts in
contact cementing type of cemented sample with 1.5% carbonate
content is plotted in Fig. 9, which shows a uniform distribution in
general.

Fig. 7. Contact normal distribution of all inter-particle contacts: (a) bridging; (b) contact cementing; (c) Coating. The contact normal distribution of the uncemented
sample is also plotted in each figure.
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4. Conclusions

Bio-cemented soils exhibit characteristic microstructures, which
affect the mechanical and hydraulic behaviour of the materials. Being
able to model explicitly the different microstructures is an important
step towards a better understanding of the material behaviour from the
microscopic point of view.
This paper presents a toolbox designed to introduce carbonate

particles following different target microstructures within a granular
packing. Three types of basic patterns are considered, namely bridging,
contact cementing and coating. Modelling packings with mixed dis-
tribution patterns of carbonates is also possible using the provided al-
gorithm. Using the developed toolbox, bio-cemented samples with
different carbonate distribution patterns and contents are modelled,
and the microscopic properties, such as the effective coordination
number and contact orientation distribution, are investigated to reveal
how the introduction of carbonates affects the soil microstructure. It is
found that carbonates precipitated in different distribution patterns
change differently in the effective coordination number. Specifically,
carbonates in the coating pattern do not lead to a change in the effec-
tive coordination number, while carbonates in the bridging and contact
cementing patterns present an obvious increase in the effective co-
ordination number. In addition, the introduction of carbonates affects
the soil fabric in terms of the contact normal distribution. Carbonates
precipitated in the bridging pattern do not change the fabric much. By
contrast, contact cementing and coating cases tend to form a more
uniform contact normal distribution than that of the uncemented
sample. In the future, improvements to the toolbox can be made by
addressing its current limitations, including the integration of more
realistic shapes for sand grains and precipitated crystals, thereby
broadening its applicability.
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