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Abstract
MICP has emerged as a technology that alters the structure of geomaterials through calcite precipitation
and improves its overall mechanical behavior. An essential component of analyzing the improvement due
to MICP is understanding and engineering the spatial distribution of the precipitation matrix in the
material microstructure that governs the evolution of force chains. This study analyzes a dataset of
medium and �ne-grained sand samples subjected to MICP treatment that exhibit similar peak and
residual strengths in the untreated state but yield varying strengths after cementation with similar bond
contents. A systematic study is undertaken to inspect the observed discrepancy, based on an improved
quantitative description of the material's inter-particle contacts, pore space, and bond properties. Analysis
shows that bonds exhibit distinct geometries and spatial distribution patterns when MICP is applied to
the different materials. The spatial distribution of active bonds and its contribution in increasing the
overall contact area of the precipitated microstructure is found to be the key factor translating to the
macroscopically determined strength parameters, also affecting the e�ciency and uniformity of
treatment within the same sample. The improved tools and understanding form a new basis for
formulating simulation models incorporating pore and contact mechanics to interpret macroscale
phenomena.

1. Introduction
The multidisciplinary research between geotechnical engineering and modern biotechnology has paved
the way into a new frontier of knowledge called biogeotechnics for innovative applications of using
bacteria to provide unconventional solutions to geoengineering problems. For example, bio-cementation
modi�es the structure of geomaterials by integrating bacterial metabolic activity in permeation solutions
to induce the formation of calcite (CaCO3) crystals. The resulting cemented material retains the
permeability of its matrix and endows the subsurface with an improved overall mechanical behavior
(Mujah et al., 2017, Terzis and Laloui, 2019). One of the approaches for bio-cementation that produce
CaCO3 via urea hydrolysis is Microbial-induced calcite precipitation (MICP), which is extensively studied
for its potential applications in soil stabilization (DeJong et al., 2006, 2010; van Paassen et al., 2010; Al
Qabany et al., 2013), erosion control (Jiang et al., 2017), and hydraulic control (Phillips et al., 2013).
However, despite the extensive knowledge established via numerous laboratory and fewer �eld-scale
experimentation methods, there is still uncertainty about the design and application of a controlled, large-
scale soil improvement mechanism based on MICP (Harkes et al., 2008; DeJong et al., 2010; Haouzi et al.,
2018; Van Passen, 2009). This is because numerous factors can potentially in�uence the effectiveness of
MICP and yield distinct precipitational behaviors and corresponding macroscale responses. Most of
these factors, like environmental conditions, the chemical composition of treatment solution, input rates,
�ow rates, �ow directions, and degree of saturation, are well researched in literature (Al Qabany et al.,
2012; Mortensen et al., 2011; Cheng et al., 2013, Martinez et al., 2013). However, the diagnostic inspection
of the geomaterial microstructure and its effects on the macroscale properties of the cemented lattice is
relatively underexplored and limited to qualitative and sub-optimal quantitative approaches (Terzis and
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Laloui, 2018). Nevertheless, the contact and pore network morphology and connectivity of the material
govern the bacterial retention, precipitation distribution patterns, and treatment e�ciency (Mujah et al.,
2019). In general, precipitation reduces the overall porosity of the material, but the effect on transport
properties and strength improvement may be negligible or signi�cant depending on the speci�c location
of the precipitated crystals within the pore network (Wetzel et al., 2020). More speci�cally, the treatment
e�ciency is related to the content of active bonds or cementation that contribute to normal force
transmission and shear resistance development by enhancing the effective cohesion of the treated
material (Cui et al., 2017).

The present study explores the role of the material's three-dimensional pore space architecture and
contact network in explaining macroscopic changes in MICP cemented sands and provides new insights
into the evolution in the material's micro-architecture due to MICP-induced precipitation. The focus is on
analyzing a dataset of medium, and �ne-grained MICP cemented sand samples obtained using high-
resolution X-ray tomography from a previous study (Terzis and Laloui, 2018) and incorporates a
comprehensive understanding of the spatial and morphological heterogeneities in the microstructure to
understand the mechanisms governing macroscale responses. The application of a suite of algorithms
previously proposed for characterizing the pore space architecture and contact network of material
microstructure is undertaken to quantify the micro-architecture and correlate it to the behavior of the
MICP cemented samples.

2. Problem Statement
This study extends the work done by Terzis and Laloui (2018) in studying the three-dimensional micro-
architecture of MICP cemented sands of different gradations. The uncon�ned compressive strength
(UCS) of two sand samples was studied, one comprising medium-grained particles and the other
comprising �ne-grained particles (hereafter referred to as MGS and FGS, respectively), before and after
treating with MICP cementation at varying bond contents (Table 1). Both the samples exhibited the same
peak and residual strengths in the untreated state under con�nement (Table 1 and Fig. 1), with the UCS
and elastic modulus of the untreated materials being in the range of 2 MPa and 200 MPa, respectively.

Thereafter, both materials were subjected to MICP to various degrees by incrementally increasing the
bond contents in the range of 3–10%. The bond content is measured as the ratio of total bond volume to
the particle volume in the sample. Same external treatment conditions were provided to both the sand
columns to minimize uncertainties related to the in�uence of biochemical and environmental conditions
on the precipitated bond lattice.

The evolution of UCS and Young's modulus (E) with increasing bond content for both the samples, as
observed by Terzis and Laloui (2018), are presented in Fig. 1. The data revealed a more pronounced
strength (Fig. 1a) and stiffness (Fig. 1b) improvement for the medium-grained sample as compared to
the �ne-grained sample. The UCS of medium-grained bio-improved sand was observed to fall between 3
and 12 MPa for calcite bond contents in the range of 5–10%, while that of �ne bio-improved sand
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reached approximately 2.5 MPa for similar bond contents (Fig. 1a). The variation of the bio-improved
Young's moduli exhibited similar trends with respect to the increasing calcium carbonate content for both
materials. The reason behind the observed discrepancy in the macro-behavior of the samples was
attributed to the higher initial porosity, larger bond sizes, and isotropic bond orientations in the medium-
grained sample, allowing larger spaces for precipitation growth resulting in lower values of interparticle
stresses for the development of forces resisting shear.

Table 1
Description of the sand samples analyzed in the case study

Properties MGS FGS

Source (Terzis and Laloui,
2019).

Itterbeck, Netherlands Bernasconi, Switzerland

D50 (mm) 0.390 0.190

D10 (mm) 0.261 0.099

Cu 2.10 1.60

Cc 0.86 0.91

emax 0.89 0.71

emin 0.69 0.56

Treatment Direction Alternating top to bottom direction starting with bottom-up direction
�rst

UCS after treatment (MPa) 3–12 MPa for bond content 5–
10%

1–2.5 MPa for bond content 5–
10%

D50: Mean Particle Diameter; Cu: Coe�cient of Uniformity; emax/emin: extreme void ratios

The goal of the current study is to further the analysis of the previous study in understanding the
differences in microstructural properties induced by precipitation due to MICP that ultimately led to
signi�cant gaps in macroscopic behavior among the two analyzed samples. More speci�cally, insights
into the quanti�ed properties of intricate pore space and contact features will be leveraged to provide a
deeper understanding of the mechanisms at the micro-scale, which re�ect the behavior of the sample at
the macro-scale.

3. Analysis Plan
The analysis of the labeled images of both the sand samples is accomplished in three parts: (a) by
investigating the inherent properties of the potential precipitation sites before cementation to gauge the
intrinsic microstructural differences among datasets that could lead to a dissimilar behavior post
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precipitation; (b) by studying the properties and distribution of the precipitated bonds which compose the
calcite lattice; and (c) by exploring the change in properties of the precipitation sites due to cementation.
The analysis plan is also visually demonstrated as a �owchart in Fig. 2.

To investigate the different aspects of changes in microstructural properties resulting from the MICP
treatment method, the analysis of the two datasets is carried out to answer three pertinent questions.

a. What are the overall differences in the microstructural properties among FGS and MGS samples
before and after precipitation? The answer to this question will help understand the differences in the
improvement in the strength and stiffness properties due to precipitation amongst the two samples.

b. How do the microstructural properties vary with sample depth for both the sand samples? The
answer to this question will help understand the uniformity of the treatment procedure and its effects
on the overall behavior of the cemented sands, given that the treatment for both samples was
performed under the same conditions and in alternative top-down and bottom-up directions (Table 2)
to ensure maximum homogeneity of treatment.

c. How do the microstructural properties vary perpendicular to the �ow direction? Answering this
question will help gain insights into the �ow paths and patterns of treatment solutions injected into
the base materials that ultimately affect the homogeneity and macro-scale response of the
cemented sand lattice.

To tackle the �rst and second questions posed above related to investigating the properties of the overall
sample microstructure and the change in microstructural properties with sample depth, three 3D
subsamples are extracted from the top, mid, and bottom of both base materials, as presented in Fig. 3
and detailed in Table 2. All three subsamples have edge lengths greater than 7.5 times the D50 of the
particles (Table 2) and were found to be representative of the sample for answering question (a) after a
detailed parametric analysis. On the other hand, the three subsamples are chosen to represent
microstructural properties at different sample depths for answering question (b). To ensure a fair
comparison of properties among the MGS and FGS samples, the number of particles is kept
approximately equal across all the subsamples (Table 2)
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Table 2
Description of the subsamples extracted across the sample height for analysis

Original
Dataset

Resolution Subsample
Location

Subsample
Name

Subsample size
(Edge
Length/D50)

Number
of
particles

Solid
volume
fraction

MGS 7.12
microns per
voxel

Top MTop 9.12 1216 0.587

Mid MMid 9.48 1230 0.602

Bottom MBot 8.70 1236 0.609

FGS 6.41
microns per
voxel

Top FTop 8.73 1213 0.667

Mid FMid 9.26 1228 0.671

Bottom FBot 8.94 1204 0.663

To tackle the third question related to exploring the variation in microstructural properties perpendicular to
the �ow direction, subsamples need to be extracted at various distances from the center of the sample in
the x-y plane. This is because the injection of treatment solution and consequently the �ow direction are
along the z-axis (Fig. 4). Hence, a large sample with many particles is required to accommodate the
extraction of multiple representative subsamples along the x-y plane. As a result, FGS is solely considered
for analysis in this part of the study to ful�ll the representativity requirement of the subsamples since
MGS does not comprise a su�cient number of particles for the nature of the investigation. Nine
subsamples are extracted, three towards the top of the sample, three in the middle, and three towards the
sample bottom, as shown in Fig. 4 and detailed in Table 3. At a particular depth, the subsamples are
placed at varying distances from the axis of the cylindrical sample in the x-y plane. The number of
particles across the three-sub samples at a particular depth is kept similar for a fair comparison. All the
nine subsamples have edge lengths that qualify to be considered a REV of the FGS sample (Table 3).
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Table 3
Description of the subsamples extracted from FGS perpendicular to the direction of treatment

Original
Dataset

Resolution Subsample
Location

*Subsample size (Edge
Length/D50)

Number of
particles

Density

Fine-
Grained
Sand

6.41 microns
per voxel

Top Left 11.14 2038 0.668

Top mid 11.08 2035 0.648

Top right 11.02 2029 0.682

Mid Left 11.40 2034 0.662

Mid mid 11.38 2036 0.660

Mid right 11.12 2031 0.681

Bottom Left 10.78 2035 0.638

Bottom mid 11.11 2033 0.657

Bottom right 11.00 2039 0.673

*The subsamples are not cubical in this case. Size is computed as the average of length, breadth, and
height of the cuboidal sample.

4. Analysis Results: Vs. Samples
Figures 5–14 present analysis results on MGS and FGS samples and its subsamples. The error bars in
the �gures represent the uncertainty in measuring properties across the different subsamples in a
particular sample. The length of each bar represents a 95% con�dence interval for the mean value of the
corresponding measurement. The percentage difference in values reported throughout the
aforementioned �gures correspond to difference in average values.

Figure 5 presents the inherent number of the potential precipitation sites present in both MGS and FGS
samples before cementation. The density of FGS sample is 14% higher than that of the MGS sample,
both comprising a similar number of particles. As a result, the number of contacts and pore bodies is
about 15% higher for FGS than MGS sample. With a higher number of contacts, the number of throats for
FGS is consequently lower than MGS by 13%.

Figure 6 presents the total inherent volumes of the precipitation sites available in the microstructures. The
inherent absolute pore body and throat volumes as well as contact area are higher in MGS samples due
to the bigger size of the subsamples to accommodate a similar number of particles as FGS subsample
(Fig. 3). Therefore, the inherent volumes of precipitation sites are normalized by the total subsample
volume to allow a direct comparison between the MGS and FGS samples. The normalized contact area of
FGS is about 2.7 times higher than that of MGS due to higher density and consequently higher number of
contacts (Fig. 5). As a result, the normalized pore body and throat volumes are higher in MGS by 20% and



Page 8/35

7%, respectively. Even though the number of pore bodies is higher in FGS (Fig. 5), the total volume of
bodies is smaller due to higher sample density (Fig. 5) and smaller particle sizes as compared to MGS
sample.

Figure 7 presents the cumulative absolute and normalized volume of calcite precipitated at contacts, pore
bodies, and throats in MGS and FGS samples. Comparing the bond volumes for both the sands in Fig. 7
reveal that bonds generally prefer to precipitate at contacts than in pore throats and have the least
preference to precipitate in pore bodies. The absolute volumes of precipitation are higher in MGS due to
the larger available precipitation site volumes (Fig. 6). Therefore, the bond volumes are normalized by
their corresponding site volumes to allow a fair comparison between medium and �ne sands. The
normalized bond volumes are also higher for MGS in all the precipitation sites, at contacts by about two
times, in bodies by about 75%, and in throats by about three times compared to FGS sample. This is
observed despite the same bond content in both samples (10% overall), which could be due to the non-
uniform treatment in FGS sample that will be discussed in Section 6.

The properties of active bonds precipitated in the MGS and FGS subsamples are also studied to
understand further the distribution of force-transmitting bonds (Fig. 8). The size of active bonds is about
60% larger in MGS sample due to the higher inherent volume of contacts and throats available in
comparison to FGS sample (Fig. 6). Larger active bonds in MGS can result in lower values of interparticle
stresses for the development of forces resisting shear and in increased interlocking forces. The
normalized active bond volume is also higher in medium sands by about two times than �ne sands
(Fig. 8). Active bonds are also more isotropic in orientation for MGS than FGS sample, which is also
re�ected by more isotropic particle arrangement in MGS sample (Fig. 8). The relative homogeneous
distribution of calcite bonds in the orientation space for MGS correlates with homogeneity of
intergranular contacts in all directions resulting in an increased overall resistance (Terzis and Laloui,
2018). In light of the obtained results, we postulate that the larger pore volume available in the MGS
favors the growth of larger contact bonds or the transition of inactive bonds, i.e., smaller nuclei, towards
becoming active bonds.

After exploring the inherent properties of microstructural features and the spatial distribution of
precipitated bonds among the various features, the next step is to investigate the change in
microstructural properties due to bond precipitation. Figure 9 presents the initial, �nal, and change in
contact area in both samples due to the precipitation of bonds.

It can be observed from Fig. 9 that the initial contact area of MGS is larger than FGS by a relatively small
margin due to the larger particle sizes in MGS sample. However, the increase in contact area due to
precipitation is much larger for MGS than FGS sample (1.75 times for MGS vs. 1.2 times for FGS) due to
the higher active bond volume precipitation for MGS (Fig. 8). A higher increase in contact area translates
to a higher overall strength of a sample.

Figure 10 presents the pore body, throat, and constriction blockage as well as the increase in geometrical
tortuosity in the samples due to calcite precipitation. The blockage of features is computed as the
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5. Analysis Results: Variation In Microstructural Properties With
Change In Sample Depths
Figure 11 presents the inherent density and number of microstructural features for MGS and FGS
subsamples placed at three vertical depths along the sample height (Fig. 3). Among the MGS
subsamples, the density is highest in MBot for a similar number of particles across all subsamples.
Hence, MBot has the highest number of contacts. However, the number of bodies and throats is highest
for the MMid subsample (Fig. 11). Among the FGS subsamples, density is highest for FMid, causing the
highest number of contacts, bodies, and throats in the FMid subsample. The above observation
demonstrates that the density and the initial number of contacts are correlated for both samples.

Figure 12 presents the inherent cumulative volume of precipitation sites for MGS and FGS samples.
Among the MGS subsamples, MBot has the highest initial contact area (Fig. 12) due to the highest

percentage decrease in feature sizes due to precipitation. A higher body, throat, and constriction blockage
is observed for FGS compared to MGS sample (mean values of 10, 5, and 12% for MGS vs. 30, 20, and
23% for FGS samples, respectively). In addition, a more signi�cant increase in geometrical tortuosity is
also observed in FGS than MGS sample (20% increase for FGS vs. 5% increase for MGS). These results
show that precipitation led to a minor increase in contact area but a larger pore body, throat, and
constriction blockage and a more signi�cant increase in geometrical tortuosity in FGS compared to MGS
sample.

5.1 Discussion
The above analysis shows that the average bulk mass of bonds is insu�cient to determine the
improvement level in a cemented sand sample. Similar amounts of treatment to FGS and MGS samples
(with similar initial peak and residual strength responses) led to a smaller increase in contact area but a
larger decrease in pore body, throat, and constriction sizes and consequently a higher increase in
geometrical tortuosity in �ne sands. On the contrary, precipitation caused a larger increase in contact area
with a smaller decrease in pore body, throat, and constriction sizes and a smaller increase in tortuosity for
medium sands. The reason behind the preferential precipitation patterns is not well-understood but can
be attributed to the inherent properties of the microstructural features. The authors postulate that the
larger pore body and throat volume available in the MGS favors the growth of larger contact bonds or the
transition of inactive bonds, towards becoming active bonds. Since the soil structure remains intact
throughout the in�ltration treatment, the initial packing and dry density of samples along with the initial
microstructural properties of features like volume, size, and orientation anisotropy have a considerable
effect on the formation of the �nal bond lattice. The spatial distribution of active bonds and their role in
increasing the overall contact area are vital factors translating to macroscopic strength. Changes in�icted
upon the pore space features due to precipitation, like decrease in pore feature sizes, blockage of
constrictions, and increase in tortuosity, have implications in the e�ciency of treatment and spatial
uniformity of properties in a sample.
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number of contacts and highest density (Fig. 11), whereas MMid has the highest body and throat
volumes due to the highest initial number of bodies and throats. On the other hand, among the FGS
subsamples, FMid has the highest cumulative volume of all precipitation sites (Fig. 12) due to the highest
initial number of individual site features (Fig. 11).

Figure 13 presents the properties and distribution of precipitation bonds in the medium and �ne sand
samples. MMid comprises the highest precipitation volume at contacts, bodies, and throats among the
MGS subsamples, despite the highest contact area available for MBot (Fig. 12). The reason can be
attributed to the uniform treatment with alternating top and bottom treatment cycles adopted by Terzis
and Laloui (2018) that led to more accumulation of precipitates at the center of the sample. Treatment
homogeneity can also be observed from the sizes of active bonds that are pretty uniform across the
sample height for MGS samples (Fig. 13). On the other hand, FGS subsamples show signs of non-
uniform treatment re�ected by the highest cementation at contacts in FBot despite the highest contact
area available in the FMid sample (Fig. 12). The non-uniformity can be attributed to the clogging of the
small pores at the bottom of the sample during the �rst treatment cycle in the bottom-up direction. The
uniformity of bond distribution in MGS could be a reason behind its better overall improvement in
strength and stiffness properties due to MICP treatment than the FGS sample.

Figure 13 also presents the initial and increase in contact area due to precipitation in MGS and FGS
samples. Even though the initial contact area is highest in MBot due to the highest initial density (Fig. 11),
the increase in the contact area is highest in MMid due to the highest amount of contact cementation in
the middle of the MGS sample (Fig. 13). Similarly, even though the initial contact area is highest in FMid
(Fig. 13) due to the highest initial density and number of contacts (Fig. 10), the increase in contact area
due to precipitation is highest in FBot due to the highest amount of contact cementation. Thus, the above
results prove that the effect of treatment is more dominant than the effect of inherent microstructural
properties in deciding the uniformity of improvement of macroscale properties within a sample.

Precipitation patterns at contacts in FGS samples are also re�ected in the body, throat, constriction
blockage, and the increase in tortuosity. The highest blockage and increase in tortuosity are observed in
FBot (Fig. 14) due to the highest contact precipitation (Fig. 13). For MGS subsamples, the blockage and
increase in tortuosity are relatively uniform across the sample height, re�ecting homogeneous
precipitation patterns.

6.1. Discussion
The above analysis shows that variations within a sample show different effects due to treatment in �ne
and medium sand samples. The effect due to inherent microstructural variations is overshadowed by the
effect due to treatment patterns in affecting the microstructural uniformity post precipitation. A uniform
treatment is observed among MGS subsamples re�ected by slightly higher contact, body, and throat
precipitation volume in the middle of the sample owing to the alternate top and bottom treatment cycles.
As a result, a relatively uniform blockage of the pore bodies, throats, and constrictions, and a uniform
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increase in tortuosity, is observed. A non-uniform treatment is observed in �ne sand samples re�ected by
the highest contact precipitation in the bottom, despite the largest contact area available in the middle of
the sample. As a result, non-uniform blockage and tortuosity patterns are observed across the �ne sand
sample.

6. Analysis Results: Variation In Microstructural Properties
Perpendicular To Flow Direction
In this section, results are presented as error bars depicting the variation in properties across horizontal
subsamples located at a speci�c sample height along the z-axis of the FGS sample (Fig. 4). Figure 15
presents the inherent properties of microstructural features for the subsamples de�ned in Table 3. A
slight variation in the number of particles and sample density is observed (mean value less than 0.5%
and 5% respectively) for the subsamples at the top, middle, and bottom of the sample (Fig. 15). The
mean variation in the initial number of bodies, throats, and contacts lies in the range 10–30%, 4–20%,
and 2–8%, respectively, whereas the mean variation in the initial contact area, body, and throat volumes
are in the range 5–25%, 2–15%, and 2–17% respectively. The �gure also demonstrates that the initial
number of contacts, body volume, and throat volume show the highest variation across subsamples in
the middle of the sample. Apart from that, there is no consistent trend in the variation of initial properties
at different heights of the FGS sample.

Figure 16 presents the variation in bond distribution at different sites within the �ne sand sample.
Compared to the top and bottom subsamples, there is less variation in the total bond volume, bond
volume at contacts, and pore bodies across middle of the sample. Higher uniformity in the middle of the
sample compared to the top and bottom can be attributed to the non-uniform �ow of the treatment
solution near injection surfaces (top and bottom), which becomes uniform towards the middle of the
sample. The higher uniformity in properties in the middle of the sample compared to the top and bottom
is also re�ected by minor variations in the contact area, body, throat, and constriction blockage towards
the middle of the sample post-precipitation (Fig. 17).

7.1. Discussion
The above analysis proves the existence of non-uniformity in the distribution of calcite bonds
perpendicular to the �ow direction, even at the scale of x-ray scans. The �ow of the treatment solution
becomes more uniform towards the middle of the sample than close to its origin at the top and bottom.
Hence, better treatment procedures are necessary to ensure a more uniform distribution of calcite bonds
and a homogeneous cemented sand lattice.

7. Summary And Conclusions
This study aims to gain a comprehensive understanding of the spatial and morphological heterogeneities
in the pore space architecture of MICP cemented sands in order to understand the evolution of the
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underlying mechanisms governing their macroscale responses. The major conclusions from the case
study presented in this work are summarized below:

The initial microstructure in terms of the pore space and contact properties is very important in
determining the spatial distribution of precipitation and the overall uniformity and strength of the
resultant cemented sand sample. For that reason, the average bulk mass of bonds is insu�cient to
determine the improvement in the macroscopic response of a cemented sand sample.

The change in properties across �ow direction is governed both by the treatment pattern as well as
the intrinsic properties of the material which are found to favour or hinder respectively the su�cient
growth of calcite nuclei towards becoming active bonds

Despite alternating bi-directional treatment, non-uniformity is observed perpendicular to the �ow path
of the treatment solution at the scale of X-ray scanning. More speci�cally, the �ow of treatment
solution becomes more uniform with respect to the tortuosity changes between each treatment cycle.
Therefore, better methods shall be employed to ensure a more homogeneous distribution of injected
treatment solution for precipitation.

An improved understanding of microstructural changes induced due to bio-cementation in sands will help
design more accurate DEM simulation models, where force-chain distributions and notions of contact
mechanics can be reviewed in light of the characterization of individual pore bodies, throats, and bonds
presented in this work.

8. Methods

8.1. Image Labelling
The cemented samples in the available dataset are imaged using X-Ray CT to generate three-dimensional
grayscale images, where the resolution of MGS and FGS images are 55 and 30 vpd, respectively. To
extract the microstructural properties of the two samples, a series of image analysis steps need to be
applied to label the different phases of the grayscale input structure (Fig. 18a). These include: a)
trinarization of the input image into particle, pore, and cementation phases (Fig. 18b); b) labeling of the
particle phase to identify individual particles (Fig. 18c); c) labeling of the pore phase to identify individual
pore phase features like pore bodies, pore throats, and constrictions (Fig. 18d); d) labeling of the contacts
to identify individual contacts (Fig. 18e); and e) labeling of the cementation phase to identify the
individual precipitated bonds (Fig. 18f). The term "feature" encompasses all inherent and external
elements of the sample microstructure that include pore bodies, throats, constrictions, contacts, particles,
and precipitated bonds. An example visualization result of the aforementioned image analysis steps is
demonstrated in Fig. 18.

The individual pore features, as mentioned in c) above, are extracted after the continuous pore space is
segmented into a network on interconnected pore bodies, throats, and constriction surfaces, as proposed
by Roy et al. (2021, 2022a, b) and displayed in Fig. 18d. The segmentation of pore space into narrow pore
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throats and bulky pore bodies is also demonstrated in Fig. 19a. Next, the individual contacts are extracted
from each pair of contacting particles by segmentation based on the ITK watershed and the Random
Walker methods (Wiebicke et al., 2020). Finally, the individual particles and bonds are extracted using the
ITK watershed approach (Stamati et al., 2020).

8.2. Extracting Individual and Collective Microstructural
Properties of Interest
After the input grayscale image is segmented into the individual particle, pore, contact, and bond labels,
individual and collective properties of interest must be extracted for analysis. The individual properties of
interest include the number, size, and volume of precipitated bonds and potential precipitation sites (pore
bodies, throats, or contacts) before and after precipitation to analyze the distribution of bonds among the
various sites. The size of a feature is de�ned as the radius of the sphere with the same volume as that of
the voxelized feature. Volume is computed by counting the number of voxels inside the corresponding
feature.

The collective properties of interest include sample density, geometrical tortuosity, and orientation
anisotropy of features. Sample density is the ratio of the volume of particles to the total volume of the
sample. Geometrical tortuosity (T) is de�ned based on the convolution of available pathways in a
microstructure. For a given direction, T is de�ned as:

1

where is the ith shortest path length in that direction; is the euclidean distance corresponding to the
ith shortest path (computed as the Euclidean distance between the end-points of the path); and n is the
total number of tortuous paths available in the given direction. Tortuosity is an important metric to
characterize the convoluted transport pathways through porous media. To compute T, all available
pathways in the microstructure are �rst identi�ed based on the connectivity between pore body and throat
centers. Subsequently, the shortest paths that can traverse the entire structure in a given direction are
identi�ed by implementing a shortest path search algorithm between all voxels on the entry and exit
surfaces. T computed for analyses in this study considers all tortuous paths present along the image's x,
y, and z directions. More details on determining tortuosity can be found in Cao et al. (2020).

Orientation anisotropy (a) of features is computed by �rst quantifying a second-order fabric tensor N and
computing its deviatoric part D as per Eqs. 2–4 (Kanatani et al., 1984).
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2

3

4

N c is the number of features, and ox is the orientation of the corresponding feature computed as the unit
vector along the longest axis or the eigenvector of the moment of inertia tensor corresponding to the
smallest eigenvalue. Hence, a higher value of a corresponds to a higher directional distribution of
features.

The precipitated bonds to be analyzed in this study are subdivided into active and inactive bonds, as
depicted in Fig. 19. A precipitated bond is referred to as active if it is located at a contact between two
particles (Fig. 19b) or inside a pore throat and shares boundaries with two or more particles (Fig. 19c).
Such bonds are considered active as they contribute to normal force transmission and shear resistance
development in the sample. On the other hand, a bond precipitated anywhere else in the pore space is
referred to as inactive, be it in a pore body or in a throat not bridging two or more particles (Fig. 19d).
Inactive bonds do not participate in dissipating forces, but are equally important to study as they alter the
pathways available for transportation of treatment solution for precipitation and hence affect the
e�ciency of the bio-cementation process.
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Figure 1

Analysis results of the medium and �ne-grained sand samples (Terzis and Laloui, 2018). (a) UCS, (b) E
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Figure 2

Flowchart outlining the analysis steps adopted in this study
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Figure 3

Subsamples extraction across the sample height for a vertical section of the sand samples. (a) MGS, (b)
FGS
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Figure 4

A vertical section of the FGS sample demonstrating the subsamples extracted perpendicular to the
treatment direction
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Figure 5

Inherent number of potential precipitation sites in MGS and FGS samples.
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Figure 6

Absolute and normalized inherent cumulative volume of precipitation sites in MGS and FGS samples.
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Figure 7

Absolute and normalized cumulative volume of bonds at contacts, in pore bodies, and in throats for MGS
and FGS samples.
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Figure 8

Properties of active bonds in MGS and FGS samples.
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Figure 9

Initial, Final and Change in contact area due to precipitation in MGS and FGS samples.
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Figure 10

Pore body, throat, and constriction blockage, and increase in geometrical tortuosity due to precipitation in
the MGS and FGS samples. 
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Figure 11

Inherent density and number of features in MGS and FGS subsamples at various depths. 
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Figure 12

Inherent absolute cumulative volume of precipitation sites in MGS and FGS subsamples at various
depths.
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Figure 13

Properties and distribution of bonds and contact area at different sites in MGS and FGS subsamples
across various depths.
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Figure 14

Change in microstructural properties due to precipitation in MGS and FGS subsamples at various depths.
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Figure 15

Variation in inherent properties of microstructural features perpendicular to �ow direction across FGS
subsamples.
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Figure 16

Variation in the bond distribution perpendicular to �ow direction across FGS subsamples.
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Figure 17

Variation in microstructural properties perpendicular to �ow direction after precipitation across FGS
subsamples.
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Figure 18

Example Visualization of the image analysis steps on an input grayscale structure (a) Input grayscale
image of a cemented specimen, (b) Ternary segmentation, (c) Particle phase segmentation, (d) Pore
space segmentation into pore bodies and throats, (e) Contact segmentation, (f) Cementation Bond
Segmentation
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Figure 19

Illustration of active and inactive bonds. (a) a schematic of particle, pore body, throat, and contact
arrangement (b) precipitation at particle-particle contact, (c) precipitation in throats bridging two or more
particles, (d) precipitation in pore bodies


