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Abstract

Traditional soil improvement techniques have negative impact in a world that is seeing
an extreme demographic growth, with consequent larger land use and need for
infrastructure. In recent years, the growing need to find alternative has led to the

development of new technologies in the fields of civil and environmental engineering.

Among these, Microbially Induced Calcite Precipitation (MICP), represents a technology
capable of improving the mechanical characteristics of soils of even fine granulometries,

conferring them a greater strength, with a lower environmental impact.

The technology is still in an experimental state and extensive research has been conducted
to fully understand the processes behind it, from the laboratory to the field scale.
Numerous unknowns related to understanding MICP at the microscale are still present
today. These are related to the challenges of the treatment homogeneity and calcium

carbonate deposition mechanism.

The present study focuses on the experimental investigation of the effects of pore-scale
heterogeneities on MICP treatment results. Previous works have studied the influence of

different grain sizes and porosities, or were limited to one-dimensional media.

This thesis aims to investigate the influence that the soil heterogeneity has on microscopic
and macroscopic outcomes. For this purpose, three granulometries of increasing grain
size distribution gradation (one uniform, one poorly-graded and one well-graded) were
tested with a two-phase injection of bacteria solution from top and cementation solution

from bottom.

The results were investigated by means of chemical monitoring of the effluents, calcite
content physical calculation and numerical analysis of its distribution along the treated
columns, correlating it to the changes in permeability and pore size, which are in turn a
function of the variability of the granulometries under study. The results were then

verified by means of qualitative scanning electron microscopy (SEM) observations.

Chemical monitoring revealed a reaction efficiency greater than 50% for all 11 days of
cementation solution injection, demonstrating decreasing but always present bacterial
activity. The calcite content estimates coming from the ions in solution concentrations
proved to be strongly consistent with the empirical measurements, suggesting that

chemical monitoring is a highly effective tool for a non-invasive reaction control and for
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the prediction of the result. The calcite content was estimated between 2.5% (in the well-
graded granulometry) and 5.3% (in the uniform granulometry) by means of the empirical

calculation, while the chemical monitoring reported values on average 20% higher.

The results clearly brought to light an increasing treatment inhomogeneity for increased
granulometry variability, highlighting the great influence of permeability variation on the
pathways followed by the reactants inside the solid matrix. The presence of preferential
or obligatory flow paths in the most heterogeneous granulometries was observed, in

which the flow slowdowns and filtering effects caused non-uniform CaCOj3 precipitation.

The SEM observations confirmed most of the results obtained numerically, starting from
the preferential distribution of the crystals on the beads of intermediate size, up to the
explanation of the limited decrease in permeability following the treatment. This outcome
obtained from the numerical analysis was explained by the absence of agglomerates

capable of occluding the pores.

Finally, a UCS test was performed on a sub-sample of uniform granulometry,
demonstrating an excellent improvement in mechanical properties. The specimen went
from zero strength prior to treatment to a UCS of approximately 250 kPa following bio-

cementation, reporting a failure mechanism of brittle type.

This study therefore provides a greater understanding of the interactions between soil
pore-scale heterogeneities and MICP, representing a starting point for the development
of new research that would allow to reach a full understanding of the process at the

microscale.

Keywords
microbially induced calcite precipitation, MICP, soil improvement, microstructure,
image processing, numerical analysis, microscopy, bonded geo-materials, glass beads,

strength, permeability, kinetics
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Riassunto

Le tecniche tradizionali di miglioramento del suolo hanno impatto negativo in un mondo
che sta vedendo un’estrema crescita demografica, con conseguente maggiore utilizzo del
suolo e bisogno di infrastrutture. Negli ultimi anni, la necessita crescente di trovare
alternative ha portato allo sviluppo di nuove tecnologie nei campi dell’ingegneria civile

e ambientale.

Tra queste, la Microbially Induced Calcite Precipitation (MICP), rappresenta una tecnica
in grado di migliorare le caratteristiche meccaniche dei terreni di granulometrie anche

fini, conferendo una buona resistenza a fronte di un minore impatto ambientale.

La tecnologia si trova ancora allo stato sperimentale, e numerose ricerche sono state
condotte per comprendere appieno i processi alla sua base, dalla scala di laboratorio a
quella reale. Diverse incognite legate alla comprensione delI'MICP alla micro-scala sono
ancora presenti al giorno d'oggi. Queste sono legate al problema dell'omogeneita della

cementazione e ai meccanismi di deposizione dei cristalli di carbonato di calcio.

Il presente studio si pone come ricerca sperimentale sugli effetti delle eterogeneita a
livello dei pori sui risultati del trattamento di MICP. Precedenti lavori hanno investigato
l'influenza di differenti dimensioni dei grani e porosita del terreno, o si sono limitati a

indagini unidimensionali.

Questa tesi si pone l'obiettivo di approfondire l'influenza che le eterogeneita dei suoli
hanno sui risultati micro e macroscopici. A questo scopo, tre granulometrie di diversa
gradazione in distribuzione granulometrica (una uniforme, una poco gradata e una ben
gradata) sono state testate con un iniezione in due fasi: una soluzione batterica

dall’estremita superiore delle colonne e una soluzione cementizia da quella inferiore.

I risultati sono stati investigati per mezzo di monitoraggio chimico degli effluenti, calcolo
empirico del contenuto di calcite e analisi numerica della sua distribuzione lungo le
colonne trattate, correlandola ai cambiamenti di permeabilita e di dimensione dei pori, i
quali sono a loro volta risultati funzione della variabilita delle granulometrie in studio. I
risultati cosi ottenuti sono stati comparati con osservazioni qualitative al microscopio

elettronico.

I monitoraggi chimici hanno rivelato un'efficienza di reazione maggiore del 50% per tutti

gli 11 giorni di iniezione della soluzione cementizia, dimostrando un'attivita batterica in
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diminuzione ma sempre presente. Le stime del contenuto di calcite provenienti dalle
concentrazioni degli ioni in soluzione si sono rivelate fortemente coerenti con le misure
empiriche, facendo del monitoraggio chimico uno strumento di grande efficacia per un
controllo non invasivo della reazione e una previsione del risultato. Il contenuto di calcite
si & stimato tra il 2.5 % della granulometria ben gradata e il 5.3% di quella uniforme per
mezzo del calcolo empirico, mentre il monitoraggio chimico riportava valori piu elevati

in media del 20%.

I risultati hanno portato alla luce una chiara disomogeneita del trattamento crescente per
variabilita della granulometria crescente, evidenziando la grande influenza della
variazione di permeabilita nei confronti dei percorsi seguiti dai reagenti all'interno della
matrice solida. Si ¢ osservato l'instaurarsi di percorsi preferenziali o obbligati nelle
granulometrie piu eterogenee, in cui i rallentamenti nel flusso ed effetti di filtraggio

causavano la precipitazione disomogenea del CaCOs.

Le osservazioni SEM hanno fornito la possibilita di confermare gran parte dei risultati
ottenuti numericamente, a cominciare dalla distribuzione preferenziale dei cristalli sulle
sfere di dimensioni intermedie, fino alla spiegazione della limitata diminuzione di
permeabilita in seguito al trattamento. Questo risultato, ottenuto per mezzo dell’analisi

numerica, ¢ stato spiegato dall’assenza di agglomerati in grado di occludere 1 pori.

Infine, una prova UCS ¢ stata eseguita su un provino di granulometria uniforme,
dimostrando un ottimo miglioramento delle proprieta meccaniche. Il provino ¢ passato da
una resistenza nulla prima del trattamento a un UCS di circa 250 kPa a seguito della bio-

cementazione, mostrando un meccanismo di rottura di tipo fragile.

Questo studio fornisce dunque una maggiore comprensione delle interazioni tra
eterogeneita alla scala dei pori e I'MICP, ponendosi come punto di partenza per lo
sviluppo di nuove ricerche che permettano di raggiungere una piena comprensione del

processo alla micro-scala.

Parole chiave
precipitazione di calcite indotta microbiologicamente, miglioramento del suolo,
microstruttura, elaborazione delle immagini, analisi numerica, microscopia, geo-materiali

cementati, perline di vetro, resistenza, permeabilita, cinetica
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Introduction

1. Introduction

World population is expected to increase from 7 billion today to over 9 billion in 2050
(“OECD Environmental Outlook to 2050, 2012). This continued growth will inevitably
lead to greater energy and water demand, as well as larger consumption of raw materials

and land use, negatively affecting the ongoing climate crisis.

One of the sectors that will inevitably follow the population growth is that of civil
engineering, and consequently the production of cement. This latter is a widely used

material in construction processes, including ground improvement.

The procedures related to the production of cement alone are responsible for around 8%
of global CO2 emissions (Proafio et al., 2020) and, by the year 2050, world cement
production is expected to increase between 12% and 23%, considering the rate of

population growth and urbanization (“Cement Sustainability Initiative,” 2018).

According to the IEA Reference Technology Scenario (RTS) estimates, this would lead
to an increase in CO; emissions from the cement industry equal to 4% (“Cement

technology roadmap plots path to cutting CO2 emissions 24% by 2050 - News,” 2018).

In order to meet one of the requirements imposed by the Paris Agreement, that is to
guarantee a temperature increase below 2 °C, it is necessary to intervene in the sectors
most influential on the climate crisis, starting from the cement industry and the civil
engineering in general. New proposals have already been developed for improving the

cement production technology and carbon sequestration (Proaio et al., 2020).

Referring in particular to soil improvement, various technologies, alternative to Portland
cement treatment, have been developed, starting from the injection of acrylic or
polyurethane resins and silicates (Karol, 2003) inside the ground voids to bind the solid

grains.

However, these are still materials whose production and use are expensive and which

(with the exception of silicates (Karol, 2003)) have a great impact on the environment.

An alternative that has begun to be studied in recent years is the use of biological
processes to mediate the soil improvement. This technology combines notions of
microbiology, geochemistry, and civil engineering, to create a natural binding material,

the production of which has much less impact on the environment.
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1.1. Principles of Bio-geotechnical engineering
By bio-geotechnical engineering we mean all the technologies used for modifying the
geotechnical properties of a soil, implemented by means of chemical reactions and

mediated by biological activity.

The usefulness of these chemical processes are their by-products, which have the ability
to improve the soil engineering properties. These are reactions that occur naturally in
nature. The purpose of biological mediation is to make them economically exploitable in
the soil improvement, by controlling their timing, rate and spatial distribution. Some of
these by-products comprehend inorganic precipitation, organic precipitation and gas

generation (Figure 1.1).

As for inorganic precipitations, when mediated by biological activity, it can be defined as

bio-mineralization. One of the most studied and used outcomes of this process is calcite.

Biological mediation
(Timing, rate, distribution) Potential

change
Permeability 1 10°x

Stiffnes T 10%

Chemical N —y|Mechanical || oo ecsibiity L 10%x
reaction properties

_ Shear strength T 10%

Volumetric response | to T

- J/Up-scaling
Inorganic precipitation ——— BIOMINERALIZATION
& Field

application
Organic precipitation %@ BIOFILMS PP

Gas generaton ——— @ BIOGAS

Figure 1.1 - Overview of bio-mediated soil improvement systems. Adapted from DeJong et al. (2010)

A bio-mediated soil improvement technology that makes use of calcite as a by-product is
the microbially-induced calcite precipitation (MICP), in which the activity of some
bacterial species is exploited to create a CaCOj; over-saturated environment and induce

its precipitation (Stocks-Fischer et al., 1999).
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Although there are in turn many techniques to induce this process, one of the most studied
and applied is certainly the urea hydrolysis, or ureolysis. It provides for the exploitation

of biological activity to increase the pH, in order to create the over-saturated environment.

The process, normally taking place in nature, is mediated and catalysed (accelerating it
by a factor 10'* (Terzis and Laloui, 2019)) by the urease enzyme, excreted by some
bacteria. Among these, the most commonly used, given the high activity of its urease

enzyme, are the bacteria of the genus Sporosarcina Pasteurii.

The enzyme decomposes urea into ammonia and CO», which in water are converted into
ammonium and carbonic acid, bicarbonate or carbonate ions, depending on the pH. In the
presence of a source of calcium ions, Ca*" joins COs and precipitates in the form of
calcium carbonate crystals. The increase in pH causing the over-saturation of the
environment is due to the production of ammonium which generates hydroxyl ions. The
main ingredients for the treatment are therefore a bacterial solution, a source of calcium

ions and urea.

The precipitated calcite crystals form bridges between the soil grains, creating strong
bonds that cement the solid matrix, resulting in the bio-mediated soil improvement

(DelJong et al., 2010, 20006).

Although the technique presents some weaknesses, including the production of hazardous
by-products such as ammonium, the studies related to this technology are multiple and
promising. The convenience is linked to the lower impact on the environment compared
to traditional technologies, combined with the possibility of treating fine soils, given the

low viscosity of the employed reactants.

The improvement of the engineering properties of the soils by means of MICP is mainly
linked to the increase in strength (Cheng et al., 2013; Cui et al., 2017; Gao et al., 2019;
Konstantinou et al., 2021a; Mahawish et al., 2018; Mortensen and DeJong, 2012; Mujah
et al., 2019; Qabany and Soga, 2013; Terzis et al., 2016; Terzis, 2017; Terzis and Laloui,
2019; Van Paassen, 2009; Xiao et al., 2021), maintaining adequate permeability (Qabany
and Soga, 2013; Whiffin et al., 2007) and efficiently monitoring the process. The main
geotechnical applications include soil stabilization (DeJong et al., 2010), erosion
prevention (Anbu et al., 2016), slope stabilization (Cheng, 2012), liquefaction prevention
(Dejong et al., 2013), clogging (Ivanov and Chu, 2008) and hydraulic control (Qabany
and Soga, 2013).
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1.2 A multi-scale problem
One of the most important challenges towards the consolidation and affirmation of the
MICP technique is the upscaling to real applications. Among the limits currently imposed
by the technology: the production and storage of the bacterial solution, the treatment
homogeneity, the biological process randomness, the lack of a standard design technique

to get the desired result, the production of dangerous by-products.

Most of the studies related to bio-mediated soil improvement are therefore carried out at
the laboratory scale, which can even approach the treatment of considerable volumes
(Martinez and DeJong, 2012; Van Paassen et al., 2010; Whiffin et al., 2007). However,

studies relating to field applications remain rare (Gomez et al., 2015).

One of the domains in which the research still needs expansion is the study of the
physical-biological mechanism at the microscale, and in particular the cultivation, growth
and behavior of bacteria, and their interaction with the solid matrix, as regards the
biological part and the formation, growth, morphology, spatial distribution and

mechanical properties of CaCOs crystals for the physical context.

Further insights are then needed in themes ranging from the monitoring of the chemical
reactions, to the geophysical analysis for the evaluation of the mechanical improvement,
to the numerical modelling for the prediction of the treatment results and to the
mechanical tests for the understanding of the strength improvement mechanism as a

function of treatment strategy and boundary conditions.

All these investigations, already widely developed at the laboratory scale, need then to be
transferred to the field scale, where treatment homogeneity, process efficiency and
increase in strength are the most important results to be obtained and the most important

subjects to be investigated.

For the moment, however, it remains important to proceed with the two scales in parallel,
as many variables have not yet been clarified, and reaching a full understanding of the
MICP effects and of the chemical-physical-biological process is imperative to definitively
transfer this technology at the field scale, where there is a strong need for innovation in

standard soil improvement techniques.
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1.3. Research objectives

This work follows the need to deepen the study of biological, chemical and physical
processes at the microscale. To do this, an experimental research on the effects of MICP

technology at the pore scale was conducted.

To evaluate the response of the treatment to the microscopic heterogeneities of the soil,
three different granulometries of increasing heterogeneity and grain/pore size distribution
variability, were artificially created. To do this, acid-washed glass beads were used
instead of soil, in order to avoid the effects of preferential precipitation due to grains

shape and material variability.

As regards the shape, it influences the total surface energy, which plays a role in the
CaCO:s; crystals nucleation (Stack, 2015). The material of which the soil particles are made
has also resulted to cause calcite crystals preferential precipitation: Oliveira et al. (2017),
for example, reported a detrimental effect of the MICP on organic soils, while Mortensen
et al. (2011) highlighted how different minerals can lead to more favourable nucleation
sites, directly influencing the thermodynamics of the precipitation and dissolution

reactions.

Once the soil material to be used in the study was decided, in order to bring to light the
effects of the pore scale heterogeneity, the glass beads were dosed in different percentages
of variable size from 1180 um to less than 106 um, obtaining two granulometries: one
poorly graded and one well graded. To these was added a uniform granulometry, whose

grain size distribution fell within the range of 212-300 pum.

These three mediums were the basis of the investigations. In previous studies (Mortensen
et al., 2011) the soil particle size had already been identified to influence calcium
carbonate precipitation, with well graded and coarser sands having a higher rate of

precipitation than finer and poorly graded soils.

Rebata-Landa (2007) also investigated the MICP efficiency using different soils with
varying grain sizes and porosities. In very fine soils, the bacterial activity was limited by
the space available in the small pores, resulting in low calcium carbonate concentration.
In coarse soils, a low cementation was found, attributed to the formation of a thin
distributed layer of calcium carbonate, which was not sufficient to increase the strength

of the specimens.
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In this study, greater precipitation was found in soils with higher uniformity, while less
cementation was confirmed in portions of soil with great fines content. The grain size
distribution variability, on the other hand, was found to have an effect mostly on the

crystals distribution within the solid skeleton.

As for the porosity in absolute terms, the greater the volume of the voids, the greater the
cementation. The areas characterized by very small pores showed cementation only when
the flow was channelled towards them, with the forced passage of the reactants therein.
In these portions the precipitation was exclusively found at the contact points, while,
where the porosity was greater, a uniform layer of small crystals was observed, similarly

to what Rebata-Landa (2007) highlighted.

According to Konstantinou et al. (2021a), the MICP treatment effectiveness and the
resulting mechanical properties were significantly influenced by the matrix pore size
distribution, which is dependent on the GSD. The same injection strategy resulted in
different levels of calcium carbonate concentration due to variations in chemical
efficiency. Furthermore, even at similar concentrations, the properties of the cemented

material varied for the different PSDs.

In this work, the efficiency was found to vary with the GSD, albeit in an unclear manner.
At the end of the treatment, the amount of CaCOjs crystals revealed to be a function of the

granulometry, and in particular of its porosity.

Furthermore, the matrix heterogeneities have an effect on the calcite distribution
homogeneity within the solid matrix. Coarser or less dense soils (less variable in grain
size) are characterized by higher flow rates and therefore more uniform cementation
(Konstantinou et al., 2021a). This study investigates these effects also at the pore-scale,
revealing how local alterations in the flow can lead to increased preferential deposition

of CaCOs and to more or less uniform results.

Another aspect that the soil samples employed in this study allowed to investigate is the
effect of the particle contacts number on the calcium carbonate precipitation. Some works
have in fact highlighted the preferential CaCOs3 deposition at the grains contact points
(DeJong et al., 2010; Gao et al., 2019; Mitchell and Santamarina, 2005), a trend that was
confirmed by this study. The greater the variability of the grain size distribution, the more
numerous are the particle-particle contacts (Mortensen et al., 2011), and this effect is

evident in the analyses of our granulometries.
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Finally, the ability for MICP to be effective is dependent on the permeability of the soil
being sufficient to allow injected chemicals to flow towards the bacteria sites (Mitchell
and Santamarina, 2005). In this study, the variations in permeability due to the samples’
heterogeneity, were analysed numerically and led to observe their influence both on the

quantity and on the distribution of the CaCOs crystals.

The observation of the effects that the pore-scale heterogeneities have on the bio-
cementation behaviour was based on an experimental analysis which followed all the
MICP treatment steps, from the biological part to the chemical and physical investigation,

up to the mechanical study.

The work began with the cultivation of bacteria and the analysis of their ureolytic activity,
and then moved on to the preparation of the cementation solution, to be used together

with the bacterial one in the treatment of samples.

The following step was the injection of the two solutions with a two-phase technique. The
treatment was accompanied by chemical monitoring, which allowed to quite accurately
predict the efficiency and extent of the reaction. The quantity of calcium carbonate
actually precipitated was verified empirically, observing its peculiar distribution along
the vertical direction. These analyses allowed to evaluate the influence of the

granulometry variability on the MICP treatment, at the specimen scale.

To go down to the pore scale, numerical analysis was employed, by means of XRCT
image investigation. It allowed for the study of porosity, permeability and calcite content

to be caried out with precision, providing useful results, in a mostly qualitative way.

The outcomes obtained from the numerical, chemical and physical investigations were
effectively integrated by the observation of scanning electron microscope images, which
consented to qualitatively evaluate the morphological characteristics of grains and

crystals, and their spatial distribution.

To conclude, a brief study on the mechanical properties acquired following the MICP
treatment was performed on a specimen of uniform granulometry. The analysis was
carried out by means of a micro-UCS test, accompanied by the observation of the load

response, via XRCT images.
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1.4. Structure of the thesis

Following this introduction, Chapter 2 represents a brief collection of basic knowledge
related to the technology of the MICP. It is an overview on the bio-cementation world,
which highlights its limitations and advantages, by means of the presentation of the most
important results existing so far in the literature. These latter mostly refer to laboratory-

scale studies and are intended to concisely present the scientific basis behind MICP.

A more in-depth focus is devoted to the treatment techniques and to the reaction
monitoring and uniformity. Finally, some of the most common results regarding the
improvement of the engineering properties of the soil, and in particular the strength and

permeability, are synthesized.

By means of this theoretical background of the most recent studies, the reader will be able
to better understand the purpose of this work, and the analysis method followed in

processing the results.

Subsequently, Chapter 3 contains the explanation of the materials and methods used in
the study. How the samples were prepared and how the treatment took place, is there
presented. The main procedures followed in monitoring the processes and the chemical
properties, together with the methods for evaluating the final result, in terms of calcite

content, are here reported.

This is followed by an explanation of the utilised numerical techniques and the software
used to process the XRCT images, the presentation of the materials used for the micro-

UCS test and the SEM analyses.

Chapter 4 represents a brief reflection on the setup employed as basis for the MICP

treatment, necessary for a better understanding of the results.

The thesis investigational part is divided between chapters 5 and 6. The former contains
the actual experimental part, showing the results of the chemical analyses of pH, electrical
conductivity, ammonium, calcium and TIC. These were caried out in order to monitor the
treatment and to make a prediction of the results, while accomplishing a first evaluation

on the effect of the different granulometries.

The chemical analysis is followed by the measurement of the calcite content, in which,

through the acid digestion technique, the mass of CaCOs contained in the different
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portions of the column is empirically measured, and correlated with the pore-scale

characteristics of the bio-cemented samples.

The results obtained up to this point are immediately verified by means of electron
microscope investigations, which have provided an interesting practical inspection at the
pore-scale. Chapter 5 concludes with the discussion of the mechanical results deriving

from the micro-UCS test, carried out on a single sample.

Chapter 6 contains the most important part of the treatment results analysis, which is
carried out by means of numerical computation applied to XRCT images. In this context,
grain size distribution, porosity, calcite content and permeability have been thoroughly

investigated, both at the scale of the column and at that of the pore.

The investigations were achieved by means of the Avizo numerical analysis software,
which provided an excellent tool for validating or refuting the experimentally obtained
results. The last part of this chapter is dedicated to the observation of the sample
deformation response to loading, during the micro-UCS test. The discussion deepens into
the failure mode, by means of the analysis of XRCT images deriving from different

loading phases.

Chapter 7 1s dedicated to the final discussion of the results, deduced from the two parts
of experimental and numerical investigation. Here we try to summarize the main
outcomes obtained from the analysis on the effects that the pore-scale heterogeneities
have on the MICP treatment. In addition to this, we bring to light the major problems

encountered in the study and the main advantages of the different techniques employed.
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2. MICP literature review

The aim of this chapter is to present the state of the art of the MICP technique, through a
brief review of the major studies conducted so far, in order to clarify the process of bio-

mediated soil improvement, of which this thesis specifically investigates the pore scale.

2.1. Introduction
To address the need for alternative solutions to common engineering practices, methods
less impacting on the environment are evolving today, some of which exploit living
organisms, such as bacteria. Among others, applications range from agriculture and crop
protection (Amarger, 2002) to wastewater treatment (Hammes et al., 2003) and
biodegradation of organic pollutants (Bajaj and Singh, 2015; Castillo-Carvajal et al.,
2014; Van Hamme, 2004), but also concrete reinforcement (Kim et al., 2013) or repair
(Van Tittelboom et al., 2010), and selective plugging of microbial enhanced oil recovery

(Gao and Zekri, 2011; Lazar et al., 2007).

One of the most promising applications is the bio-mediated soil improvement through
bio-mineralization, which has been considered as an inventive and new approach in
geotechnical engineering, able to improve the mechanical characteristics of the medium.
The main results are an increase in strength (DeJong et al., 2010; Qabany and Soga, 2013;
Venda Oliveira et al., 2015; Whiffin et al., 2007) and stiffness (Mortensen et al., 2011;
Van Paassen et al., 2010; Venda Oliveira et al., 2015; Whiffin et al., 2007), a decrease in
porosity (Whiffin et al., 2007) and in some cases in permeability (Chou et al., 2011; Cui
et al., 2017; Dadda et al., 2017; Nemati and Voordouw, 2003; Qabany and Soga, 2013),
an improvement of the load bearing capacity (DeJong et al., 2010; Van Paassen, 2009;
Whiffin et al., 2007).

In our case, bio-mineralization concerns the precipitation of calcium carbonate (CaCO3)
which, contrary to traditional materials used in soil stabilization, such as micro-cement
or synthetic resins, represents a natural mineral, abundant in geologies. If we consider
that almost all chemical grouting techniques, except sodium silicate, are toxic or harmful,
this technique is definitely a valid environmental-friendly alternative. Last but not least,
colloidal silicates are susceptible to wetting and drying cycles, a risk which does not

impact bio-cemented soils.
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2.2, Bio-mediated soil improvement system
Bio-mediated soil improvement is a technology whose fundamental concept is the bio-
mineralization of calcium carbonate, through the catalysis of ureolytic bacteria: the
mechanism underlying this process and the microorganisms involved in it are briefly

described in the next two sub-chapters.

2.2.1. Biomineralization
Biomineralization is the process by which living forms influence the precipitation of
mineral materials (Skinner and Jahren, 2003). The latter can then be integrated as a part
of the organism itself, forming bones or tissues, or can nucleate and grow around the
microbe which mediates their precipitation: in this case, we speak of bio-mediated

mineralization, which is the mechanism of our interest.

The main application is the bio-mineralization of calcium carbonate, which is

characterized by two main steps: nucleation and growth (Fauriel, 2012).

The nucleation starts upon reaching of a certain degree of supersaturation with respect to
calcium and carbonate ions (DelJong et al., 2010), following which, the spontaneous
growth of a certain number of metastable nuclei starts. We can furthermore distinguish
between homogeneous nucleation and heterogeneous nucleation The former applies when
the solution is pure and consisting of mineral constituents only, and the latter when
foreign nuclei (bacteria, dust, existing calcite clusters, etc.) are present in solution,

lowering the energy necessary for the nucleation, which takes place on their surface.

Once seed nucleation occurs, additional ions in solution are continuously adsorbed by the
previously precipitated nuclei, increasing the size of the CaCOs crystals (Mujah et al.,
2019), until the decreasing supply of ions hinders further growth and reaction reaches its

equilibrium.

The mineralization is enormously accelerated by the activity of some bacteria, which can

catalyse the reaction described in chapter 2.3.1.

2.2.2. Microbes in soils
Soil contains a higher quantity of microbes than any other terrestrial habitats, as they have
favourable characteristics towards the proliferation of microorganisms, given their high
content of nutrients and retained water. It is estimated there are between 10° to 102

organisms per kilogram of mass in areas close to the Earth's surface (Mitchell and
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Santamarina, 2005). These are both prokaryotes, such as bacteria and archaea, and
eukaryotes, such as algae, fungi and protozoa. In particular, the most widespread species
is that of bacteria, which can survive in various environmental conditions, withstanding
variations in acidity and salinity, but also significant temperature and barometric

excursions.

An important bacteria characteristic is their dimension: an average cell measures between
0.5 and 1 pum in diameter and 2-5 pum in length (Srivastava, 2003) and this allows these
microorganisms to move freely in the pore space of soils from coarse to fine grained
(DeJong et al., 2010, 2006). But, as reported by Mitchell and Santamarina, (2005), a
primary restriction on microbial transport is the size of the pore throats within the soil
matrix through which the microbes must pass as they move from one pore space to
another. The size of these throats is dependent on the smaller fraction of particles in soil.
Soil treatment through bio-mineralization could therefore be extended to sandy-silty soils

(DeJong et al., 2010; Zamani and Montoya, 2018), as reported in Figure 2.1.
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but may be entrapped during formation and easy nutrient transport

Figure 2.1 - Microbes - Grain size relationship (modified after Mitchell and Santamarina, 2005). The green
and yellow areas indicate respectively the biomineralization application range and its possible extension

The microorganisms involved in the bio-mineralization process are those that possess the
ability to produce the urease enzyme, among others, genera Bacillus, Sporosarcina,

Spoloactobacilus, Clostridium and Desulfotomaculum (Kucharski et al., 2006).

However, some of these microbes are negatively influenced by the presence of
ammonium, which limits their urease activity. Such examples are Klebsiella aerogenes,
Bacillus megaterium, Alcaligenes eutrophus, and Pseudomonas aeruginosa (Kaltwasser
et al., 1972; Friedrich and Magasanik, 1977). But others, like Sporosarcina or Proteus
vulgaris are not affected by the presence of NH4" (Mortensen et al., 2011; Whiffin, 2004)

and can be effectively used for the bio-mediated soil improvement, whose process
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produces considerable quantities of this ion (DeJong et al., 2010; Mortensen et al., 2011;

Whiffin, 2004).

Among the species able to produce the urease enzyme and withstand the presence of
ammonium, the genus Sporosarcina Pasteurii (Yoon et al., 2001) is nowadays considered
as the most efficient, as it is found to yield the highest urea hydrolysis rates and due to its
wall electronegativity which enhances attachment on soil grains (Terzis and Laloui,
2019). Other genera of the same family have been studied, such as Sporosarcina
newyorkensis and Sporosarcina aquamarina, which also offer possibilities of use (Clara

Saracho et al., 2020b; Yoon et al., 2001).

2.3. Microbially Induced Calcite Precipitation (MICP)

We can now move on to describe in more detail the Microbial Induced Calcite-
Precipitation (MICP): namely the process that leads to soil bio-cementation through the
precipitation of calcium carbonate inside the soil matrix, mediated by specific
microorganisms (in our case we will always refer to the activity of the most commonly

used species, i.e., Sporosarcina Pasteurii).

While in traditionally used injection processes by permeation, cement is used as a binding
element, bio-cementation exploits the cementitious action provided by the CaCOs crystals

precipitated on the soil grains.

2.3.1. Process description
The treatment is based on the precipitation of calcite caused by ametabolic process
(ureolysis) in which biological activity is used to raise the pH of the environment in order
to create supersaturated carbonate conditions. Three main elements are involved in the
mechanism of CaCOs crystals formation: (i) urea, CO(NHz)2, and its breakdown to form
COs%, through a reaction commonly referred to as ureolysis, catalysed by (ii) the urease
enzyme, which accelerated the process up to a factor of 10'* (Terzis and Laloui, 2019),

compared to non-catalysed reaction, and (iii) a calcium ions source, Ca*".

Ureolysis

MICP is driven by the process of urea hydrolysis (or ureolysis), which naturally occurs
in the environment, but is efficiently exploitable only thanks to the catalysis of the urease
enzyme. This chemical reaction indirectly conducts to bio-mineralization by generating
favourable conditions, which lead to the precipitation of calcium carbonate, as described

in the following equations (Hammes and Verstraete*, 2002):
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CO(NH,) + H,0 —— "™ ONH} +COZ~ [pH 1] @.1)
Hydrolysis of urea is an irreversible reaction in which urea reacts with water to form
ammonium and carbonate (2.1). At neutral pH, bicarbonate (HCO3") is the dominant
carbonate species rather than carbonate (CO3%"), causing a rise in pH to maintain charge
balance. As a result of the increasing pH, ammonium (NH*") starts to dissociate to
ammonia (NH3) until equilibrium is reached between NH4"/NH3 and HCO5/CO3* at a
pH of about 9.25 (Van Paassen, 2009). The new basic environment creates a
supersaturated condition which leads to the precipitation of CaCOs. Stocks-Fischer et al.
(1999) determined that precipitation begins at a pH level of 8.3 and occurs at an increasing
rate up to a pH value of 9.0. Under these conditions and upon introduction of a calcium
source into the system — usually derived from a calcium chloride solution, (2.2) — the
carbonate ion reacts spontaneously with Ca?" and thus calcium carbonate is produced,

following the reaction given in (2.3) (Chou et al., 2011).
CaCl, —» Ca®*(aq) + Cl; (aq) (2.2)

Ca%*(aq) + C0% (aq) - CaCO5(s) I (2.3)

To produce 1 M of CaCO3, 1 M of CaCl and 1 M of urea are required. The remaining
chloride and ammonium ions lead to the formation of ammonium chloride (NH4Cl) by
the reaction in (2.4), inducing a decrease in pH. (Mortensen et al., 2011; Oliveira et al.,

2017).

2CI1%(aq) + 2NH} (aq) » NH,Cl(aq) [pH !] (2.4)

The rate of ureolysis is defined as the rate of decrease in the concentration of urea with
respect to time. It is an important measure to understand the state of our reaction and to
have an indication of the activity of the bacteria. It also gives an idea of the possible

amount of CaCO3 precipitated.

Measurement and monitoring of the ureolysis rate are important elements of the MICP

process. The most common techniques used for this purpose are described in chapter 2.5.4

The urease activity and the MICP process inside the soil matrix, are influenced by several
factors such as initial concentration of urea, bacterial density, calcium ions concentration,
temperature, pH, oxygen concentration and pore space (Mortensen et al., 2011; Stocks-

Fischer et al., 1999; Van Paassen, 2009; Wang, 2019).
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In particular:

Urea concentration positively influences urease as found by Van Paassen, 2009
and Whiffin, 2004. Furthermore, Lauchnor et al. (2015), found that the ureolysis
rate increased as the concentration of urea increased up to 423 mM, beyond which
the ureolysis rate stayed approximately constant.

A high bacterial density is correlated to an increased hydrolysis rate (Lauchnor et
al., 2015; Martinez et al., 2013).

Calcium concentration was found to have discordant effects in different studies.
Van Paassen (2009), found that increasing the calcium concentration up to 1.5 M
resulted in a decrease in ureolytic activity to a point at which ureolysis was almost
completely inhibited, while Whiffin (2004), found that the rate of ureolysis was not
affected by a calcium concentration up to 50 mM.

Temperature certainly plays a role in the metabolism of bacteria and therefore in
the ureolysis rate. Many studies have observed a correlation between temperature
and urease activity (Van Paassen, 2009; Wang et al., 2019; Whiffin, 2004). In
particular, (Whiffin, 2004), found that the ureolytic activity was stable between
15 and 25°C and exhibited a linear increase between 25 and 60°C, reaching an
optimum at 70°C, above which the urease activity quickly decreased. Wang et al.,
2019 observed instead that urease activity was almost inhibited for temperatures

below 10°C and reached its peak around 33°C (Figure 2.2).
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Figure 2.2 - Evolution of urease activity for Sporosarcina Pasteurii with varied temperature (modified

after Xiao et al., 2021)
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e pH was found to influence the urease activity, which reached the optimum at pH
between 7 and 8 and decreased with decreasing and increasing pH beyond this range
(Whiffin, 2004).

e Oxygen concentration can have an influence on bacteria growth. Mortensen et al.
(2011), showed that anoxic environments didn’t hinder the ureolysis rate.
Similarly, Whiffin (2004) found that low oxygen supply limited the growth of
Sporosarcina Pasteurii but did not reduce the level of specific urease activity but,
nevertheless, extended periods of oxygen limitation resulted in a reduction of in
ureolysis rate.

e The pore space reduction has a negative influence on ureolysis rate. When crystals
fill up the pores, they reduce the porosity, and can hinder the liquid flow, creating
stagnant areas within the pore network or zone of preferential flow. Furthermore,
if a constant flow rate is applied this reduction in porosity leads to an increase in
the average flow velocity and to a reduction of the residence time of the substrates
within the soil volume, therefore decreasing the urease activity per soil volume

(Van Paassen, 2009).

24, Bio-improved soils microstructure

The calcium carbonate that precipitates during the MICP process offers the binding agent
to induce soil bio-cementation. The principal bond growth mechanism has been identified
by Terzis and Laloui (2018) as the deposition of precipitated nuclei. Crystals tend to
precipitate by nucleation and settle in different parts of the solid matrix where they
subsequently grow, forming larger agglomerates. The sites in which a greater formation
of crystals, and therefore of bonds, has been observed are the particle-particle contact
points (DeJong et al., 2010; Gao et al., 2019). As explained by DeJong et al. (2010), this
could be due to two causes: one biological and one physical. Bacteria generally prefer to
settle in areas of the solid matrix not excessively exposed to the advective flux, and
therefore position themselves in smaller surface features, as are the points of contact
between the grains, where they find shelter and a greater availability of nutrients. Since
calcium carbonate preferably precipitates on bacterial cells (Cui et al., 2017), the greatest
concentration will occur precisely at the particle to particle contacts. In addition to this
biological cause, DeJong et al. (2010) also bring into light a physical motivation due to a
filtering process, for which the crystals that precipitate in areas other than the contact

points but subsequently resuspend in the flow, tend to be transported and re-deposited
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precisely at the contact point between the grains, which act as sieves for the suspended
solid part. This preferential deposition is not always that obvious: for example, Cui et al.
(2017) and Dadda et al. (2017) observed in their studies that for low calcite content, the
crystals were generally sparsely adsorbed on the grains surface, and particle-particle

crystals were not considerable.

It is important to make the distinction in the calcite deposition zone, since it is decisive
in the mechanical properties acquired by the treated soil. The calcium carbonate crystals
that are deposited at the particle-particle contacts and form effective bonds between the
grains in the form of solid calcite bridges, contribute to the so-called effective calcite
content, which is considered to be the main contributor to soil bio-improvement. The
remaining part concurs only in a secondary way to the purpose, and it’s not considered as

effective calcite content.

Not effective Effective
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Figure 2.3 - Representation of effective (right) and not effective (left) calcite crystals

The effectiveness of calcium carbonate crystals also depends on their size. At this regards,
Cui et al. (2017) observed that at a low level of cementation, the size of the clusters was
relatively small but, by continuing the bio-cementation process and therefore, increasing
the calcite content, the size of the clusters also increased, transforming previously inactive
crystals into active bonds. Similarly, taking into account the concentration of the
reactants, Dadda et al. (2017), Qabany and Soga (2013) and Al Qabany et al. 2012,
observed smaller single particles for low concentrations and larger mesocrystals for

higher concentrations.

Another element that influences the deposition of calcium carbonate is the morphology

of the soil grains. According to Xiao et al. (2021), calcium carbonate preferably
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precipitates on particles with an irregular surface, compared to smoother grains. A similar
result was previously observed by Noiriel et al. (2016), where a reduction of the grains’
free surface was observed, which reached between 92% and 100% in the case of irregular
particles. For glass beads, the respective reduction was determined to only 11% following

the MICP treatment, according to the same study.

To conclude, another aspect to take into consideration when talking about calcite content
is that crystals can precipitate into different phases, with different intrinsic characteristics.
Studies have shown the existence of three most common phases: vaterite, aragonite and
the much more stable calcite, with different geometric structures and in order of
decreasing solubility and increasing thermodynamic stability. Amorphous calcium
carbonate, with a complex hybrid structure, has also been observed among other forms
(Clara Saracho et al., 2020a; Wang, 2019), but it’s considered as a metastable phase. The
desired structure for geotechnical applications is the most stable calcite, and the
actualization of a certain polymorph has been shown to depend on reaction kinetics and
degree of supersaturation (Clara Saracho et al., 2020a; Van Paassen, 2009), on the
microbial agent responsible for urea hydrolysis (Clara Saracho et al., 2020a; Dupraz and
Visscher, 2005), but also on environmental conditions such as temperature, pH and

pressure (Terzis and Laloui, 2019).

Therefore, to produce the desired CaCOj3 content and achieve the wanted mineral form,
it is essential to know how much urea and Ca** to inject and the amount of time required
for the reactions to complete, which is dependent on both the ureolysis rate and

precipitation rate.

2.5. Laboratory scale treatment
Having explained the process underlying the MICP technology, it is now possible to
provide a description of the main techniques for performing the treatment at the laboratory

scale.

As already mentioned, the most common elements used for the treatment are a bacterial
solution and a cementation solution. Their common ingredients and preparation are

briefly summarized in the following two chapters.

Some variations in the composition, typology and concentration of these solutions are

possible and numerous in the literature, but the principle is common and pursues the
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objective of having a cementing solution to precipitate under the catalysis of the enzyme

urcasc.

2.5.1. Bacteria solution
The most common bacteria used are those of the genus Sporosarcina Pasteurii, which
have been found to produce the highest rate of ureolysis compared to other strains that
possess the urease enzyme (Whiffin, 2004). Its designation number is ATCC®11859 ™
and it belongs to the family of Bacilli, which are typical non-pathogenic soil bacteria,

with biosafety level 1.

The bacterial solution (BS) is usually composed by bacteria cells immersed in a growth
medium. For Sporosarcina Pasteurii, the optimal growth medium recipe involves a mix
of deionized water, yeast extract, tris base and NH4Cl or (NH4)2SO4 (ATCC® 11859™),
Ammonium, from ammonium sulphate / chloride or from urea, is essential for bacteria
growth (Whiffin, 2004), as well as yeast extract, which represents a complex source of
nutrients. The tris base is used to target the desired pH for bacteria growth, which must
then be lowered to 9 by adding HCI. The detailed procedure followed in this study for the

preparation of the bacterial solution is reported in Chapter 3.2.1.

Regarding the cultivation of bacteria, there are several techniques, which vary in
practicality and cost. The cells are initially frozen, at -80 °C or in freeze-dried form stored
at -20°C. Optimal growth conditions are aerobic, at a temperature of 30 °C. The aeration
ratio is a factor that greatly influences the growth of bacteria and is generally chosen equal
to 1:5 (Terzis, 2017). The monitoring of bacterial growth is carried out by measuring the
optical density at the wavelength of 600 nm (OD600). It is a measure of the opacity of
the growth liquid, which can be related to the number of cells present, according to

equation (2.5) (Santosh et al., 2001).

Concentration of cells per mL = 8.59 - 107 - OD§38%7 (2.5)

Typically, bacterial species grow according to three distinct phases (Zwietering et al.,

1990):

1. The lag phase, during which the micro-organisms must adapt to the new
environmental conditions following their extraction from the freezer. During this
time, which varies from one to two days, they are unable to multiply and changes

in OD600 are not observed.
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2. The exponential or logarithmic phase, during which a continuous growth of the
OD600 is observed, as the division of the cells takes place at a constant rate. For
Sporosarcina Pasteurii, the time for cells to double in number at this stage
(generation time, or growth rate) is estimated to be around between one and two
hours, according to the literature (Mortensen et al., 2011; Terzis, 2017).

3. The stationary phase, during which bacterial multiplication is reduced until it

stops, due to the decreased availability of nutrients in the growth medium.

Once the desired number of cells has been reached, the medium can be used for the
injection, or it can be centrifuged, in order to separate the solid part (pellet), which can
then be resuspended and used, or stored at 4 °C. At this temperature, according to Whiffin,
(2004), the bacteria survive, without multiplying, up to 5 days. Alternatively they can be
implanted on agar plates, where colonies can survive for up to 20 days if stored in the

fridge (Terzis, 2017).

Cells can be harvested at the end of the stationary phase in order to minimize further
bacterial growth within the medium matrix. In the literature, values of harvested cells
optical densities cells higher than 2 can indeed be observed (Mahawish et al., 2018; Mujah
et al., 2019; Rowshanbakht et al., 2016), but also lower values are possible (Cheng et al.,
2013; Terzis, 2017), since this parameter also varies according to the initial bacteria
density. In the first case the liquid medium should be diluted: in fact, the optimal OD600
values for high urease activity are around 1 (Al Qabany et al., 2012). Stocks-Fischer et
al., (1999), reported indeed that the specific rate of ammonium production and CaCOs3
precipitation decreases with increased cell concentration, while Konstantinou et al. (2021)
suggested that higher bacteria densities should be avoided as they lead to clogging of the

pores, preventing free flow.

A strongly characterizing element of the bacteria solution is its urease activity at the time
of injection, calculated as explained in Chapter 2.5.4. This parameter varies according to
various factors, including those reported in Chapter 2.3, as well as according to the
bacteria growth phase and some of their biological features, which vary from population
to population. The evaluation of the bacteria activity is important in order to have

comparable results.

In the literature, widely varying values between 10! and 10° mM/min are reported.

Whiffin (2004) observed activities between 4 and 18 mM/min, similarly to Gao et al.
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(2019) and Mahawish et al., 2018), who reported values respectively in the range of 6.66—
11.10 mM/min and 19.38-21.45 mM/min. The measurements of Van Paassen (2009), Cui
et al. (2017) and Al Qabany et al. (2012) are slightly lower, respectively 0.67-1.33
mM/min, 0.78 mM/min and 0.08-0-33 mM/min. Finally, Konstantinou et al. (2021b), in
their study devoted to the observation of urease activity effects on various parameters
related to the MICP, used bacteria solutions with urease activity varying between 0.0075
mM/min and 4.9 mM/min. They were the first to develop a method for obtaining specific

urease activity, which is generally a difficult parameter to control.

2.5.2. Cementation solution
The cementation solution is typically a medium containing urea and calcium chloride, i.e.
the elements which, once dissolved in water and following the ureolysis reaction, will

form calcium carbonate minerals.

Concentrations typically used are less than or equal to 1 M, with equimolar of urea and
calcium chloride anhydrous (Al Qabany et al., 2012; Gao et al., 2019; Mujah et al., 2019;
Van Paassen, 2009; Whiffin, 2004). Nonetheless, a urea to calcium ratio greater than one
is widely used (Clara Saracho et al., 2020b; Mortensen et al., 2011; Stocks-Fischer et al.,
1999) and recommended by Konstantinou et al. (2021) and Martinez et al. (2013) for
effective recipe formulations, as it is proven to enhance the ureolysis and calcium
carbonate precipitation rates; however, this recipe must be balanced against the

environmental impact of increased ammonium being produced.

In case of repeated injections of cement solution, it may be necessary to provide an
additional source of nutrients for bacteria attached to the solid matrix of the soil, in order
to sustain a good urease activity. For this reason it is possible to integrate a quantity of
nutrient broth into the cement solution, generally in the order of 3 g/L. (Al Qabany et al.,
2012; Clara Saracho et al., 2020b; Stocks-Fischer et al., 1999).

Other recipes for preparing the cement solution include varying molar ratios between urea
and calcium chloride, or the addition of other elements such as sodium bicarbonate and

ammonium chloride (Mortensen et al., 2011; Stocks-Fischer et al., 1999; Wang, 2019).

Various indications are reported in literature, regarding the concentration of the
cementation solution. Whiffin (2004) observed that concentrations higher than 1.5 M
resulted in reduced CaCO3 content, but is reported by Clara Saracho et al. (2020b) that

the calcium carbonate content increased with the urea—calcium chloride solution molarity
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for values lower than 0.15 M. As regards the percentage of precipitated calcium
carbonate, Al Qabany et al., 2012 observed that varying chemical concentration (0.1,
0.25, or 0.5 M) did not make a significant difference in the overall efficiency. These
differences are due both to the variability of urease activity and to the different injection

strategies.

On the other hand, what is definitely influenced by the chemical concentration in the
cement solution is the treatment homogeneity. However, this topic will be explored in a

separate chapter.

2.5.3. Injection strategies
Injection strategies vary greatly from study to study. One of the needs for which different
strategies have been studied is the homogeneity of the treatment. In fact, an accentuated
precipitation has often been observed near the injection point, which can cause clogging
and limited reactant delivery in the remaining part of the soil, affecting its mechanical

and hydraulic properties.
Two major different injection strategies are the two-phase and the single-phase.

The first, and most widespread, was proposed by Whiffin (2007) and involves a first
injection of bacteria, a waiting time of about 24 hours to allow the bacteria to attach to
the grains of the soil, followed by the injection of various quantities of cement solution.
This technique can in turn undergo numerous variations based on the amount of solution
that is decided to inject (generally between 1 and 1.5 PV), the alternation and repetition
of bacterial and cementation solutions, the injection type (stopped-flow, continuous flow,
recirculation) and the waiting time for bacterial attachment, which generally varies from
6 hours to 2 days, depending on the amount of nutrients supplied to the bacteria and the

logistical aspects.

Another possible variation, adopted in this study, is the flow reversal of the biological
and the cementation solution, which is proven to reduce susceptibility to plugging

(Martinez et al., 2013).

As regards the single-phase, it is a technique that involves the injection of a single mixture
containing bacteria, urea and calcium chloride. This technique has been optimized by
Xiao etal. (2021), who, in their study, have grouted the specimen with the aforementioned

solution at low temperatures (less than 10 °C), so that the bacteria were inactive;
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subsequently, when the liquid reached relatively high temperatures, the precipitation of
calcium carbonate began. This strategy has been shown to lead to a marked improvement

in the homogeneity of the CaCO3 distribution in the sample.

In any case, whatever strategy is chosen, the solid matrix must be saturated with variable
quantities of water before starting the treatment. Volumes greater than 1 PV are used in
order to achieve the greatest possible degree of saturation and ensure the treatment of the
entire control volume. Nonetheless, Cheng et al. (2013) demonstrated that soils treated in
partially saturated conditions resulted in higher strengths than fully saturated ones, due to

the more CaCOjs crystals precipitated at the contact points between the sand grains.

Finally, an important variable is the flow rate. The treatment can in fact be performed by
percolation or by adjusting the flow rate with a pump. The latter should be chosen in order
to guarantee the homogeneous delivery of the saline solution throughout the sample:
Molins et al. (2012) have indeed shown that the rate of dissolution (and so of
precipitation) of calcite in water is a function of the Darcy velocity. There is a smooth
transition between transport limited and reaction limited dissolution (Figure 2.4), where
by reaction rate we mean the speed with which the bacteria in contact with the cement
solution are able to catalyse the reaction. The transition gradient between transport limited
and reaction limited is due to the existence of a broad range of flow velocities where the

rate is transport limited in some pores but limited by reaction kinetics in others.

Since the cementation solution is often left for hours inside the soil, the main objective is
to avoid a too low fluid velocity during the injection. As observed by Mortensen et al.
(2011) and Stocks-Fischer et al. (1999), if a too low specific discharge is used, the rates
of urea consumption and calcium carbonate precipitation are larger than the flow rate,
resulting in cementation immediately adjacent to the injection source, while increasing
the specific discharge to exceed the reaction rate, allows for a more homogeneous

distribution of chemicals along the entire flow path.

However, the drawback of a too high flow rate can be the detachment of bacteria or the
displacement of soil grains. Therefore, a correct design of the seepage velocity or flow
rate must consider all these situations. In literature, typical values are in the order of 10!
mm/s (Dadda et al., 2017) for the seepage velocity, while flow rates between 0.3 and 1.0
L/h are the most utilized for specimens of typical mechanical testing sizes (Cheng et al.,

2013; Mujah et al., 2019; Terzis, 2017).
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Figure 2.4 - Dissolution rate of calcite as a function of specific discharge. For low velocities, the
transport is the limiting factor. Modified after Molins et al. (2012)

2.5.4. Monitoring
Soil treatment via bio-cementation well adapts to a variety of monitoring techniques
during injection. These are of extreme importance in order to understand the actual
realization of the reaction and its extent. At the laboratory scale, the precipitation
monitoring can be carried out in real time through effluent collection and analysis.
Geophysical methods are mainly useful for real-scale applications, by observing the
change in density in the soil due to solid phase increase following the precipitation of

calcium carbonate.

For field-scale monitoring, the most common techniques are the measurements of shear
wave velocity, compression wave velocity and resistivity, while as regards the analysis
of the aqueous effluents, monitoring mostly refers to pH, electrical conductivity,
ammonium, calcium ions, total inorganic carbon and, for the initial phase, of the optical

density.
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Shear wave velocity

Shear waves do not propagate in fluids and this is advantageous for detecting changes in
the solid matrix. The degree of cementation positively influences the shear wave velocity
in the soils and their monitoring is particularly useful for determining the effective calcite
content, since the crystals present on the grains and not connecting more particles do not

significantly influence S-waves velocity (DeJong et al., 2010).

Compression wave velocity
The compression waves velocity is mainly dependent on the porosity, the pore fluid

density (related to the degree of saturation), and the solid matrix density.

The use of compression waves velocity can therefore help evaluating the improvement
due to cementation but, as reported by DelJong et al., 2010, in loose or lightly cemented
soils this measure does not directly correlate with strength unless the soil matrix maintains

a constant degree of saturation or until sufficient cementation has occurred.

Resistivity
The resistivity of a soil is a function of various parameters including: the solid matrix
resistivity, the pore fluid resistivity, the porosity, the degree of saturation, the clay content

and the degree of cementation.

The use of resistivity for calcite content monitoring has not been thoroughly investigated.
This is mainly due to the fact that during the treatment this variable changes practically
all the other parameters involved in the measure, and it is difficult to isolate the effects

actually due to the calcite (DeJong et al., 2010).

Optical density

Before injecting the bacterial solution, it is good practice to know the concentration of
microbes present in the liquid. In the same way it can be useful to know their
concentration in the effluent, in order to evaluate the quantity of bacteria that have
actually attached to the sample solid matrix. This type of analysis can be performed by
measuring the optical density of the solution before injection or in the effluent by means
of ultraviolet spectrophotometer at wavelength of 600 nm (namely OD600). Equation

(2.5), is then an option to evaluate the number of cells.
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pH

The pH measurement is a rather empirical tool for quickly monitoring the status of the
reaction. It is a good indicator of bacterial activity and is mainly influenced by two
phenomena: ureolysis and calcium carbonate precipitation. The first one tends to increase
the pH of the solution, according to the reaction of equation (2.1), while the second has
the opposite effect, acting as a pH reducer. Martinez et al. (2013), pointed out that ifa 1:1
formulation is used between the concentration of calcium chloride and urea, a change in
pH should not be observed at the end of the reaction, as the two processes would balance
each other. In general, the increase or decrease in pH between the inlet and outlet solution
is regulated by the proportion between these two components concentration and an
increase or decrease of it can be due both to an increased precipitation and to a reduced
bacterial activity. However, if a change in pH is always a sign that the reaction is taking

place, its extent cannot be properly estimated with this measurement.

Electrical conductivity

The electrical conductivity (EC) of a fluid is directly related to the number of ions in
solution. Its measurement can be useful in evaluating urease activity, mostly in the
preparation of the bacterial solution (Whiffin, 2004). If some bacteria are added to a
solution containing urea, the ureolysis will take place, with consequent production of
ammonium ions (one mole of urea hydrolyses into two moles of ammonium) and an

increase in electrical conductivity.

By means of the EC measurement it is therefore possible to evaluate, indirectly, the
quantity of urea hydrolysed (2.6), while, by calculating the variation of conductivity in a
time interval At, one can assess the urease activity (2.7) and possibly, normalizing for
amount of bacterial biomass, the specific urease activity (2.8) (Clara Saracho et al.,

2020a).
Urea hydrolysed (mM) = EC(mScm™1) - 11.11 (2.6)

AEC (uScm™) 1073 mS 60 min
At (min) 1puS 1h

Urease activity (mM h™1) = +11.11 (2.7)

Urease activity (mM h™1)
Biomass (ODg()

Specific urease activity (mM h=*0Dgg,) = (2.8)

This measurement is preferably not usable during normal injections with cementation

solution, since the calcium ions in turn greatly influence the measurement.
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Ammonium

Ammonium concentration is generally measured using a modified Nessler method
Whiffin (2004). Its monitoring is the most efficient way to calculate urease activity during
injection cycles. In fact, it will be sufficient to divide the quantity of ammonium produced
(in mM) by the time interval between injection and measurement (in minutes) to obtain

the bacteria activity in mM/min, according to equation (2.9)

mol

M 0.5 Cyp+ (=
Urease activity (H) = Z:E‘hg L ) (2.9)

where Cnna+ 1s the ammonium molar concentration and At is duration of the reaction. The
factor 0.5 is due to the mass balance of the ureolysis reaction, in which each mole of urea

is hydrolysed into 2 moles of ammonium.

The ammonium concentration can also be used to evaluate the maximum amount of
calcium carbonate that may have formed following the reaction: for every two moles of
NH4", in fact, one mole of CaCOs3 is formed and the mass of calcite can be determined

using the following equation (2.10):

Cyg* /mol g
CaCO3('l') = 2 . (T) ) MCaCO3 (m_ol) ’ Vsolution(]-‘) (2.10)

where Cnna+ 1s the ammonium molar concentration, Mcacos is the calcium carbonate mola

mass and Violution 18 the volume of the injected solution.

Finally, if the ammonium measurements are integrated for each injection cycle, the total
amount of precipitated calcite is obtained (if all the formed carbonate is considered as

precipitated).

Calcium ions

The concentration of Ca®" ions in the effluent solution also provides an estimate of the
amount of precipitated calcium carbonate. The calcium ions coming from the calcium
chloride in the cementation solution bind to the carbonate ions created after the ureolysis,
precipitating as CaCOs. The Ca®" concentration that is measured in the effluent represents
the percentage that has not precipitated. Through equation (2.11) it is, therefore, possible

to calculate the mass of calcium carbonate that has formed:
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mol g
€aC03(4) = ACca (=) - Meaco, (—x) - Veotution () @.11)

where ACcais the difference between the calcium molar concentration in the inlet and the
outlet solution, Mcacos is the calcium carbonate molar mass and Violution 1S the volume of

the injected solution.

Total Inorganic Carbon

The last measurement that is most frequently used to monitor in real time the precipitated
mass of calcium carbonate is the Total Inorganic Carbon (TIC). This measurement
includes the concentration of the three species of the carbonate system, namely carbon
dioxide, bicarbonate ion and carbonate ion. The relative concentration of these three
species is governed by the pH. In the case of MICP reaction products, the most common

forms are carbonate and bicarbonate, given the usually high pH.

The concentration that is measured represents the carbonate that has not precipitated or
has not formed (due to an incomplete ureolysis). For the calculation of the precipitated
calcite it is therefore necessary to take into account both the concentration of the inlet
cementation solution and of the ammonium, since it gives us an estimate of the carbonate
not hydrolysed from urea. To go back to the mass of precipitated calcium carbonate it is
therefore sufficient to use equation (2.12), paying attention in the calculation of the TIC
molar concentration:

mol mol g
€aC03(1) = 05 Cyg () = TIC ()| Meaco, (o) - Veotution () 212)

where Cnns+ the ammonium molar concentration, TIC is the measured Total Inorganic
Carbon, converted in molar concentration depending on the prevalent species, Mcacos is

the calcium carbonate molar mass and Violusion 1S the volume of the injected solution.

Since the TIC is mostly expressed in mg/L it would be necessary to consider the pH, in
order to evaluate which is the dominant species and divide the measured concentration
for the right molecular mass. Anyway, this last parameter only slightly varies between

one carbonate form and another, given the low hydrogen molecular weight.

2.5.5. Calcite content
After the injections, one of the most interesting measures is the calcium carbonate content.
Its evaluation is mostly carried out by means of acid digestion and/or numerical analysis,

respectively a destructive and non-destructive technique.
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Acid digestion
Acid digestion involves the use of a strong acid, usually hydrochloric acid, in order to
completely dissolve the calcium carbonate in the sample. The calculation of the effective

mass of calcite can therefore be carried out in several ways.

For example, it is possible to measure the mass difference of the dry sample before and
after the acid dissolution (Al Qabany et al., 2012; Cui et al., 2017; Mahawish et al., 2018;
Martinez et al., 2013; Mortensen et al., 2011; Pan et al., 2020; Xiao et al., 2021): this is

the simplest technique and can be quite accurate.

An alternative is to use a U-Tube manometer to measure the pressure increase due to CO>
production following the CaCOs dissolution. This measurement is then stoichiometrically

correlated with calcium carbonate content.

Less common procedures are the EDTA titration method (Gao et al., 2019) and the
inductively coupled plasma optical emission spectrometry (ICP-OES) for the

measurement of calcium ions dissolved in the acid (Clara Saracho et al., 2020b).

Numerical analysis

Numerical analysis, mostly through X-Ray Computed Tomography, is a valid non-
invasive alternative (Clara Saracho et al., 2020b; Dadda et al., 2017; Noiriel et al., 2016,
2012; Terzis and Laloui, 2018). Through the segmentation of grayscale images, it is
possible to distinguish the different phases present in the soil (grains, calcite crystals and
pores) and numerically calculate the calcium carbonate content. The main limitation of
this technique is the resolution, which is inversely proportional to the sample size. To
give an example, one of the finest resolutions was employed by Noiriel et al. (2016),
reaching 4.46 um of voxel size for a sample diameter of 6.5 mm. A more in-depth

discussion of the technique is present in this study (chapters 3.5 and 6).

Calcite content is not always expressed in the same way in the different studies, as it can
refer to ratio between the mass of calcite and the total solid mass or the mass of the soil

particles alone, or it can even be expressed as a volume ratio.

In general the most common calcite content values reported in the different studies vary
from 0.6 and 1.2% (DeJong et al., 2006) to 25% (Van Paassen, 2009), (from Terzis and
Laloui (2019)). It is difficult to define absolute high or low values, as it all depends on

the application to be made of the improved soil. Generally, values as low as 2% can
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provide sufficient mechanical properties for geotechnical applications, where

confinement plays a fundamental role (Terzis and Laloui, 2019).
For other typical values and related mechanical properties refer to Table 2.1

2.5.6. Homogeneity
The spatial uniformity in the calcium carbonate crystals distribution within the sample is
one of the most studied aspects in MICP technology (Al Qabany et al., 2012; Chu et al.,
2014; Martinez et al., 2013; Mortensen et al., 2011). The treatment often results into non-
uniform distribution, with a concentration of calcite at the injection point (Noiriel et al.,
2016; Rowshanbakht et al., 2016) or clogging (Whiffin et al., 2007). A non-homogeneous
calcite distribution negatively affects the mechanical and hydraulic properties of the soil,
whose strength is defined by its weakest point and whose permeability can be limited by
localized plugging. This study will investigate calcite distribution for three different base
materials composed of idealized glass spheres. The goal is to capture the evolution of
calcite content across the reactive flow path and determine changes in rheology (porosity
reduction and associated permeability). Finally, the effect of locally varying
biocementation will be investigated throughout mechanical loading and study of the

volumetric deformation of MICP-treated micro-columns composed of glass spheres.

In the literature, the main variables influencing the treatment uniformity have been

identified among the following:

o Solutions concentration

o Precipitation and flow rate balance

o Injection strategy

o Grain size distribution of base material and initial relative density

o Calcite content

Solutions concentration

The most common observation is that a high concentration of reactants leads to a non-
homogeneous distribution of calcite, while using lower concentrations the result is more
uniform (Al Qabany et al., 2012; Mujah et al., 2019; Qabany and Soga, 2013; Xiao et al.,
2021).

Calcite mainly forms in the proximity of the attached microbes, which in turn must be

evenly distributed in the solid matrix and uniformly receive nutrients and urea (Martinez
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et al., 2013). Higher concentrations of bacteria accompanied by high concentrations of

cementation solution would result in localized precipitation at the injection points.

Precipitation and flow rate balance

To achieve a homogeneous distribution it is necessary to limit the precipitation rate
(Mortensen et al., 2011; Whiffin et al., 2007). If a slower reaction takes place, the end
products can be delivered further away and avoid clogging. The precipitation rate is
largely regulated by the concentration of the reactants but also by the bacterial activity.
Konstantinou et al. (2021b) observed that the specimens treated with bacteria of higher
urease activities had steeper carbonate concentration gradient and highest concentration
at the injection point. A lower bacterial activity can therefore lead to a more uniform

result (Martinez et al., 2013).

However, what must also be kept under control is the flow rate. In fact, localized
deposition occurs if the precipitation rate is higher than the flow rate (Figure 2.4). It is for
this reason that the studies by Konstantinou et al. (2021a), Mortensen et al. (2011),
Whiffin et al. (2007) and Xiao et al. (2021) have highlighted the importance of this
variable in the spatial disposition of calcite crystals. What matters is therefore to balance
the ureolysis rate with the delivery of the reactants through the flow rate, in order to obtain

a precipitation in the desired places (Whiffin et al., 2007).

Finally, since — as explained in chapter X — bacterial activity is strongly influenced by
temperature, Xiao et al. (2021) have proposed a temperature controlled method. They
maintained the solution (BS and CS together) at a temperature below 10° C during the
injection, in order to delay the reaction until all the reagents were homogeneously
arranged in the matrix. When the temperature then returned to compatible values for the
microbial activity, the reaction took place, leading to a much more uniform deposition of

the CaCOs crystals.

Injection strategy

The latter technique can also be part of the discussion about the influence of the injection
strategy on the homogeneity of the treatment. Previously, Martinez et al. (2013) had also
highlighted how the typical technique of injecting both solutions from the same point
often led to preferential deposition near the inlet, as urea is consumed more rapidly where

the bacteria were present in greater concentrations. They, therefore, noted that by
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injecting BS and CS from opposite directions, the reaction was slower, and the plugging

reduced, although uniformity was only slightly improved.

In principle, with this method it is possible to reach higher cementation distances, since
clogging is greatly reduced: the cementation solution reaches the area with the highest

bacterial density having an already reduced concentration itself.

Martinez et al. (2013) also reported that stopped flow was preferable over continuous
flow to better distribute nutrients along the sample and hence more uniformly precipitate

calcite.

Grain size and relative density

In short, it was observed that coarser materials or materials with low relative density had
higher flow rates and this led to more uniform results (Konstantinou et al., 2021a). On the
other hand, higher relative densities imply more initial contact point among grains,
therefore more potential sites for calcite nucleation and growth. Furthermore, the lower
the porosity, the easier it will be to encounter clogging, with its negative effects. Also in
this case, therefore, the flow rate must be adjusted effectively. The heterogeneities of the
matrix fabric could also play a role in the CaCOs crystals spatial disposition and an insight

into possibility is represented by this study.

Calcite content

Finally, the calcite content itself appears to affect its spatial arrangement in the solid
matrix. Konstantinou et al. (2021b) observed that the variance in calcite uniformity in
their samples declined as the cementation level increased. Similarly, Cui et al. (2017)
showed that the homogeneity increased with the increase of the calcite content.
Conversely, Feng and Montoya (2016) and Lin et al. (2015) reported a decrease in
homogeneity following an increase in the degree of cementation (from Konstantinou et

al. (2021b)).

This parameter does not therefore seem to always have a consistent influence on the
calcite crystals disposition in the soil matrix as the other factors could be of greater

importance.
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2.6. Soil engineering properties improvement
The treatment of a soil through bio-cementation has the potential to improve some
important mechanical and hydraulic characteristics. Among the best known effects, an
increase in shear strength and stiffness, a reduction in compressibility and permeability
(DeJong et al., 2010). The actual realization of a specific improvement depends on the
type of treatment, which leads to a different distribution and quantity of calcite within the
solid matrix. The macroscopic effects are in fact a function of the conditions that are
created at the microscopic level, which in turn derive from the injection strategy used, the
concentrations of the reagents and the intrinsic properties of the soil. Therefore, it is
possible in a certain sense to control the process, favouring the realization of an
improvement rather than another, using methodologies and ingredients similar to those

reported in the literature for a certain soil, to have a similar result.

In the next two chapters, we want to explore in particular the effects that the MICP has
on strength and stiffness and on the permeability of a soil, for which bio-cementation is

most studied in the literature.

2.6.1. Strength and stiffness

(DeJong et al., 2010) reported that biocementation treatment can lead to an increase in
shear strength and stiffness by a coefficient of 10? for standard soils. Many are the studies
in the literature that show an improvement in these soil characteristics, but the results are
always characterized by great variability. (Cheng et al., 2013; Cui et al., 2017; Gao et al.,
2019; Konstantinou et al., 2021a; Mahawish et al., 2018; Mortensen and DeJong, 2012;
Mujah et al., 2019; Qabany and Soga, 2013; Terzis, 2017; Terzis et al., 2016; Terzis and
Laloui, 2019; Van Paassen, 2009; Xiao et al., 2021).

At the microscopic scale the strength improvement is due to the calcite crystals that form
in the pores, bridging soil grains, and creating a solid interconnected skeleton. The
calcium carbonate crystals that effectively connect more grains defines the effective
calcite content (Figure 2.3), while the remaining part is not unanimously considered to
contribute to the improvement. The real strength enhancing mechanism is, therefore, not
completely clear and could be due both to an increase in cohesion, resulting from the
effective calcite content, and to an increase in friction, caused by a general increased

roughness. Nonetheless, low amounts of calcium carbonate could increase the regularity
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of the grains surface, therefore, reducing their roughness and, as observed by Xiao et al.,

(2021), reducing their residual stress, compared to that of untreated soil.

In the bio-cementation studies, the most common measures of strength improvement are
in terms UCS: this is due to the fact that MICP is mainly seen as a useful technology for
the treatment of shallow depths (Terzis and Laloui, 2019). However, some studies report
results from one-dimensional oedometric compression and triaxial drained tests under
confinement. Among the latter, Cui et al., (2017) observed that the variation of the
effective friction angle and the effective cohesion are both correlated with an increase in

calcite content, respectively via a linear and exponential function (Figure 2.5).
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Figure 2.5 - Relationship between CaCQOj3 content and effective friction angle (left) and effective
cohesion (right). Modified after (Cui et al., 2017)

Also regarding the UCS, the general trend is that of higher strength for higher CaCOs
content (Figure 2.6). Table 2.1 reports in turn some UCS test results from literature: we
can observe a high variability from one study to another, even with similar calcite

contents.

The reasons of this variability are multiple. In addition to calcite content, many are the
elements that can influence the final strength acquired by the soil after bio-cementation.

Among the most important:

o Degree of saturation
o Concentration of the reactants and treatment homogeneity

o Grain size and relative density
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Figure 2.6 - Relationship between CaCQOj3 content and UCS for fine (black dots) and medium (green
squares) granulometries from Terzis and Laloui (2019) on the left and for fine (black dots) and coarse
sands from Konstantinou et al. (2021a) on the right.

Table 2.1 — Typical CaCO3 contents in previous studies and related UCS. Modified after Terzis and
Laloui (2019)

Source CaCOs (%) UCS (kPa)
van Paassen et al. (2010) 12-27 700-12000 (UCS and triaxial)
Cheng (2012) 4.5-11.5 (coarse) Up to 2067 (coarse) and up to 3700
0-27.5 (fine) (fine)
Cheng et al. (2013) 1-14 150-2300
Qabany and Soga (2013) 0-8 Up to 3000
Duraisamy (2016) 0.26-9.34 50-950
Terzis and Laloui, 2018 3-10 Up to 11400
Konstantinou et al. (2021a) 5-10 500-2500 (fine)
450-1600 (coarse)
Cuietal., 2017 9-13.5 1500-2200

Degree of saturation

In general, strength and stiffness are increased for lower degree of saturation (Cheng et
al.,2013). This is due to the influence of water on the distribution of calcite crystals within
the solid matrix. At low saturation levels, the water is disposed by forming menisci
between one grain of soil and another: the subsequent injections of reactants will therefore
lead to the precipitation of calcium carbonate crystals precisely at the particle-particle
contact point, mainly resulting in strong effective solid bonds (Figure 2.7). Theoretically,

by reducing the saturation level, it is therefore possible to achieve an increased strength
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for lower calcite content. However, the control of the degree of saturation in soils with
low retention capacity is complex, so most of the results in literature refer to complete

saturation conditions.

-

S
- s\

R .

[ scilpartice [ water [ caco,

Figure 2.7 - Schematic representation of the water disposition and minerals precipitation behaviour at
complete saturation (left) and partial saturation (right). Modified after Terzis and Laloui, (2019)

Concentration of the reactants and treatment homogeneity

Reactants concentration and treatment homogeneity are closely connected, as explained
in chapter 2.5.6. Synthetically, a higher solutions concentration can result, with the same
injection strategy, to higher calcite contents, thus leading to an increase in strength (Figure
2.5 and Figure 2.6). At the same time, however, more concentrated reactants can cause a
heterogeneous distribution of calcium carbonate in the soil, hence, reducing the

improvement effectiveness.

As aforementioned, most of the studies observed higher strengths and stiffnesses for
higher cementation levels. In particular, Clara Saracho et al. (2020a), Cui et al. (2017)
and Konstantinou et al. (2021a), reported that the increased cementation level led to a
stress-strain behaviour transition from ductile to brittle, which may be considered as an
unwanted effect in many geotechnical applications. Taking into account the reactants
concentration, the same studies observed, for higher salinity, an uneven bonds distribution
in the solid matrix, where a few heavily loaded particle contacts were found to transmit a
large proportion of the load, with negative effects on the shear strength. Similarly, Qabany
and Soga (2013), treating their soil samples at different reagent concentrations — from 0.1
M to 1.0 M — observed a higher UCS for the lower concentrations. The treatment
inhomogeneity affects the final strength both if it takes place between the top and the

bottom of the specimen (Mahawish et al., 2018), or if it occurs at the microscopic level.
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Anyhow, the overall soil strength, controlled by the weakest part, cannot be increased

considerably if the treatment is not homogeneous (Xiao et al., 2021).

Grain size and relative density

Finally, the structure itself and the state of the soil at the time of injection can have a
significant influence on the final result in mechanical terms. Cheng et al. (2013), and more
recently Konstantinou et al. (2021a), observed that the strength is improved with the
decrease in particle size (and pore size), for similar CaCO3 contents. On the contrary,
according to Terzis and Laloui (2018), the improvement is more pronounced for medium-
grained than fine material (Figure 2.6). It could be said that the efficiency of the treatment
increases with the increase in particle size from fine to medium, due to the increase in the
size of bonds, and then decreases in the coarser granulometries where the distances to be
bridged are higher. It is therefore a matter of number and proximity of the particle-particle
contacts: the more the contacts, the more effective is the precipitation location. This is the
same reason why also the relative density plays a key role in final strength, and it is

normally easier to improve the denser sands (Chou et al., 2011; Gao et al., 2019).

At this regard, Rowshanbakht et al. (2016) reported that when the soil was compacted,
the sand grains were closer together than in an uncompacted one and the calcite crystals
formed over a shorter distance, thus leading to an increased strength. Furthermore, when
the soil is compacted, i1.e. at a higher relative density, the number of particle-particle
contacts increases (Figure 2.8), as the voids are reduced. More contacts means more

effective calcite content and therefore higher strength (Qabany and Soga, 2013).

Low RD: number of particle contacts = 7 High RD: number of particle contacts = 9
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Figure 2.8 - Difference in number of particle-particle contacts points between loose (left) and compacted
(right) sands. The number of contacts increases and the distances to be bridged decrease for higher
relative densities.
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2.6.2. Permeability
In past studies, bio-cementation has produced different and sometimes discordant effects
on the treated soil permeability. In general, the most commonly observed effect is a
reduction in permeability following cementation (Cheng et al., 2013; Dadda et al., 2017;
Nemati et al., 2005; Nemati and Voordouw, 2003; Zamani and Montoya, 2016), although
there are studies reporting a minimal reduction or near-maintenance of the pre-treatment

hydraulic properties (Whiffin, 2004; Whiffin et al., 2007).

The permeability of a soil is a function of voids connectivity, shape and size of pores and
throats, grain shape and size, etc. Precipitated calcite can significantly reduce the
permeability by altering all these soil characteristics: for example, the precipitating
crystals increase the roughness and at the same time reduce the porosity, reorganizing the

flow field (Noiriel et al., 2016).

One of the factors that most influence the reduction of permeability is the calcite content.
The higher the quantity of calcium carbonate, the greater the porosity reduction and, even
if some studies reported no or little influence of this reduction on the permeability —
(Whiffin et al., 2007) — most of the results in the literature find a direct correlation
between the amount of calcite content and permeability reduction (Cheng et al., 2013;

Dadda et al., 2017; Qabany and Soga, 2013; Zamani and Montoya, 2016).

Dadda et al. (2017) observed in their studies a 70% reduction in permeability for a calcite
content of 14% by volume and a 1 M concentration of the reagents: these results are
comparable to those obtained by Cheng et al. (2013) in their tests, at 100% degree of
saturation, for the same calcite content and with similar concentrations (1.4 M). Van
Paassen (2009) in turn observed a reduction of 60% using a concentration of 1 M and
with a calcite content equal to 100 kg/m’. Finally, Qabany and Soga (2013) instead
reported a reduction of about 30% with a concentration of 1 M but with a lower calcite
content (1%). It can be said that these are all comparable results and the reduction in
permeability is substantial. This could be largely due to the high concentrations of

reactant used.

In addition to the calcite content per se, other factors play a fundamental role in modifying
the hydraulic properties of a MICP treated soil. The size and the spatial distribution of the
minerals should also be taken into account for the evaluation of permeability variations

(Noiriel et al., 2016), as large crystals that occlude the pore throats have a greater
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influence on the reduction of permeability than small crystals uniformly precipitating on
the grains surface. The main factors influencing the crystals size and distribution are the
concentration of the reactants and the degree of saturation, respectively. The
concentration of the reagents is in turn also responsible for the spatial uniformity of the

precipitation, as explained in Chapter 2.5.6.

Cheng et al. (2013) reported that it is preferable to perform bio-cementation under lower
saturation conditions, as it maintains relatively high residual permeability. The reason is
the same for which the increase in strength is greater at low saturation: the crystals
concentrate at the grains (Figure 2.7), maintaining a certain connectivity between the

larger pores and throats, where most of the fluid flows.

Regarding the concentration of the reactants, Qabany and Soga (2013) observed a higher
and faster reduction of permeability for higher concentrations (1 M), although the effect
was mainly due to localized clogging — caused by the formation of larger crystals — more
than to a general reduction in permeability. For a more uniform result, lower
concentrations (0.25 M) are preferred, causing a more uniform cementation and an overall

reduction in porosity and connectivity.

Since these two factors (concentrations and degree of saturation) are decided at the design
stage, the degree of permeability reduction could be controlled to achieve the desired
result. At the same time, the amount of precipitated calcite is largely predictable and
multiple injection cycles can be repeated to obtain the desired final calcium carbonate
content in the soil. It is therefore clear that the degree of permeability reduction could be
controlled both at the design stage and during treatment, although further studies are

needed.

This flexibility of use makes out of the MICP a good technique for various engineering
applications, which may require different types of results. In fact, depending on the
context, permeability may need to be drastically reduced, e.g. to limit the water flow or
isolate polluting plumes, or to decrease the infiltration of water in soil slopes and reduce
the landslide risk. But in some other cases it may wanted to be maintained, e.g. for soil
improvement purposes, in order to keep the drainage capacity and reduce the hydrostatic

thrust, while increasing the soil strength.
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2.7. Discussion and challenges
The possible applications of MICP in the geotechnical field are manifold. Exploiting the
capabilities of this technology to improve the strength and stiffness of a soil and reduce
its permeability, promising applications can be seen in the increase in the bearing capacity
of the soil (Van Paassen et al., 2010), in slopes stabilization (Cheng, 2012), in the
prevention of soil liquefaction (Dejong et al., 2013), for erosion control (Anbu et al.,
2016), for clogging (Ivanov and Chu, 2008) and selective plugging (Nemati et al., 2005),
in the reduction of permeability (Qabany and Soga, 2013), to improve the mechanical

behaviour of sand fills (Gao et al., 2019), etc.

Bio-cementation could be an alternative to the current techniques used in these fields, i.e.
soil compaction, traditional grouting, chemical grouting, structural methods. Taking into
consideration traditional grouting, which is a widely used and consolidated technique,
some studies have compared the latter’s characteristics with those of MICP. The key
points for which the bio-cementation could be preferable to the traditional permeation
grouting with Portland cement, are mainly the permeability retention, a comparable or
greater strength, the possibility of treating finer granulometries leaving the soil structure

as intact and, obviously, the fact of being environmental friendly.

As already explained, by regulating the concentration of the reactants and the flow rate it
is possible to limit the permeability reduction for MICP treated soils. Mujah et al. (2019)
showed that the permeability of MICP treated samples was greater than that of Portland
treated. Cheng et al. (2013), in addition to confirming this fact, pointed out that a further
advantage of permeability retention is that it allows additional treatment cycles, thus

allowing to control the final result also in terms of resistance.

This latter, in the works of Mujah et al. (2019) and Qabany and Soga (2013), was always
lower or comparable to that of the bio-cemented samples, for Portland treated specimens,

in terms of UCS.

The range of grain sizes that can be treated with MICP is much wider than that of Portland.
The latter can generally only be applied to grain sizes in the range 4.75-76.2 mm (Pan et
al., 2020), while MICP could be used to cement sands with a dso less than 0.6 mm.
Regarding the coarser grain sizes, MICP showed limitations, although some studies
successfully treated coarse sands with a standard injection technique (Konstantinou et al.,

2021b) or developing new methods (Mahawish et al., 2018; Pan et al., 2020). One
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limitation that has been observed for MICP is its inability to cement organic soils, which
after treatment have shown a loss of strength and stiffness of approximately 50% (Oliveira

etal., 2017).

While MICP is proven to have these and many other advantages, as well as a wide range
of applications, the actual deployment of the technology at the field scale is still a
challenge. Large-scale experiments exist in literature. Whiffin et al. (2007) observed a
significant improvement in strength and stiffness over several meters employing five
meters columns. Martinez and DeJong (2012) applied the technique at the macro scale
for the construction of a shallow foundation, highlighting the problem of the treatment
homogeneity. An even larger scale is the one for which the results of van Paassen et al.
(2010) are reported, as they biocemented a sandy soil with a volume of about 100 m?

observing a significant increase in stiffness.

What is missing to reach a consolidated full-scale application technique is a design
method that allows to effectively predict the final properties of a soil treated with a certain
strategy and certain concentrations. A limit to this need is represented by the great
variability of the biological process itself and its variable behaviour when applied to
different soils. It is then extremely important to consolidate a method for monitoring the
process, to be able to keep under control the extension of the treatment and its
homogeneity: two elements that have proved to be problematic. The unevenness of the
treatment, in particular, can have negative effects on the final result, in engineering terms.
If in the first place it is necessary to design the injection strategy in a coherent way and
with adequate concentrations, an anomalous behaviour of the reaction is not excluded.
This could lead to increased depositions in a part of the volume to be treated, with
consequent clogging and strongly inhomogeneous distribution of the binding crystals.
Geophysical methods seem to be a good option in this regard, and can be accompanied
by micro invasive techniques, such as micro cores, for their validation. With a good
monitoring technique, it would be possible to start the treatment at low concentrations, in
order to obtain the best homogeneity, and then increase them according to the obtained
results, with new injection cycles. Operational costs must always be kept under control,
as they could exponentially grow if the intervention becomes long-lasting. This is mainly

related to the reactant preparation.
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The solutions used for the MICP seem to be able to be used efficiently from an economic
point of view only with an industrial production. We refer in particular to the cultivation
of bacteria, the transport and storage of which represents a further aspect to be considered,
if we consider the difficulty of on-site cultivation. In this regard, Terzis and Laloui, 2019
reported how the use of freeze-dried cells could facilitate in-situ applications and

contribute to overall reproducible results.

The durability of the treatment is another element that has been discussed. DeJong et al.
(2010) observed a degrading of the calcite precipitate during loading and similarly
Whiffin et al. (2007) showed that once the bonds were broken, the strength improvement
of the material was almost completely lost. This is mostly due to the stiffness obtained
from the soil following the treatment. The calcite bonds offer a good increase in strength
but are subject to a brittle behaviour, especially for high CaCO; contents (Clara Saracho
et al., 2020a; Cui et al., 2017; Feng et al., 2017). Lower concentrations could increase

strength while partially maintaining the soil ductility.

As regards the deterioration of MICP-treated soils to environmental conditions, some
studies have observed sensitivity of the treatment to freeze-thaw cycles and acid rain.
Cheng et al. (2017) reported that the bonds deterioration after freeze-thaw cycles was a
function of the soil granulometry. Well-graded sands are characterized by more particle-
particle contacts and therefore more cementitious bonds, still guaranteeing a good
permeability. This allowed for a faster water transfer, and therefore a higher durability to
freeze-thaw cycles. Liu et al. (2019) showed that the bio-cemented soils well resisted to
few freeze-thaw cycles, and only gradually lost strength with repeated rounds. However,
multiple MICP treatments contributed to a considerable reduction of the soil

susceptibility to this environmental factor.

In the same study, acid rain solutions instead showed a highly detrimental effect on
MICP-treated soil, even for high calcite contents. This is due to the high CaCO3 solubility

in acid, which, therefore, proves to be a weak point of the technique.

Finally, a topic widely discussed in the literature concerns MICP harmful waste products.
The ureolysis process by its nature leads to the formation of ammonia and ammonium
(2.1). The production of ammonia can affect the nitrogen cycle: through the nitrification
process, in the presence of oxygen, nitrates are produced. These are excellent fertilizing

products but also primarily responsible for water eutrophication. Terzis and Laloui (2019)
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reported the possibility of capturing and recycling ammonium, which could then be
reused. DeJong et al. (2010) instead proposed alternative methods for pH control, e.g.
denitrification, iron reduction and sulphate reduction. Even if these are less efficient

methods, they are characterized by the production of more benign by-products.

In general, to minimize the amount of ammonium produced it is advisable to reduce the
reagents concentration and it is necessary to balance the ratio between the urea and
calcium concentrations, even if this reduces the reaction efficiency (Martinez et al., 2013).
Alternatively, as shown by Clara Saracho et al. (2020a), there are bacterial strains of the
Sporosarcina genus (e.g. S. Newyorkensis), capable of guaranteeing a good calcite
precipitation efficiency even at lower reactants concentrations, thus decreasing the

amount of hazardous by-product being produced.

2.8.Conclusion
The MICP technology has attracted a lot of attention in the last years: many studies have
been conducted on this technology, and as many are in development. The need to find
alternatives to common grouting techniques, which have proven to have a strong impact
on the environment, has prompted to deepen the process of bio-mediated soil
improvement, which presents itself as an environmental friendly technique, in particular

from the point of view of CO: production.

It has shown excellent potential and sometimes better mechanical properties than
commonly cement grouted soil. Its possible uses are not limited to the geotechnical field,
but range from the environmental, with applications for waste water treatment (Hammes
et al., 2003), reactive barriers (DeJong et al., 2010), carbon sequestration (Martinez et al.,
2014), to the building field, e.g. for concrete repair (De Belie and Muynck, 2008), to
mining applications like selective plugging (Nemati et al., 2005) and tunnels walls

stabilization (Fauriel, 2012).

From the geotechnical point of view, the improvement in strength and stiffness and the
good control over the permeability are the major results of the MICP. The ability to
monitor the process and adjust the injection strategy accordingly to the desired result

represent another point of bio-mediated soil improvement.

Further research on the process at the microscopic scale is necessary, in order to fully
understand the biological variable and both the chemical and physical process behind the

CaCOs precipitation and its distribution in the soil matrix.
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The biggest obstacle towards an effective consolidation of the technique is represented
by the upscaling. Full-scale applications remain limited and some issues related to the
hazardous by-products and to the production of the solutions in ready to use large

quantities do not facilitate the definitive affirmation of the MICP.

Nonetheless, it is worth continuing research in a field so important to today's expanding
world that it needs environmentally friendly yet effective alternatives to support the

growing construction field.
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3. Materials and methods

This chapter aims to present the materials and methods used in this research. The macro-
phases that characterized the project were packing, solutions preparation, injection,

chemical-physical analysis, numerical analysis, mechanical study and SEM analysis.

3.1. Sample preparation

The preparation of the samples includes the sizing and implementation of the packaging

and the choice of particle sizes for the solid matrix.

3.1.1. Artificial soil
In place of a real soil it was decided to use acid-washed soda-lime glass beads
(Sigma Aldrich) with density 2.48 g/cm’. In this way it is possible to standardize the

influence of the shape of the particles and of the material of which they are composed.

Three granulometries were artificially created: a uniform sand (UN), a poorly graded sand
(PG) and a well-graded sand (WG). The last two are defined according to the ASTM
standard (ASTM D2487-17¢1, 2017), while the first one represents a distribution with
extremely low variability in grain size. To prepare these “soils”, different percentages of
the different diameters available to us have been dosed. They were defined by the

manufacturer in a range, of which the median was chosen for our calculations.

Table 3.1 shows the content in each grain size range, corresponding to the granulometric
curves of Figure 3.1. instead shows the artificial granulometries characteristics, as defined
by the ASTM standard. The average porosities were roughly calculated by measuring the

volume occupied by the known mass.

Table 3.1 - Dosage of each grain size for the granulometries under study

Bead Size Range [pm] Sieve size [Imm]  Percentage passed [%]  Frequency [%]

UN 212-300 0.3 100 100
710-1180 1.18 100 7
425-600 0.6 93 63
PG 212-300 0.3 30 28
150-212 0.212 2 1
<=106 0.106 1 1
710-1180 1.18 100 60
425-600 0.6 40 20
WG 212-300 0.3 20
150-212 0.212 15
<=106 0.106 10 10
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Figure 3.1 - Artificial granulometric curves

Table 3.2 - Artificial soil characteristics and classification according to the ASTM standard (D2487-
17el). Cu stands for coefficient of uniformity, Cc for coefficient of curvature, € for porosity

UN PG WG
dio [mm)] 0.221 0.23 0.1
dso [mm] 0.24 0.30 0.41
dso [mm)] 0.256 0.39 0.69
deo [mm] 0.41 0.41 0.75
Cul-] 1.86 1.78 7.50
Ce|-] 0.63 0.95 2.24
e[-] 0.36 0.31 0.22

3.1.2. Packaging
The glass beads were packed in centrifuge tubes of two different sizes: 50 ml and 15 ml
(Figures Figure 3.2 and Figure 3.3). In this way, three larger columns for the physic-
chemical analyses and a duplicate represented by three smaller columns intended for the

XRCTs numerical analysis were constructed.

The molds had respectively an internal diameter of 26.5 mm and 14.0 mm, for a height
of 120 mm. For the construction of the specimens, the centrifuge tubes were perforated

at both ends, so as to be able to insert two valves (Figure 3.3) collected to the 2 mm inlet
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and outlet pipes. Subsequently, a filter mesh was placed inside each mold (top and
bottom) to prevent the glass beads from escaping. The remaining volume was filled with
the previously prepared artificial granular media, weighing each time the mass of glass

beads present in each specimen.

TUBE TUBE
VALVE

FILTER
MESH

GLASS BEADS

50 mL

2 cm

FILTER
MESH

1.4 cm

Figure 3.2 - Scheme of the two sample sizes used. The largest (50mL) on the left and the smallest (15mL)
on the right. Both had the same height and a filter mesh was placed at top and bottom. Plastic 2-way
valves were placed at the insertion of the pipes.

Since acid-washed glass beads, which have zero cohesion, have been used, they have
been observed to freely arrange themselves in their more compact structure. Further
compression and agitation did not lead to observable compaction changes and it was not
even possible to obtain a less dense structure than that naturally obtained from the beads
with the force of gravity alone. Therefore, no maximum and minimum void ratio
measurements were carried out and the self-compacting of the glass beads was ensured

to always lead to the highest possible relative density.
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Figure 3.3 - Columns used for injections. On the top row the 50 mL samples and on the bottom row the
15 mL samples. Left to right UN, PG, WG.

The mass of glass beads used for each sample was measured (Table 3.3). Subsequently,
knowing the bulk volume occupied by the latter, the porosity of the sample was roughly
calculated. The difference in porosity between two samples containing the same
granulometry lies in the different disposition of the fines, which easily arrange in the

voids of the larger beads.

Table 3.3 - Packings specifications: mpeads is the weighted mass of the beads, Vi is the measured volume
(base % height) occupied by the beads. The volume of the voids (V.eias) is calculated as the difference
between the bulk volume and the volume of the beads.

Sample size  Granulometry  Mbpeads (g)  Vour (cm®)  Viyoigs (cm?)

UN 21.37 14.01 6.16
15 ml PG 23.03 14.01 5.39
WG 27.19 14.16 3.61
UN 75.52 47.98 20.46
50 ml PG 81.28 47.98 17.75
WG 88.85 47.98 14.19
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3.2 Reactants
Two reactants were prepared for bio-cementation: the bacterial solution (BS) and the

cementation solution (CS).

3.2.1. Bacteria solution
The bacterial solution was prepared from freeze dried Sporosarcina pasteurii cells
stored at -20 °C, under sterile conditions. The microbes were inoculated in a
liquid medium (ATCC 1376), which consisted of 20 g/L yeast extract, 10 g/L. ammonium
sulphate and 0.13 mol/L Tris buffer aqueous solution (Figure 3.4). The mixture pH was
regulated to 9 with HCl and then autoclaved before the insertion of the bacteria.
Subsequently, the solution thus created was incubated 30 °C for 72 hours in order to allow

bacterial growth. At the end of the incubation (Figure 3.5) the solution had an OD600 of

1.2 and the stationary phase was considered to be reached.

Figure 3.5 - Difference in opacity between two incubated solutions: on the left the negative sample
(without inoculated microbes), on the right an effective bacteria solution

49



Materials and methods

The bacteria ureolytic activity was calculated by measuring the electrical conductivity of
27 mL urea solution 1.11 M to which 3 mL of BS were added. Two measurements were
taken at a distance of 5 minutes and the rate was calculated. Through the conversion of
equations (2.6) and (2.7), it was therefore possible to evaluate bacterial activity, which
turned out to be equal to 19.2 mM/h. The specific urease activity was therefore 15.61

mM/h/OD600.

3.2.2. Cementation solution
The cementation solution is composed of urea (CH4N20), calcium chloride (CaClz) and
nutrient broth. An equimolar concentration of CaCl, and CH4N>O of 0.25 mol/L was
used. The concentration of the nutrient broth was instead of 3 g/L. The constituents were
weighed and combined with a litre of demineralized water and subsequently mixed with

a magnetic stirrer for complete dissolution.

3.3. Treatment
A syringe pump (Harvard apparatus, + 0.25% accuracy) was used for the injections. The
flow rate was adjusted according to the porosity and section of each sample, in order to
obtain the same seepage velocity within each granulometry (0.024 cm/s), accordingly to

the following relation (3.1):

q (mLs™) = Vgeep(cms™) - A(cm?) - & (3.1)
where q is the flow rate, vseep 1S the target seepage velocity, A is the total section area and

¢ is the porosity.

The employed flow rates are shown in Table 3.4, together with the volumes used for each
injection (1.2 PV). Before each inoculation, the pipes were filled with the proper liquid,

in order to guarantee the exact injection of the calculated volume.

Each sample was initially saturated by injecting 2 PV of demineralized water, in order to
achieve a relatively controlled flow field. The valves were opened for injections and

immediately closed for reaction or attachment time.

A two-phase injection scheme was used for the bacterial and cementation solution.
Following saturation, 1.2 PV of BS were immediately injected into each column from the
upper valve, collecting the outflow from the lower valve (mainly water). The bacteria
were left to attach to the soil grains and grow for 24 h, at the end of which the CS injection

was started.
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Each sample was treated with 11 CS injections, performed at an interval of 24 h. The
same volumes of BS were used for each CS injection, but the flow direction was changed.
The CS was inoculated from the lower valve and effluent was collected from the upper
valve. The collection took place every day in individual vessels for each sample. All the
effluents were stored in the refrigerator at 4 °C (in order to stop the reaction) until the end
of the treatment and then sent for chemical analysis. At each injection, the effluent

representing the injection of the previous day was collected.

Following the last injection of CS plus the 24 hours of reaction, the samples were flushed
by injection of 5 PV of demineralized water in order to eliminate any unconsolidated

residues of the reagents and they were put in an oven at 100 °C for drying.

Table 3.4 - Volumes and flow rates needed for the injections. A.oids is the area of the void, calculated as
section area times the porosity, Vsep is the target seepage velocity and vs/csis the volume needed for the
BS or CS injections (1.2 PV).

Sample size  Granulometry Aveigs(cm?)  Vseep (cm/s)  Flow rate (mL/s) Vesics (mL)

UN 0.59 0.024 0.0142 7.39
15 mL PG 0.52 0.024 0.0125 6.47
WG 0.35 0.024 0.0083 4.34
UN 2.02 0.024 0.0484 24.55
50 mL PG 1.75 0.024 0.0420 21.30
WG 1.40 0.024 0.0335 17.03

Figure 3.6 shows a schematic of the process followed for the treatment.

DI water injection (2 PV - Saturation)

o

BS injection (1.2 PV)

l@ 24h - Attachment
CS injection (1.2 PV) 11 24h - Reacti
(Effluent collection) X @ cacen

l@ 24h - Reaction

DI water injection (5 PV - Flushing)

>

Drying (24 h at 100 °C)

Figure 3.6 - Treatment scheme
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3.4. Physico-chemical analysis

The chemical and physical analyses include monitoring the reaction by measuring the

concentration of ions in solution and calculating the calcite content by acid digestion.

3.4.1. Chemical monitoring
The chemical monitoring of the reaction consisted of the measurement of pH, electrical
conductivity (EC), OD600 and ions concentration in the effluents. The first three
measurements were performed manually every day, while the ions concentration was
measured by the Central Environmental Laboratory of the EPFL at the end of the
treatment on the effluents stored in the fridge (11 for every granulometry). This latter
involved the analysis of ammonium (NH4"), calcium ion (Ca**) and Total Inorganic

Carbon (TIC).

The pH and the EC were measured by means of the respective probes which a digital
multiparameter benchtop meter (Orion ™ Versa Star Pro ™ - Thermo Scientific ™) was
equipped with. In the days when access to the laboratory where the instrument was stored
(CEMBL - EPFL) was limited, the pH was measured via pH test strips with sensitivity
0.1, while the electrical conductivity was not recorded. These two measures were also

partially collected for the influent CS of the specific day.

Ammonium, calcium and TIC results were used to calculate the theoretical amount of
precipitated CaCOs3 (equations (2.10), (2.11) and (2.12) and the reaction efficiency by
means of the following equations (3.2), (3.3) and (3.4) :

-1 3.2
Ccs(mOI L_l) 00 ( )

nea(%) = [ 1 Cear(mol LY. 100 (3.3)
a Ccs(mOl L_l)
0.5 Cyyg+ (mol L™1) — Cpyc(mol L71)
%) ={1- - -1 34
N1ic (%) ( Cos(mol L 1) ) 00 (3.4)

where nnh4+ 1S the ammonium conversion efficiency, nca2+ is the calcium precipitation
efficiency and nric is the carbonate precipitation efficiency; Cnua+, Cca2+ and Cric are the
ammonium, calcium and TIC molar concentration in the effluent, respectively; Ccs is the

urea and calcium chloride molar concentration in the influent (0.25 mol/L).
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3.4.2. Calcite content empirical measure
Calcite content (CC) was physically measured at this stage in both sample sizes via acid
digestion. The procedure, described in detail below, involves measuring the mass of the
samples before and after the treatment with hydrochloric acid, which dissolves the
precipitated calcium carbonate. The difference in weight is therefore equivalent to the

mass of calcite.

The procedure is slightly different between the two column sizes. The 50 mL samples
were divided into three parts (top, center and bottom), which were in turn divided into
two parts for consistency: the respective CC was then averaged, and the variance of the
measurement obtained. In the 15 mL columns the CaCOj3 was still estimated on top, center
and bottom part but without further splitting each part in two, because of their already

small size. The fragments were first placed in special labelled bowls and then weighed.

Inside a fume hood, the necessary amount of HCI (1 M) was added to the bowls (Figure
3.7) and 30 minutes were waited for the dissolution reaction to stop. Subsequently, the
excess acid containing the dissolved CaCOs ions was removed with a syringe, taking care
not to remove the glass beads too. After that, more acid was added again for a second
dissolution, lasting 2 hours, after which all the CaCO3 was considered dissolved. The

liquid was then removed again, and deionized water was added to rinse the glass beads.

Figure 3.7 - Labelled glass bowls for acid digestion, containing columns portions immersed in HCI
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Once having removed as much water as possible with the syringe, the measurement cups

with the glass beads were placed in the oven at 100 °C for 24 h to dry.

The following day the weight of the fragments was measured again and the difference
between the two measurements provided the calcite content, according to the equation

(3.5):

Mcaco, (g) .
Mpatrix (g)

where CC is the calcite content, mcacos is the mass of calcium carbonate, calculated as

CC(%) = 100 (3.5)

the difference between the sample weight before and after acid dissolution, Mmatrix 1S the

mass of the solid matrix as weighted after dissolution.

The calcite content thus obtained was used to evaluate the efficiency of the chemical
reaction and precipitation of calcium carbonate, comparing it to the maximum quantity
that could have formed if all the CaCl; had been converted into CaCOs (Al Qabany et al.,
2012; Wang, 2019). The resulting relation is as follows (3.6):

m m i
77(%) — — CaCO3(g)/ matnx(g)_1 100 (3.6)
CCaClz (mol L7%) - V(L) - MCaCO3 (g mol™1) /Myatrin(9)
3.5. Numerical analysis

Numerical analyses were performed on high resolution X-ray computed micro-
tomographies performed at EPFL's PIXE laboratory (RX-SOLUTIONS Ultratom micro
CT system). The samples used were those of 15 mL (diameter 14 mm). The image
processing was then performed with the Amira-Avizo software (ThermoFisher

SCIENTIFIC).

Scanning takes place by means of an X-ray beam incident on the slowly rotating sample.
The result is a stack of 2D TIFF images representing as many slices of the column. The
distance between the images is a function of the resolution of the scan, which depends on
the distance of the source from the sample. The smaller the sample diameter, the closer
the source can be placed and the more concentrated the ray beam will be, thus increasing

the resolution.

The incident X-rays are partly absorbed and partly transmitted by a material according to

its attenuation coefficient. Afterwards, they reach a detector and the set of projections
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acquired at each sample rotation step allows a software to reconstruct a picture, returning
the three-dimensional distribution of the attenuation coefficients throughout the sample.

Figure 3.8 shows the synthetic scheme of a micro tomography functioning.

Sample ~__ Detector
N
P >
/ ~
/ i//)

N~

~_
Rotating stage

X-ray beam
source

Figure 3.8 - Synthetic scheme of a micro tomography system operation

3.5.1. Initial considerations
In this study a resolution of 8.3 um was achieved and the X-ray beam was set to an

intensity 150pA and a voltage o 55 kV.

The identification and separation of the calcium carbonate crystals from the glass beads
was the main challenge to address, as the linear attenuation coefficients and densities of
the two materials are very similar (Bam et al., 2020) and the initial resolution was not

sufficient to clearly distinguish the calcite bonds.

Figure 3.9 - Grayscale image of the cemented uniform sample. One can guess the presence of bonds when
the union between the glass beads is more marked (red circles). The resolution is not sufficient to
distinguish the calcite crystals and the contrast between the two solid phases is absent.
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The presence of calcite can be assessed with the postulate that the existence of bonds
results into glass beads having a clearer surface contact, as shown in the Figure 3.9 rather

than a single contact point. This latter corresponds to untreated spheres.

Circle Hough Transform

A Hough Transform (HT) was also attempted to extract the spheres (Yadav et al., 2014),
in order to separate the calcite crystals by subtraction of the latter from a binary image
representing the whole solid phase. The attempt was made using a Phyton script from

Amira-Avizo Xtra Library, but the result was not satisfactory.

The algorithm is designed to detect circles in imperfect images. The user must provide an
estimate of the number of circles (or spheres) present and the range in which their radius
falls. Although some tests have been made with even reduced radius ranges, it has not

been possible to correctly isolate the spheres.

An extract of the best obtained result is shown in the Figure 3.10: some circles are
identified and well fitted, but a good part is badly fitted or not identified at all. The
problem seemed to be that same circles were fitted multiple times while others never
were. This led not only to the incompleteness in spheres identification, but also to an
incorrect size and overlapping of those correctly found. By solving these problems, the

calcite crystals could probably have been separated effectively.

—— 1 mm

Figure 3.10 - Attempt to HT circles fitting in a cemented uniform sample slice. In red the binarized image
representing the whole solid phase, in blue the circles found by the algorithm. Many spheres are not fitted
and just as many are incorrectly identified
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Filtering

Different filtering methods have also been tested, but without obtaining any advantages.
Median and Non-Local Means filters were not necessary, as the image did not have much
noise and the edges were well delineated. Edge enhancement filters, such as “Unsharp
masking”, did not provide any advantage to calcite detection. In conclusion, no filtering

method was employed.

Final solution

Once the extreme difficulty in separating the solid phases was ascertained, it was decided
to keep glass beads and calcium carbonate crystals as a unique solid phase and to carry
out a binarization between the latter and the voids. In this way a qualitative comparative
analysis was achieved between a cemented and a not cemented MICP sample of the same
granulometry. Therefore, absolute results are not available, as the treated and the
untreated sample do not exactly have the same topological characteristics and grain
distribution. However, comparing the same granulometry with and without cementation,

was still possible to trace the effect of the treatment in a qualitative way.

The datasets referred to below are therefore six: uniform treated (UN 1), uniform
untreated (UN 2), poorly graded treated (PG 1), poorly graded untreated (PG 2), well
graded treated (WG 1), well graded untreated (WG 2).

We clarify that the wording “treated” and “untreated” does not refer to the same sample
before and after cementation but to two different but statistically similar samples of same

granulometry.

3.5.2. Pre-processing and segmentation
Each tomography was composed of about 10 thousand TIFF images. To carry out an
analysis of the sample properties variation along its entire length, it was necessary to
convert each dataset into LDA (Large Data Access) format to optimize computational
time. This step required about one hour and a half of processing for each column, but

significantly speeded up the following operations.

Once the datasets were converted, a sub-sizing through the Extract Subvolume module
was made to obtain lightweight files and allow the operations to be carried out in good
time. The result was the union of voxel pairs, resulting in a halving of the resolution to
16.6 um. The processing speed benefited a lot, while image quality was not essentially

affected.
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For each file thus processed, two different types of sub-samples were extracted:

1. One 75 mm high parallelepiped, representing approximately the entire length of
the column, designed for continuous analyses along sample. Having a square base,
it excluded most of the column boundaries. The latter was achieved with the
Extract Subvolume module.

2. Three cylinders with a diameter equal to the diameter of the sample and a height
of 15 mm, designed for discrete analyses at the top, center and bottom of the

samples. In this case the Volume Edit module was used for cropping.

Figure 3.11 shows a scheme of the sub-samples thus extracted, together with their
dimensions. Since no filters were used, the following step was image binarization, meant
to separate the solid phase (glass + CaCOs3) from the voids. To do this, Avizo's Interactive
Thresholding module was used, in order to isolate a certain grey level interval to which
the binary value 1 is assigned, from the rest of the image, which assumes a value of 0.
The histogram interval corresponding to the solid phase is easily identifiable, given the
contrast with the voids. The only difficulty lies in the halo at the grains’ edges, which

reflects intermediate grayscale levels. After several attempts, the thresholding values

shown in the Table 3.5 were used.
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Figure 3.11 - Scheme of the extracted sub-samples used for the calculations, measures in cm. A space is
left from top and bottom to avoid considering the filter mesh and the cap. Every sub-cylinder is
equispaced of 1.5 cm (904 voxels) and has a height of 1.5 cm and a diameter of 1.3 cm. The inscribed
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parallelepiped instead has a side of 0.9 cm (540 voxels) and a height of 7.5 cm (4522 voxels).
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Table 3.5 - Thresholding values for the six datasets

Granulometry MIN grey value MAX grey value

UN1 31000 65535
UN 2 31000 65535
PG1 34000 65535
PG2 34000 65535
WG1 35000 65535
WG 2 29000 65535

Since the contact points between the grains are not detected by the micro tomography due
to resolution limitations, an image separation was carried out to divide the individual glass
beads. This method is based on the principle of watershed lines and distance
transformation and aims to identify the lines that separate the grains. An advantage of this
technique is the pixel preservation, so that the volume of the particle does not change.
The Separate Objects module, with the Chamfer conservative method was used for the
image separation settings, with a 3D interpretation and a number of neighbourhood equal
to 26. A particular of the conversion from grayscale to binary and to separate image is

shown in Figure 3.12 for the three treated granulometries.

a8l UN 1 Thresholded UN 1 Separated

PG 1 Separated

p WG 1 Thresholded WG 1 Separated

Figure 3.12 - Grayscale images for the three granulometries (a = UN 1, d = PG 1, g = WG 1), with
respective binary (b, e, h) and separate (c, f, i) images
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Figure 3.13 in turn shows the result of the segmentation process with a zoom to the

particle size, again for the all the granulometries.

UN 1 Separated

PG 1 Thresholded PG 1 Separated

WG 1 Thresholded WG 1 Separated

1
| mm

Figure 3.13 - Separation process: zoom to the particle size for the uniform (a, b, c), poorly graded (d, e,
1) and well graded (g, h, i) granulometries

In Figure 3.14 below is reported the synthetic scheme followed for the dataset preparation.

At this point the numerical analyses could begin.

LDA_ ; Sub-sizing _ | Binarization | Numerlc_:al
conversion and sub-sampling analysis

NN,

Thresholding Separation

Figure 3.14 - Scheme of the binary data preparation for numerical analysis
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3.5.3. Grain-size distribution
The grain-size distribution analysis was carried out using Avizo's Label Analysis module.
The measure on which the study is based is the particles equivalent diameter. It is

calculated as follows (3.7):

p Volume3d
T

(3.7)

where Volume3d is the computed volume of each separated particle.

The granulometric curves were then calculated with MATLAB, comparing the size of the
grains between the treated and untreated samples (since calcite is part of the single solid
phase, it increases the size of the grains). To smooth the granulometric curve, the
numerically calculated equivalent diameter (too high in number) were averaged in order

to obtain only 10,000 different values and a more regular curve.

3.5.4. Porosity and pore skeleton
Porosity was numerically calculated in different ways for the different binary sub-
volumes. In the case of the parallelepiped, the volume fraction was calculated according
to a 2D interpenetration, in order to obtain the fraction of solids, and therefore of voids,
for each slice of the scan. The result is therefore the porosity variation along the sample,

with a resolution equal to the number of slices of the sub-volume (4522).

In the case of cylindrical sub-samples, the volume fraction was calculated according to a

3D interpretation, eventually obtaining the total porosity of the portion.

The skeletonization is a tool used to observe the sample void network and the path a fluid
might follow in it. The technique consists in extracting the centreline of the sample
interconnected regions, such as the pores and pore throats. This "skeleton" of the pore
network that is thus created also contains information about the size of the void space in

that point, which is shown via colormap and thickness of the skeleton.

The Auto Skeleton module was used to extract the pore space network of our
granulometries on cubic-shape sub-volumes, of 1.5 mm side. Bigger volumes gave
confusing interpretations. The process was carried out on the untreated samples only,
because no differences were highlighted with the cemented ones and the aim was not the

comparison.
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3.5.5. Calcite content
The calcite content was evaluated starting from the numerical results of the porosity on

the parallelepipeds and on the sub-cylinders.

The volume of calcium carbonate was calculated as the difference between the solid
volume of the cemented sample and that of the uncemented one of same granulometry.
Since the distribution of the glass beads is not the same between treated and untreated
samples, it was decided to always subtract the average solid volume value of an untreated
sample from the treated ones. The calculations were performed using the fraction of solids
in the unit reference volume. The calcite content in mass is then obtained through CaCO3

and glass densities.

Equations (3.8) and (3.9) clarify the method used:

cC = Vs1— Vs, Pcacos

_ - 100 (3.8)
VS 2 pglass

Ae
cC = | _| Pcacos
1- €2  Pglass

-100 (3.9)

where Vs 1 is the volume of solids of the treated sample, Vs, is the volume of solids of
the untreated sample of same granulometry. Ae is the difference between the mean
porosity of the untreated sample and the porosity of the treated sample of same

granulometry, €, is the mean porosity of the untreated sample.

For the calculations on the sub-cylinders, the mean untreated porosity was calculated as
the average of the porosities of the 3 untreated sub-cylinders (top, center and bottom),
while for the calculations on the parallelepipeds the mean porosity of the cemented

sample was the average of the porosities along that sub-volume.

The results were therefore the variation of CC along the parallelepipeds and the total CC

in the different sub-cylinders.

3.5.6. Permeability
Permeability analyses were conducted using Avizo XLabSuite Extension. With the
Absolute Permeability Experiment Simulation module, it was possible to numerically

simulate a permeability test.

The estimate of absolute permeability is obtained from Darcy's law (3.10):
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Q kAP
$=TuT (3.10)

where Q is the flow in the pore space (m?® s™), S is the sample cross section subjected to
flow (m?), k is the absolute permeability (m?), p is the dynamic viscosity of the flowing
fluid (Pa s), AP is the pressure drop from between top and bottom of the sample, (Pa), L

is the sample length in the flow direction (m).

S, L and p are boundary conditions, while Q and AP are the unknowns which are deduced

with a finite volume method by numerically solving the Stokes equations (3.11):

{ divV =0 G.11)

WV — VP =10
where V is the fluid velocity in the pore space, p is the fluid dynamic viscosity and P is

fluid pressure.

The system in (3.11) is a simplification of the Navier-Stokes equations, according to the
hypothesis of incompressible Newtonian fluid and steady-state laminar flow. This means
respectively that the density and the dynamic viscosity are constant, the velocity does not

vary over time and no turbulence is produced.

For our study, once having made sure to use the correct spatial units of measures with
respect to the declared voxel size (mm in our case), the datasets on which to perform the

permeability analyses were prepared.

The tests were performed on different samples than those previously used. In fact,
simulation is a highly time-demanding process, given the required computations.
Therefore, starting from the thresholded and separated sub-cylinders, cubic sub-volumes
of 7 mm side (420 voxels) were extracted. These can be considered REV, as they have a
size ten times greater than the greater of the dso (that of the WG sample), which is 0.69
mm. The analysis was therefore made again on the top, center and bottom of each column,

comparing treated and untreated samples of the same granulometry.

Using the Invert module on the binary sub-samples a new binary image was obtained,

where the value “1” represents the pore space.

The Axis connectivity module was applied to the latter in order to exclude isolated pores

from the calculation. This step did not change the final result in our case, as all the pores
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were connected. The simulation of the permeability test was then performed on these

datasets.
For each cubic sub-sample, the inputs for the simulations were:

e Pressure at the top = 130,000 Pa
e Pressure at the bottom = 100,000 Pa

e Dynamic viscosity of the fluid (water) = 0.001 Pa‘s
The outputs were:

e The absolute permeability
e The flow path and velocity simulation

e The pressure drop simulation

Since the study used glass beads (sphericity = 1), it was possible to compare the
numerically calculated permeabilities with those calculated using the Kozeny-Carman

equation (3.12) (Kruczek, 2014):

1 &3

K=xa=o?

d? (3.12)

where K is an empirical constant, which depends on the tortuosity and is assumed equal
to 150 (Ergun, 1952); ¢ is the numerically computed porosity for the specific column part

and d is the mean numerically calculated equivalent diameter of the granulometry.

3.6. Mechanical study

A micro UCS test on a bio-cemented sample of uniform granulometry (UN 1) was

performed at the PIXE laboratory of the EPFL, monitoring its evolution through XRCT.

The sample was obtained from a 15 mL cemented column fragment, which was cored to
obtain a shape suitable for the test and to which cement paste was applied to provide

smooth planar surfaces.

The maximum height allowed by the compression cell was 15 mm: the sample under
study had a height of about 9 mm, including the paste, and a width of 6 mm, for a length
to diameter ratio of 1.5. These dimensions were therefore within a REV, as the dso of the

UN 1 sample was equal to 0.256 mm.

The uniform granulometry was the only one to be mechanically tested as the other

samples did not have fragments of sufficient size to fit into a REV (Figure 3.15).
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Figure 3.15 - All the samples cored for the UCS test. From the left, the uniform, the poorly graded and
the well graded granulometries. Among these, only samples from the uniform distribution were suitable
for the test and only the one indicated by the red arrow was used

A constant strain rate equal to 0.1 mm / min was imposed (ASTM D2166 / D2166M-16,

2016) and a stress-strain curve was obtained, from which the UCS could be estimated.

In addition to that, 4 tomographic scans were performed, with a quite low resolution equal

to 17.2 um, due to the test setup. They were carried out as follows:

1. The first scan on the undisturbed sample, with no forces applied

2. The second scan within the postulated elastic branch, at 0.4% axial strain
3. One immediately after failure
4

One in the softening part, at 1.5% axial strain, when the test was stopped

The tomographic images were analysed both three-dimensionally and by investigating
the same 2D vertical section, in order to observe the volumetric deformation of the sample

and the development of the failure mechanism.

The preparation of the latter followed the premises illustrated in the chapter 3.5.1. The
pre-processing did not require a conversion to LDA, given the smaller sample size and
low resolution. No sub-sizing or sub-sampling were performed, since the resolution was
already quite low, and all the sample volume was of interest. The thresholding values for
binarization were in this case 36000-65535 and no image separation was carried out, since

only the relative movement of the grains has been studied.

Figure 3.16 shows a slice of the undisturbed sample on an XZ plane in gray scale and

after binarization.
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Figure 3.16 - Uniform sample for UCS test before loading. On the left the grayscale image, on the right
the thresholded one

3.7. SEM

In order to observe surface and textural characteristics of the calcium carbonate crystals
precipitated on the glass beads, a scanning electron microscopy (SEM) investigation was
conducted. The intent was to verify the actual presence and disposition of the crystals,
their bonding effect, as well as to evaluate the prevailing CaCO3 polymorphs. The
analysis was carried out in the EPFL CIME Ilaboratory. Small aggregates of each
granulometry were collected and covered by a 100 nm-thick gold coating (Figure 3.17)
using the sputter coating technique in order to ensure a proper conductivity for the
microscope electron beam. They were then observed under the electron microscope in a

purely qualitative manner.

Figure 3.17 - SEM ready gold coated samples. From the left: UN, WG, PG
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4. Considerations on the setup

4.1. Glass beads compaction
In order to obtain consistent results in the various experiment duplicates and in reference
to other studies, the soil samples subject to analysis are usually compacted to a certain
relative density, to which the properties and characteristic behaviour patterns of granular
materials are connected (Cui et al., 2017; Dadda et al., 2017; DeJong et al., 2010; Fauriel,
2012; Terzis et al., 2016). This measure indicates the relative position of the current void

ratio, between the minimum and maximum void ratios of the soil (Lade et al., 1998) (4.1):

€max — €
Relative Density = ———~ 4.1

€max — €min
where emax 1S the soil void ratio in its loosest state, emin is the soil void ratio in its densest

state and e is the soil void ratio in the current state.

In this study it was not possible to appreciably change the degree of compaction of the
glass beads, so the relative density of the different samples is not the same and neither is

their porosity.

As observed by Onoda and Liniger (1990), in fact, the loosest possible packing of spheres

in a container depends on the magnitude of the gravitational forces.

Spherical particles can be arranged in 5 idealized packings. The loosest is the cubic with
solid volume fraction of 0.91, while the densest are the face-centred cubical and the close-

packed hexagonal, both with a solid volume fraction of 0.35 (McGeary, 1961).

Pouliquen et al. (1997) reported that in reality, the volume fraction of the spheres, cannot
exceed 0.74, but spheres simply released in a box do not spontaneously arrange into a
crystalline formation. Even when vibrations are imposed to compact the arrangement, the
maximum volume fraction obtained was 0.64. The matter is slightly different for
distributions of spheres with different diameters, as is the case in this study, but it is clear
that there are minimum and maximum compaction limits that are difficult to govern with
respect to the case of a real soil, in which the particles can be rearranged to obtain a higher

density.

It is believed that this difference is dictated by the shape of the grains, which in the case
of spherical beads limits the possibilities of rearrangement of the particles, compared with

the structures that a soil with irregular grains can assume (Figure 4.1).
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“ o m

Compactlon

Figure 4.1 - Effects of compaction on glass beads (top) and on uniform size irregular particles (bottom).
The possibilities of rearrangement for a real soil are greater than for spheres, due to the influence of the
of grains rotation.

In practical terms, once the granulometries were created and the artificial soil inserted
into the columns, any attempt at compaction or mixing has never led to appreciable
changes in relative density, and this is why our samples were considered to be at their at

the lowest possible porosity.

4.2, Granulometries
The granulometries created according to the distributions shown in Table 3.1 have in
some cases encountered some practical problems. This consideration is mostly valid for
well graded distribution (WG), and in particular in its dosage of fine and coarse grains.
Given the large difference in diameter between the glass beads, the smaller particles
tended to segregate in some areas of the column, within the voids of the larger beads. This
trend led to a largely heterogeneous porosity within the WG samples due to the increased
presence of solids in some areas. Although a variable porosity was sought, as an intrinsic
characteristic of a well graded soil, this segregation of the fines led to abrupt changes of
solid content and therefore of porosity which influenced the final cementation, the
interpretation of the results and their reproducibility, as the reactants used to follow

preferential paths during the injections (Figure 4.2).
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Figure 4.2 - WG sample during treatment: areas with increased fines (red arrows) hindered the passage
of the reactants and led to an inhomogeneous cementation

This aspect of the WG samples will be clearly shown in Chapter 6, thanks to numerical

analysis.

Apart from this observation, the granulometries proved to be representative of real soils
with different porosities and degrees of uniformity. In particular, these two properties
were strongly interconnected, being the degree of heterogeneity the determining factor of
our soils’ intrinsic porosity. Since this latter parameter was not modified by compaction
and the different granulometries’ dso did not differ in an essential way, the large
differences in volume of voids were mostly dictated by the variance in the grain size. This
last observation is in agreement with what was observed by Das and Sivakugan (2011),

which reported a decrease in void ratio as the soil coefficient of uniformity increased.

The quickly measured porosities used for the calculation of the flow rate are therefore

shown in Table 4.1: they clearly decrease as the variability of the grain size increases.
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The difference between the 50 mL and 15 mL samples lies in the increased influence of
boundary effects in the smaller ones and in the different fine segregation in the WG

samples.

Table 4.1. Roughly calculated porosities &

Sample size  Granulometry £(-)
UN 0.39
15 ml PG 0.34
WG 0.23
UN 0.37
50 ml PG 0.32
WG 0.25

4.3. Conclusion
The initial intent was to compact the samples at the same void ratio, but the physical
characteristics of the glass beads did not prove suitable for this purpose. Maintaining
different porosities and consequently changing the flow rate was considered a good

solution.

By targeting the same seepage velocity in all samples (0.024 cm/s) it was in fact possible
to consider the bacteria attached to the soil grains as exposed to similar advective fluxes,
which is a factor proved to influence the degree and distribution of the cementation

(Martinez et al., 2014; Mortensen et al., 2011; Stack, 2015).

In this way the influence of the pore-scale heterogeneities could be isolated and
investigated in a separate and autonomous way, and the different results of the treatment

could be attributed to these different properties.

A more representative well graded sample could have been fabricated using a greater
quantity of beads of intermediate size between fine and coarse, in order to limit the
freedom of movement of the grains smaller than 106 um and their uncontrolled

segregation.

70



Experimental Characterization

5. Experimental Characterization

This section contains the experimental analyses carried out on the 50 mL (UN 1, PG 1
and WG 1) and 15mL (UN 1s, PG 1s, WG 1s) specimens. The results mainly concern the
treatment chemical monitoring, the calcite content, the qualitative microscopic analysis

and a mechanical test.

51. Chemical analysis
In this chapter we intend to present and discuss the results relating to the chemical
analyses of pH, electrical conductivity, ammonium, calcium and total inorganic carbon

concentration on the effluents of the 50 mL samples.

As already explained, these analyses were performed on the effluents of the 11 CS
injections. This means that the first effluent represents the BS injected on the first day,
while the last volume of CS injected was not collected, because it was diluted in 2 PV of
water. The monitoring allowed us to understand if and to what extent the reaction took

place.

Within the effluents of the first CS injection (therefore representing the BS), calcium
carbonate precipitates were already observable in the outlet pipes and storage containers

(Figure 5.1), indicating that the reaction started already in the first half hour.

Figure 5.1 - Calcium carbonate precipitates on the bottom of the falcon tubes containing the first effluent
(mostly BS). From the left: WG, PG, UN
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An attempt was made to measure the OD600 on effluents, with the aim of measuring the
number of bacteria remained attached on the solid matrix. However, the results were not

usable, given the increased opacity of the effluent due to the suspended CaCOjs crystals.

5.1.1. pH and Electrical Conductivity
The pH and EC monitoring is a real-time control tool of the reaction. The precipitation of
calcium carbonate in fact leads to a reduction in pH and salinity in the fluid (and therefore

of its electrical conductivity), while the ureolysis process increases them.

These alterations are to be evaluated in relation to the pH and EC of the influent CS. In
this study, the pH before injection was not always measured, but it is known that it was
equal to 7 on the first day and stabilized at around 6 in the rest of the treatment campaign.
The electrical conductivity of the influent CS has always remained unchanged, around 42
mS/cm. This last measurement was not carried out in the last four days due to the

impossibility of accessing the laboratory for analysis.

Figure 5.2 shows the trend of the measured pH and EC during the treatment, while Table

5.1 reports the exact values.

Monitoring pH and EC
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Figure 5.2 - Trend of pH and EC measurements. On the left y-axis the pH, on the right one the EC
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Table 5.1 - Results of pH and EC monitoring

Day 1 2 3 4 5 6 7 8 9 10 11
EC [mS/cm]
CSIN 419 419 419 419 419 419 418 - - - -
UN1 242 522 54,6 545 549 546 54.6 - - - -
PG1 229 544 554 502 563 562 557 - - - -
WG 1 26.1 485 50.1 51.8 551 548 544 - - - -
pH [-]

CSIN 7.0 - - - 62 62 63 - - - -
UN1 87 82 77 76 76 76 15 74 74 71 7.1
PG 1 86 81 78 77 76 77 715 17 13 68 7.1
WG 1 84 82 78 77 77 76 76 17 77 74 74

By looking at the electrical conductivity results, it can be observed that on the first day it
is very low as there are no ions in the BS. On the second day there is an average increase
of about 30 mS/cm, with the PG having the greatest increase and the WG the least. On
the third day the EC of the UN reaches 55 mS/cm and then remains almost constant for
the rest of the measurements. The WG, on the other hand, shows linearly increasing EC
values from 48 mS/cm to 55 mS/cm from the second to the fifth day, and then remains
constant. The EC of the PG is in general the highest of the three from the second day
onwards, with the exception of the fourth, in which it has a fall of about 5 mS/cm, and

then returns constant around 55-56 mS/cm for the other measures.

If we exclude the outlier on the fourth day, the EC of PG is on average the highest of the
three granulometries, followed by UN and WG. In particular, the first two report a more
sudden increase in EC in a single day and then remain constant, while the EC of the WG
grows more slowly from the second to the fifth day, to then reach the same values as the

UN.

As regards the pH, for all the granulometries it is very high on the first day, as the BS
itself had a pH of 9. It then decreases until the third day, starting from which, it remains
constant until the seventh. From this moment the pH of the UN begins to decrease until
it reaches a value of 7.1 on the last day of monitoring. The WG instead shows slightly
increasing values from day 7 to day 9, and then decreases to a pH of 7.4. Finally, the pH
of the PG increases from the seventh to the eighth day and then sharply decreases to 6.8
on day 10 and back to 7.1 on the last day.

On average, the highest pH is that of WG and the lowest that of UN. The PG values are

instead more variable and the lowest only in the last three days. In general, if up to day 7
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the pHs are all similar and on average stable, from day 8 to 11 the gaps widen and the

trend becomes more irregular, although always decreasing.

5.1.2. Calcium, ammonium and TIC
Measurements of ammonium and calcium ions and of total inorganic carbon
concentration are the first useful tool for estimating the quantity of precipitated calcium
carbonate. Figure 5.3 shows the trends of Ca?>" and NH4" in the 11 analysed effluents. The

exact values are instead shown in the Table 5.2.

Monitoring Ca®* and NH:
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Figure 5.3 — Trend of calcium and ammonium concentrations in mol/L. On the left y-axis the Ca*", on the
right one the NH,*

Calcium is low on the first day (BS) and even decreases the following day. From day 3 it
starts to increase, with the UN sample reporting the greatest increase in concentration
from day 2 to 3. The increase is almost constant for all the granulometries up to day 7,
starting from which, there is a surge in the curve , with concentrations tending more

rapidly to those of the inlet CS.

On the last day of monitoring, the granulometry with Ca?" concentration in the effluent

closest to the concentration in the inlet CS is PG, followed with little difference by UN
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(both about 0.13 mol / L). The WG, on the other hand, remains on lower values, around
0.1 mol/L. It is observed that the Ca** concentration is not distinctively higher for any of
the grain-size distributions for the whole duration of the MICP treatment. From day 3 to
7, however, the UN has the higher concentrations, followed by the WG and the PG. From
the 8th day onwards the order becomes PG, UN, WG.

As regards the ammonium, the first day it is low, as it is absent in the BS. For all samples,
from day 2 the concentration increases and remains almost constant until day 6, from
which it begins to decrease. The values in the PG decrease more abruptly than the others,
passing from concentrations of about 0.47 mol/L on day 6 to 0.30 mol/L on the last day

analysed.

Similarly to the case of calcium, at the end of the monitoring, PG and UN have similar
ammonium concentrations (about 0.3 mol/L) while the WG shows this time higher values,
around 0.38 mol/L. For the latter, the NH4" concentration stops decreasing and even
slightly increases from the ninth to the eleventh day. Again, it is difficult to identify a

granulometry showing ammonium concentrations always higher than the others.

Urease activity (from NH:)

10

Urease activity [mM/h]

Figure 5.4 - Urease activity trend during the treatment (in mM/h) calculated from the ammonium
concentration values
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Starting from the ammonium concentration it is possible to trace the urease activity during
the treatment, by means of the equation (2.9), where the duration of the reaction is 24

hours.
The bacterial activity trend during the treatment is shown in Figure 5.4.

The tendency is identical to that of ammonium, as the relationship with the latter is linear.
Excluding the first day, the general observation is that urease activity increased slightly
between the second and third injection, after which, it decreased uniformly in the WG
and instead remained initially higher and only from the day 6 sharply decreased for the
PG and UN granulometries.
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Figure 5.5 - TIC concentration trend in mg/L for the three granulometries

The total inorganic carbon trend can be seen in the Figure 5.5 above, while the exact
values of concentration are shown in Table 5.2. In this case the results are reported in

mg/L.

The trend of the TIC is different from previous concentrations. The high values of the
first day partially hide the behaviour from the remaining part of the treatment. In any case,
even starting from the second day the concentrations immediately decrease abruptly, and
then remain constant from day 3 to day 8 (about 20 mg/L), starting from which, they grow
again slightly up to about 27 mg/L.
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Table 5.2 - Concentrations of calcium, ammonium and TIC in the three granulometries

Day 3 4 5 6 7 8 9 10 11
Ca* [mol/L]

UN1 0.006 0.003 0.030 0.044 0.051 0.053 0.054 0.060 0.092 0.121 0.129

PG 1 0.017 0.003 0.008 0.023 0.022 0.028 0.034 0.070 0.109 0.131 0.132

WG 1 0.013  0.004 0.005 0.038 0.039 0.043 0.046 0.062 0.076 0.092 0.097
NH4" [mol/L]

UN1 0.202 0442 0442 0414 0438 0419 0391 0.390 0.360 0.332 0.305

PG1 0.200 0444 0475 0468 0452 0474 0431 0372 0.317 0.311 0.299

WG 1 0.227 0440 0470 0467 0427 0437 0399 0.387 0.374 0.375 0.379
TIC [mg/L]

UN1 210.25 8348 23.05 21.68 2092 20.82 19.52 19.63 21.81 2572 27.19

PG1 252.20 10437 4430 2448 23.01 1946 19.01 19.06 23.29 3040 27.97

WG1 512.65 174.12 5598 24.41 2097 2083 21.21 20.87 2148 23.09 2498

Chemical efficiency

The following calculations exclude the measurements of the first day, which refer mainly

to the BS. Therefore, the results are reported starting from the first effluent CS, for each

granulometry.

The reaction chemical efficiency can be evaluated, by using the relations in (3.2), (3.3)

and (3.4), respectively as regards the conversion efficiency of urea into ammonium and

the precipitation efficiency of calcium from Ca*" and carbonate from hydrolysed urea.

Table 5.5 shows the efficiency values day by day, while in the Figure 5.6 their

development can be observed.

Table 5.3 - Chemical efficiency day by day for the three granulometries

Day 2 3 4 5 6 7 8 9 10 11
Precipitation efficiency from Ca*" [%]

UN1 98.73 87.90 8234 79.58 7891 78.27 75.89 63.13 51.68 48.50

PG 1 98.65 97.00 90.98 91.39 88.63 86.52 71.84 5635 47.68 4728

WG 1 98.32 97.85 84.70 84.26 82.84 81.75 7522 69.80 6322 61.21

Conversion efficiency NH4" [%]

UN1 88.45 88.43 82.83 87.52 83.79 7829 7791 71.99 66.35 61.02

PG1 88.86 9494 93.63 90.42 94.83 86.18 7447 6332 62.14 59.87

WG1 8799 9407 9346 8544 8732 79.84 7741 7484 7503 7577
Precipitation efficiency from TIC [%]

UN1 87.91 88.28 82.69 87.39 83.65 78.16 77.78 7T1.85 66.18 60.85

PG1 88.19 94.65 9347 90.27 94.70 86.06 7435 63.17 61.95 59.69

WG1 86.86 93.71 9331 8530 87.19 79.70 77.28 74.70 74.88 75.61
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Figure 5.6 - Reaction efficiency from chemical results. Linear interpolation

In all estimates, the chemical efficiency of the PG sample is the highest for days 2, 3 and
4 (up to 99% on day 2 in the case of calcium) and then decreases more sharply than the
others, until it becomes the lowest on the 11th day (48.5% in the case of Ca®"). The
chemical efficiency in the WG sample is, on the other hand, always higher than the UN

one, for the whole treatment and for each measurement.

The precipitation efficiency of Ca®" is the one which, starting from the highest values
(close to 100%) decreases more abruptly, to efficiencies lower than the others.
Ammonium conversion and carbonate precipitation efficiencies, on the other hand, have

similar trends and magnitudes.

To conclude, in the cases of NH4" and TIC, the efficiency in the WG sample slightly
increases the last 3 days of monitoring by about one percentage point. Furthermore, for
all granulometries, around days 5-6 the efficiency of the reactions begins to decrease

faster.

Precipitated CaCO3 and calcite content

Also in this case the results exclude the measurements of the first day. Starting from the
measured concentrations and thanks to equations (2.10), (2.11) and (2.12), it was possible
to trace the total amount of CaCOs that should be precipitated during the treatment,
according to the estimates suggested respectively by NH4", Ca** and TIC.

The results are reported in Table 5.4, while the trend is shown in Figure 5.7.
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Table 5.4 - Precipitated CaCOj3 (mg) from ammonium, calcium and TIC estimates

Day 2 3 4 5 6 7 8 9 10 11
CaCOs from Ca?" [mg]
UN1 606.57 540.07 50591 48893 484.82 480.89 466.24 387.87 317.54 297.98
PG 1 525.79 51698 48493 487.11 4724 461.12 38292 300.31 254.14 252.01
WG 1 418.88 416.89 360.86 358.99 35295 348.27 32046 297.37 269.35 260.76
CaCOs from NH4" [mg]
UN1 54344 5433 5089 537.72 514.76 480.98 478.66 44229 407.61 374.92
PG 1 473.63 506.01 499.04 481.9 50542 45933 396.93 33748 331.22 319.1
WG 1 374.86  400.8  398.2 364 372.03 340.15 329.8 318.84 319.65 322.81
CaCOs from TIC [mg]
UN1 540.13 542.39 508.04 536.89 513.94 480.2 477.88 44142 406.59 373.84
PG 1 470.04 504.49 4982 481.11 504.75 458.68 396.27 336.68 330.17 318.14
WG1 370.08 39926 397.53 363.42 371.46 339.56 329.23 318.25 319.01 322.12
Theoretical precipitated CaCO3 from Caz+, NH: and TIC results
650 T T T T T T T T T T
UN Ca®*
500 PG Ca?*
WG ca?*
—6— UNNH;
— + —
550 - 4 o L —<&O—PG NH,
N N —+— WO NK]
' UNTIC
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. PG TIC
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Figure 5.7 - Theoretically precipitated CaCOjs from ammonium, calcium and TIC estimates
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From the Figure 5.7 we can observe that the precipitation took place every day of the
treatment, decreasing with the passage of time. The estimates provided by ammonium
and TIC are very similar, while the concentration of Ca*>" seems to overestimate the mass
of calcium carbonate precipitated on day 2 (up to 12%) and then underestimates it from

the third day on, with values up to 20% lower in the last two days.

On average, the precipitated mass of calcium carbonate is approximately 457 mg/day for

the UN, 393 mg/day for the PG and 349 mg/day for the WG.

Finally, by relating the mass of calcium carbonate to the mass of each sample solid
skeleton with equation (3.5), the calcite content was obtained, the cumulative trend of
which can be observed in Figure 5.8. The final CaCOs content at the end of the treatment

is instead reported in Table 5.5.

. +
. Cumulative CC from Ca2* . Cumulative CC from NH4 . Cumulative CC from TIC
—O—UN —O©—UN —6—UN
——PG —0—FPG —o—PG
—¥*— WG —*— WG —*— WG
6 6 - 6
5 5 5
4 4+ 4
S S S
(6] O O
(6] O O
3 3r 3
2 2F 2
1 1r 1
0 | I 0 I 0 I |
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
Day Day Day

Figure 5.8 - Cumulative calcite content estimates from calcium, ammonium and TIC concentrations

It can be observed how the evaluation starting from calcium results underestimates the
calcite content compared to that calculated starting from the concentrations of ammonium

and TIC.

Looking instead at the differences between the three granulometries, the uniform is the
one in which the calcite content is greater (more than 6% at the end), followed by poorly

graded (up to 5.3%) and well graded (almost up to 4%).
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Table 5.5 - Final calcite content (%) from chemical estimations, for the three granulometries

Final calcite content [%]
From Ca?*  From NH4;*  From TIC

UN1 6.06 6.40 6.38
PG1 5.09 5.30 5.29
WG 1 3.83 3.99 3.97

5.1.3. Discussion
By means of the results of the chemical analyses it is possible to make some important

observations on the treatment.

Bacterial activity

From the pH and EC values (Figure 5.2), it can be confirmed that the reaction actually
took place. First, in fact, the effluents always have a pH higher than the influent CSs, and
it is clear that this is the result of the ureolysis reaction. Secondly, excluding day 1, the
EC is always higher in the effluents, therefore more ions are present in solution than in
the influents, and they derive at least in part from the hydrolyzation of urea. Therefore,
for all 11 monitored days, the bacteria remained active: the extent of their activity must

instead be assessed in more detail.

Looking again at the pH, we notice two major drops at the start of the treatment and
towards day 8. We could link this decrease in pH to an increased precipitation of CaCOs,
which could be the case with the first drop, but also to a decrease in ureolytic activity,
which seems more plausible as the cause of the second decline. In this circumstance, the

measurements of EC do not help us to understand which is the real situation.

However, observing the values of the urease activity during the treatment, we can realise
that in days 2 and 3 it increases slightly, while it begins to decay decisively only from day
7. This behaviour confirms what assumed for the pH trend: on days 2 and 3 the
precipitation of CaCOjs is very high, so much so as to lower the pH, which was raised by
a good ureolysis rate (between 9 and 10 mM of urea hydrolysed per hour up to day 6). In
the last days, however, the precipitation decreases, but the ureolytic activity does it even

faster, so that the pH increases less.

Bacterial activity is in the low average of other studies, similar to the values reported by
Al Qabany et al. (2012) and among those used by Konstantinou et al. (2021b). It is
important to note that at the end of the treatment an activity between 6 and 8 mM/h is still

present.
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As for the pH, a comparison with other studies is difficult, as it varies with the variation
of the ratio between urea and calcium chloride. Martinez et al. (2013) stated that an
equimolar formulation does not induce a change in pH. Although in our study we used a
1:1 proportion between the two solutes, the pH has undergone changes, as hydrolysis and
precipitation do not go hand in hand, also because if the environment is not sufficiently
basic, precipitation is disadvantaged (it starts at a pH of 8.3 according to Stocks-Fischer

et al. (1999)).

Finally, what is important is to relate the pH at the outlet to the one at the inlet. The pH
of our CS was around 7 on the first day and then settled around 6. These values are
perhaps too low to ensure that sufficient basicity is achieved following the hydrolysis.
Probably, in the vicinity of the bacterial cells, the pH has locally reached sufficient values
for precipitation, as the other chemical results report a continuous production of calcium
carbonate throughout the treatment. Therefore, the fact that the output pH is almost
always lower than the threshold value of 8.3, does not mean that the precipitation has not
occurred, as localized increases are possible and the pH could also have decreased only

following precipitation, as a consequence of it.

As for the differences between the various granulometries, we are not able to derive safe
conclusions on the alterations of pH between the three distributions, due to the variability

of the results.

It can be observed that the pH values are always very similar and become more variable
following the decay of day 8, even if the trend is almost always the same. This offset may
be due to the different relative amount of bacteria attached in the solid matrix. In the WG,
for example, the pH and the ureolytic activity appear to be higher than in the other
granulometries towards the end of the treatment. This could be explained by thinking
about the structure of the WG sample, which contains a greater variability of grains size
and therefore more contact points between the particles, where the bacteria settle. The
segregation zones of the smallest particles could also act as filters against bacteria,

causing them to accumulate in the vicinity.

A higher number of bacteria at the end of the treatment could have a more marked
influence on the total hydrolysis rate compared to the first days when the activity of the

single cells is more variable and important. It is therefore hypothesized that a more
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marked activity after some days is due to a greater number of microbes per PV (i.e.

bacterial density).

The offset at the end of the treatment between UN and PG is more difficult to interpret.
It could be a random occurrence or due to the lower dso of the UN, which provided better

attachment conditions for the bacteria, and therefore a higher number of cells in relation

to the PV.

Reactions efficiency
Observing the ionic concentrations, it is possible to make some considerations on the

progress of the reactions.

In the first CS effluents (days 2 and 3) the molar concentration of calcium at the outlet is
always close to zero (Figure 5.3 and Table 5.2). This is a sign of an almost complete
precipitation of ions in the form of CaCOs. Only in UN 1, on day 3, the concentration is
slightly higher, perhaps limited by the presence of carbonates or a pH that was not high
enough. Up to day 7 the concentrations increase only slightly, up to the big increase on
day 8, from which less and less calcium precipitates. However, observing the trends of
the curves in Figure 5.3, it is clear that an increase in Ca®* corresponds to a decrease in

NH4" and bacterial activity.

Comparing Figure 5.3 and Figure 5.5, we can assume that the bacteria were at least
partially active for all 11 days. In fact, the TIC increases slightly in the last 3 days, a sign
that ureolysis was still going on. However, the extent of this activity was very low, so
much so that the carbonates produced by hydrolysis did not precipitate efficiently due to
a pH that was not high enough, causing an increase in TIC. Conversely, on days 2 and 3
the TIC has higher values than the following probably due to very high bacterial activity,

resulting in increased production of carbonate ions, only a part of which precipitated.

Regarding the reaction’s chemical efficiency, Figure 5.6 shows concordant trends
according to what is estimated by calcium ammonium and TIC. The conversion efficiency
of carbonate into CaCOs is linked to the hydrolysis of urea, by which it is limited. Very
similar values and trends between NH4 and TIC are the result of a reaction limited by
ureolysis. The latter is, therefore, the factor also governing the carbonate precipitation
efficiency, since the concentration of these ions is generally 2 orders of magnitude lower

than that of ammonium.
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Precipitation of calcium slows down more rapidly, probably because it is influenced both
by the availability of ions and by the pH and towards the end of the treatment these factors

are both limiting.

As already mentioned, from day 8 the greatest drop in chemical efficiency is observed,
so it can be said that the bacteria began to decay more markedly after 9 days from their

injection.

As for ammonium, the conversion efficiency on the 11th day is still higher than 60% and
even around 75% for WG 1. The latter are considerable values, as a reaction still so
effective after 11 days highlights a possibility of using bio-cementation also for prolonged
cycles. It should be noted that the CS itself contained 3 g/L of nutrient broth of sustenance

to the microbes.

However, these observations are derived from the chemical concentrations and the actual
assessment of the precipitation efficiency must be based on the actual measured calcite
content in the solid matrix.

Chemical efficiency: linear interpolation
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Figure 5.9 - Chemical efficiencies linear interpolation

Figure 5.9 presents the linear interpolation of the calculated chemical efficiency. By
looking at it, some observations on the different granulometries can be made. It is
interesting to observe that the WG sample is the one that maintains the highest values at
the end of the treatment, confirming what was previously said about the relative presence

of bacteria on its solid skeleton. On the other hand, the PG seems to have the highest
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efficiencies in the first few days, and then collapses starting from day 6. The lowest values
at the beginning are registered in the uniform sample: this could be due to the greater ratio
between volume of voids and solids, and the fewer contact points, which perhaps led to a

lower relative quantity of bacteria, resulting in an inferior reaction efficiency.

These differences could also be due to random factors, always possible in the case of

reactions of biological origin and difficult to validate with a limited number of samples.

Calcite content
A great benefit of the ions in solution analysis is the amount of precipitated CaCO3

estimation.

The extreme similarity between ammonium and TIC estimation is due to the observation
made above. Although the calcium concentrations suggest a lower CaCOs3 content than
the others, this difference is small (30% max) and the trend over the days is very similar,

making the results reliable.

The trend is also similar to that of concentrations, as it derives directly from them. The
days in which the maximum difference between the calcium and ammonium estimates is
observed, are the last three. At that time, the pH was probably not sufficient for

precipitation.

The least amount of calcite precipitated in the WG sample, followed on average by PG
and UN. This result is a function of the fluid volumes: although in the WG the
concentrations were sometimes higher, the absolute quantity of calcite is greater where

the quantity of reagent is greater.

If the amount of calcium carbonate precipitated according to the estimates is normalized
by the void ratio, the result of Figure 5.10 is observed, with the WG reporting the highest
values for the entire duration of the treatment, confirming the greater entity of the
precipitation in relation to the available volume. Similarly, the PG shows a higher

normalized CaCOj3 with respect to UN, due to the lower void ratio

When it comes to evaluating the calcite content, since it is by definition related to the
weight of the solid matrix, the difference between the granulometries is even more
marked. The UN, being the one with the lowest mass, has the highest calcite content,
followed by PG and WG. In Figure 5.8 this can be observed through the curve of the

calcite content accumulated during the treatment.
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Right from the start, the quantity order is the one just mentioned, with the gaps that
gradually increase as the days go by.

Obviously, also in this case the CC estimated by calcium is lower than that evaluated
from ammonium and TIC. However, the difference between UN and WG remains about

two percentage points at the end of the injections.

The results of calcite content at the end of the treatment are in line with what has been
reported by other studies, but a more explicit comparison will be only made with the

empirically calculated CC (Chapter 5.2).

The cumulative curve growth is logarithmic, suggesting a decrease in the CC increment

during treatment.
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Figure 5.10 - Theoretically precipitated CaCO3 from chemical estimations, normalized by the void ratio

5.1.4. Conclusion
An important conclusion of this first analysis is the ascertained bacterial activity
throughout the whole the treatment. Although it appears to be continuously decreasing
(especially starting from day 8 from BS injection), the calcite content seems to increase

every day.
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The combined analysis of ionic concentrations and pH allows to evaluate the extent of
reactions during treatment, with the possibility of adjusting the number of injections to

reach the desired CC.

The efficiency of the reaction, however, appeared to be continuously decreasing, although
it remained almost always greater than 50%. For longer treatments it is advisable to
perform an intermediate BS injection, in order to return to higher efficiencies and

activities, saving injection cycles.

With 10 injections of CS 0.25 M, a good precipitation of calcium carbonate was obtained,
if we consider a geotechnical application, where a CC of 2% can bring sufficient
mechanical properties improvement to the soil (Terzis and Laloui, 2019). In this study,
the CC varied between 3.83% and 6.40%, depending on the estimates and the
granulometries, i.e. the maximum amount of calcite that can actually be present in the

solid matrix.

The highest CCs were recorded for the uniform granulometry, followed by the poorly
graded and the well graded. These differences are due to the definition of calcite content,
which is a relationship of the calcite mass with the solid skeleton masses, increasing from

UN to PG, to WG.

Even observing the mass of CaCOs in absolute terms, however, the final result still sees
the UN excel, followed by PG and WG, as the volumes of voids and therefore of reactants
in play follow that order

However, the relative concentrations are different. In particular, the increased calcium
concentration and the increased urease activity in the WG in the last days of the treatment
is explained by a greater absolute bacterial presence, due to the solid matrix internal
morphology. The better gradation of WG in fact leads to a much higher number of contact
points and a higher content of fines, which can represent favourable elements to an

increased attachment of bacteria compared to PG and UN.

5.2. Empirical calcium carbonate content determination

The calcite content was measured with acid digestion method on both 15 mL and 50 mL
samples at the top, center and bottom. The larger samples were characterized by two

measurements on 2 sub-samples, from which mean and standard deviation are derived.
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Figure 5.11 - Top, center and bottom cemented fragments for uniform (UN 1), poorly graded (PG 1) and
well graded granulometries

Before being treated with HCI, the top, center and bottom sections of the 50 mL

granulometries appeared as in Figure 5.11 above.

The larger fragments are found at the center and bottom of PG 1 and at the bottom of UN

1. WG 1 presents some intact pieces only at the top.
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The Table 5.6 shows the CC results from acid digestion for both sample sizes, while

Figure 5.12 exhibits the CC values along the columns in a discrete way.

CC on 50 mL samples [o] ) CC on 15 mL samples
_b® UN —=—UN
_b= PG —=—PG
_b= WG —a— WG

Top
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Location
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Figure 5.12 - Calcite content trend along the columns for big (left) and small (right) samples. The error
bars on the left figure represent the standard deviation

The mass of CaCOs is greater in larger samples than in smaller ones, but this is due to the
size of the analysed fragments. In the 50 mL columns, a total of 4.15 g of CaCO3; were
measured in the UN, 3.93 g in the PG and 2.82 g in the WG. In the 15 mL columns, the

measured masses are 0.93 g, 0.80 g and 0.61 g respectively.

This results in total calcite contents varying between the 3.44% of the WG and the 5.92%
of the UN for the 50 mL columns. The values are slightly reduced for the smaller molds,
going from 2.54% for the WG to 5.27% for the UN. The PG always has intermediate

contents.

The total standard deviation reaches values equal to 1.61% in the larger columns while

slighter variabilities are observed in the smaller samples (0.66% maximum).

From the mass of calcite, it was possible to trace its volume and therefore the volume of
solids change in the treated samples. With this data we calculated the porosity reduction,

which is variable between 9.29% and 9.80% in the 50 mL molds and between 7.15% and

&9



Experimental Characterization

7.97% in the 15 mL ones. Referring to Figure 5.12, it is possible to perceive the trend of

the CC along the columns.

Table 5.6 - Empirical calcite content measurements and porosity decrease for sub-samples placed on top,
center and bottom of both big and small samples

BIG SAMPLES (50 mL)

CaCOsmass(g) CC (%) o(%) TotalCC (%) Totalo (%) Ae(%)
TOP 0.60 4.23 0.41
0.61
0.89
UN1 CENTER 7.53 0.96 5.92 1.58 9.41
0.70
BOTTOM 0.64 6.63 0.05
0.71
TOP 0.33 3.08 0.40
0.41
0.85
PG 1 CENTER 5.19 0.27 4.97 1.61 9.80
0.60
1.13
BOTTOM 6.42 1.48
0.62
TOP 0.79 431 0.80
0.53
0.49
WG1 CENTER 2.50 0.18 344 0.99 9.29
0.46
BOTTOM 0.31 4.14 0.44
0.23
SMALL SAMPLES (15 mL)
CaCOsmass(g) CC (%) o (%) Total CC (%) Totalo (%) At (%)
TOP 0.28 4.63 -
UN1s CENTER 0.31 5.28 - 5.27 0.35 7.70
BOTTOM 0.34 5.92 -
TOP 0.18 3.21 -
PG1ls CENTER 0.31 4.08 - 3.97 0.66 7.15
BOTTOM 0.31 4.50 -
TOP 0.20 2.26 -
WG 1s CENTER 0.23 2.94 - 2.54 0.35 7.97
BOTTOM 0.18 2.46 -

In the 50 mL samples the WG has the minimum of CC in the middle of the column (2.5%),

where the UN has its maximum (7.5%). The PG reports an increase in CC from top (3.1%)

to bottom (6.42%). In the 15 mL samples there is an opposite trend for the WG, which in

this case has a maximum of CC in the center (2.94%). Both the UN and the PG are

characterized by a calcite content increasing towards the bottom of the column. In this

case, however, the variability along the sample is limited, if compared to the 50 mL ones.
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In the latter, the CC is very similar in the three granulometries at the top, with the WG
having the highest.

Concerning the standard deviation, the greatest are observed in the center of the UN and

at the bottom of the PG, while the lower are the ones in the middle of WG and PG samples.

In the smaller samples the different CC as a function of the granulometry is clearly evident
along the entire length of the columns, with an offset between the three curves of always

at least one percentage point.

5.2.1. Discussion
The size and cohesion of the fragments in the Figure 5.11 are not always indicative of
high calcium carbonate content. In particular, the integrity of the parts is highly dependent
on the disturbance they underwent when opening the molds. However, the fact that big
intact fragments were found at the bottom of UN 1 and PG 1 agrees with the results found

for the CC.

To effectively compare the calcite contents for the two sizes under analysis, reference can
be made to the Figure 5.13. The increasing CC from WG to PG to UN is common to both
sizes and is mainly due to the increasing solid matrix mass. The difference that stands out
first is the higher CC measured in the larger diameter samples. This fact is always valid,
drawn in the center of the WG. To explain the difference, it is possible to hypothesize
that, since the smaller samples are more affected by the boundary conditions, a relatively
larger part of the crystals has precipitated outside the control volume on which the
measurements were made (e.g. in pipes, valves, wire meshes). Although even in the 50
mL columns not all the calcite is precipitated on the glass beads, in proportion to the
sample size this quantity is in that case smaller than in the 15 mL samples, considering
that the calculations on the injected reactants volumes were made taking into account only

the matrixes pore volume and not that of the other portions of the setup.

If we then exclude the WG, the other granulometries have an increasing CC from top to
bottom. That is in fact the point from which the CS injections were performed. Previous
works have shown an accentuated precipitation at the injection point (Konstantinou et al.,
2021b; Noiriel et al., 2016; Rowshanbakht et al., 2016) and this trend is mostly confirmed
in this study. Even the 50 mL WG, while not having an increasing trend from top to

bottom, reports an augmented CC at the lowermost, after a decrease in the center.
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CC comparison between big and small tubes
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Figure 5.13 - Calcite content comparison along the length of the 50 mL and 15 mL columns

The 50 mL UN and 15 mL WG, in addition to reporting a higher content at the bottom
than the top, are characterized by a maximum in the center, particularly evident in the
UN. This behaviour was also observed in some cases in Martinez et al. (2013), but both

with inverted BS and CS injection, and with inoculation from the same point.

To interpret our results, it could be hypothesized that in these two cases the greatest
precipitation took place in the center because ideal conditions of good bacterial presence

and high concentration of CS occurred.

In the case of increased precipitation towards the injection point, the simplest explanation
is a slight plugging and reduced delivery of the reactants to the areas furthest from the
inlet, an effect that occurred in a reduced way for the cases mentioned above. As for the
50 mL UN, it can be thought that the higher porosity reduced the amount of plugging at
the source and led to an increase in precipitation where more bacterial sites were present.

In the 15 mL WG, perhaps, the bacterial concentration near the CS injection point was
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reduced due to filtration phenomena of segregated fines, which prevented the microbes

from reaching the same distances as the other samples.

The behaviour of the 50 mL WG is instead the opposite, as a minimum of CC is clearly
observed in the center, with values 50% less than top and bottom. This result suggests
that the number of bacteria far from their injection point can be sufficient for a good
precipitation of CaCOs3 and the CS can carry the reactant to the end of the column if large
plugging phenomena do not occur. The reduction in the center could be explained by
assuming a particular flow path inside the sample, with a reduced presence of fines in the
center and consequent easier passage of fluids and less precipitation where the contact
points were fewer. A higher content of fines at the CS outlet may then have led to a
slowdown of the solutions in that area, where many bacterial cells were present, causing

considerable precipitation.

In general, the variability of the WG can be explained by the variability of its morphology,
while the consistent results of UN and PG for the two dimensions under study confirm
that plugging and non-uniform cementation of the samples are a distinctive MICP feature,

with increased concentrations towards the CS injection point.

When comparing the acid digestion results on the 50 mL samples with those from the
chemical analysis estimates, the outcomes are highly consistent. The CC calculated from
the calcium concentration overestimates the empirically calculated one by 2.36%, 2.41%
and 11.34% for UN, PG and WG, respectively. The results obtained from ammonium are
instead higher by 8.11%, 6.64% and 15.99% respectively, similarly to TIC

approximations.

These limited differences allow to rely on the chemical estimates, which can be performed
in real time. Anyway, the spatial distribution of calcite in the soil cannot be known from

them.

However, it is necessary to keep in mind that the calcite content calculated with the
chemical results does not include the concentrations of the last effluent CS. This means
that the approximated CC would have been slightly higher. A linear regression for the CC
prediction at the twelfth day (Figure 5.14) leads to higher chemical CC of 15.26%,
17.43% and 23.26% for Ca*" and 18.12%, 18.65% and 24.81% for NH4", for UN, PG and
WG respectively. The linear prediction of CS number 11 (day 12) is in any case higher

than the probable real value, given the logarithmic increase of the measurements.
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These are more important overestimates but still consistent with the empirical results. The
difference with respect to the latter may, as previously mentioned, be due to the calcite
deposited outside the control volume on which the measurements were made but which

is included in the chemical guesses.

The more marked difference in WG may be due to the lower pore volume and therefore
greater relative contribution of the calcite precipitated outside the control volume.
Massive errors in the CC measurement can be excluded, given the coherent results of the

blank samples.
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Figure 5.14 - Cumulative CC from chemical estimates with linear regression for the 12th day prediction

Finally, comparing the acid digestion results with previous studies, the CC is analogous
to that obtained by Cheng (2012), Cheng et al. (2013), Qabany and Soga (2013) and
Terzis and Laloui (2018). Furthermore, with 12 treatment cycles, Cui et al. (2017)
reported a CC of about 9% but with higher concentrations of reactants and different
injection scheme. Konstantinou et al. (2021b) observed contents between 5% and 9% for
bacterial activity similar to this study, but with higher initial bacterial concentrations. For
the same number of injections and the same treatment scheme Konstantinou et al. (2021a)
reported CC between 4.5 and 6%, with higher amounts in fine sands. Extraordinarily

higher values are instead those reported by Van Paassen (2009) (12-27%).
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5.2.2. Conclusion
The calcium carbonate content measured with the acid digestion technique turned out to
be in agreement with the estimates coming from the calculations on ionic concentrations.
This suggests the possibility of using them for real-time monitoring, keeping in mind the

overestimation coming from them, due to precipitation outside the control volume.

The calcite distribution trend along the columns showed in general an increase towards
the cementation solution injection point, due to a possible plugging. In case of sufficient
porosity this effect is less marked, and the reactants can effectively reach more distant
areas, but still resulting in a reduced amount of calcite at the opposite end of the CS inlet

(Except for the 50 mL WQG).

The distribution of bacteria within the solid matrix plays a role in the uniformity of the
treatment and can be governed by filtration effects or preferential flows, caused

respectively by areas with high and low content of fines.

At the same reactant concentration, the calcite content is higher for more porous soils,
characterized by a lower solid mass and a larger volume of solutions. On the other hand,
the percentage reduction in porosity is similar, and this is a sign of a rather similar relative

quantity of calcite.

Smaller volumes reported lower CCs for the same granulometry and under the same
treatment conditions. This may be due to the greater relative importance of external

elements volume outside the target one.

To conclude, the total calcite content was found to be in line with previous studies using
similar treatment conditions, highlighting a good representativeness of the glass beads

with respect to real soil.

5.3. Microscopic characterization with SEM
The observation with the electron microscope of some portions of the bio-cemented
samples allowed to identify the prevailing types of calcium carbonate polymorphism. The
study is exclusively qualitative and helps to observe the distribution of the crystals on the

glass beads. All images represent fragments from the center of the columns.

Figure 5.15, Figure 5.16 and Figure 5.17 are a reference for an understanding of the
CaCO:s distribution over a wide field and its crystalline form on a UN, PG and WG sub-

sample respectively. In all cases, small crystals are observed distributed more or less
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homogeneously, covering the surface of the glass spheres, with sometimes larger
agglomerates (mesocrystals) at the contact points. This result has often been observed in

other studies for low reactants concentrations (Dadda et al., 2017; Terzis et al., 2016).

Figure 5.15 represents the uniform granulometry, with the crystals scattered over the
entire surface of the spheres and a prevalent polymorphism represented by calcite. The

image represents a scarcely cohesive portion, but the calcium carbonate is in any case

present in a homogeneous way.

Mag= 187 X EHT = 2.00 kY Signal A= 8SE2 Chamber Status = at HY
100 pm Wh= 7.7 mm Aperture Size = 20.00 um Chamber = 0 00e+00 Pa
Image Pixel Size = 710.7 nm Stage atT= 00° Date 20 May 2021

Figure 5.15 - Wide-field image of a UN sample fragment

Figure 5.16 is instead an example of the poorly graded granulometry, in a strongly
cemented and cohesive portion. The homogeneous coverage of the larger beads is
prevalent, with the smaller spheres cemented to the others with few crystals and typically

present at the point of contact. In this case, the only observed polymorph is calcite.
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Mag= 126X EHT = 2.00 kW Sighal A= SE2 Chamber Status = at HY
100 pm WD = 6.0 mm Aperture Size = 30.00 um Chamber = 0.00e+00 Pa
— Image Pixel Size = 8842 nm  StageatT= 00° Date 20 May 2021 i

Figure 5.16 - Wide-field image of a PG sample fragment

Finally, Figure 5.17 represents the well graded granulometry. In this case it is evident an
inhomogeneous distribution of the crystals and a preferential precipitation on some glass

beads.

The central sphere has a complete and homogeneous crystalline coverage, while all the
small diameter spheres forming the large agglomerate are characterized by a few crystals

located at the contact points.

Bottom right in Figure 5.17 one can see a large diameter bead (probably 1mm) with the
presence of crystals distributed fairly evenly but with a decidedly lower density than the
central bead. It could be hypothesized that the latter was covered with smaller spheres at
whose contact points more calcite precipitated or where biomass filtration effects

occurred.

An observation that applies to all granulometries is that the precipitation seems more
pronounced on the beads of intermediate size (between 200 and 400 um), while the

crystals are present in lower density on the much smaller and much larger spheres.
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One way to explain this pattern could be that, as reported by Stack (2015), there is a
threshold supersaturation that is necessary to achieve prior to the nucleation becoming
favourable, attributed to a pore-size dependent solubility. The stability of a nucleus is
influenced by its surface energy, which also depends on the radius of the pore. The latter
can lower the total surface energy, facilitating the precipitation by generating a smaller

critical radius, or alternately a lower supersaturation necessary for growth.

As for the mineralogical characterization, also in this case the only observable polymorph

is calcite.

Mag= 171X EHT = 3.00 kv Signal A= SE2 Chamber Status = at HY
100 pm WD = 5.8 mm Aperture Size = 30.00 ym Chamber = 0.00e+00 Pa
Image Pixel Size = 653.1 nm Stage atT= 00° Date 120 May 2021

Figure 5.17 - Wide-field image of a WG sample fragment

As far as the mineralogical characterization is concerned, the shapes of the CaCOs

crystals can be observed in Figure 5.18.

In the carried-out observations, calcite was found to be the only crystalline form present

on PG and WG samples and the most widespread on the UN.

In Figure 5.18c and 5.16d, however, small agglomerates of amorphous calcite can be

observed on the uniform granulometry indicated by the blue circles. These deposits are
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found exclusively in this sample, close to the much more numerous calcite crystals and

in some cases covering them.

In addition, the amorphous phase was not observed in the whole sub-sample analysed,
but in some localities only. This leads to not being able to exclude the presence of this
phase also in the other granulometries, in segments not observed under the electron

microscope.

What is certain is the prevalence of crystalline calcite, representing the most stable and

resistant CaCO; form, in well distributed and tiny crystals, sometimes forming small

aggregates in the contact points.

Mag= 680X EHT = 2.00 kY Signal A= SEZ Chamber Status = at HV = Meg= 11K X
10 pm W= aomm Apertre Size = 30,00 um Cnamber = 0.00e+00 P2 10 m
e Dale 20 Way 2021
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Chamber = 0.00&+00 Pa
ze=gBES M St = 00° Dale 20 May 7021

Mag= 133K X Chamber Status = at HY.

EHT= 300k Signal A= SEZ | = 1 EHT= 3.0 signal A= SE2 Chamber Status = at HY \
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Figure 5.18 - Crystal polymorphism on PG (a) and UN (b, ¢ and d) granulometries. The red circles
highlight calcite crystals, the blue ones indicate amorphous calcium carbonate

As regards the effective calcite bonds, in Figure 5.19 some examples can be observed for

the UN and PG granulometries, while Figure 5.20 shows the case of the WG.

The medium-large sized beads, shown in Figure 5.19, in addition to being characterized

by a more marked and uniform distribution of the crystals, have bonds consisting of
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agglomerates of single calcite minerals, which probably bind the spheres more

effectively.

More than real clusters, they are rather agglomerations of single crystals precipitated close
to each other and then grown up to contact. We can however speak of calcite-calcite
cementation, as described by Cui et al. (2017), as the bridge is created by the merger of

crystals precipitated on two different spheres.

Signal A = SE2
Aperiure Size = 30,00 pm

m  SwgeatT= 00

Figure 5.19 - Effective calcite bonds on uniform (left) and poorly graded (right) sub-samples

In the well-graded granulometry (Figure 5.20a), it can be observed how the dense
agglomerates formed by the smallest beads (<106 um) are characterized by bonds of
single small crystals, precipitated at contact points (red rectangles). The blue rectangles,
on the other hand, highlight areas with a more marked presence of calcite, forming
stronger bonds. These areas are always found in correspondence with beads of
intermediate dimensions, around which the smaller ones have settled, creating numerous
contact points and probably creating a favourable environment for the settlement of

bacteria.

Figure 5.20b instead shows even more clearly the typical bonds between the minor
spheres (red circles), which in this case are limited to the contact points and had a limited
growth, unlike the crystals highlighted by the blue circles which, having nucleated in an

open space, have grown to exceed the size of the smaller spheres.
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Figure 5.20 - Effective calcite bonds on well graded sub-samples. In a) the red squares indicate single /
few little crystals bonds, while the blue squares show area in which the connections are made of bigger
clusters. In b) the red circles highlight the tiny crystals between the smallest beads; the blue circles
designate bigger crystals on the surface of a large bead

These bridging characteristics of the small radius particles led to the creation of large
intact fragments, which were actually found at the opening of the WG (Figure 5.21) and
PG columns. The latter, however, despite having sufficient strength to remain intact,
crumbled with ease at the slightest disturbance. This fact could be the consequence of
these fragments’ microstructure, characterized by clusters of small beads, cemented by

weak bonds of single crystals, which allowed an extensive and sufficient cementation for

integrity but not for good strength.
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Figure 5.21 - Intact pieces from the 15 mL WG sample. The structure of a fragment is characterized by
many weakly cemented small beads, surrounding bigger spheres
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This weakness of the few crystals connections is due to the bond failure mechanism. Some
SEM images (Figure 5.22) have, in fact, allowed us to understand that breakage occurs
due to detachment of the crystals from the glass beads and never due to crystal-crystal
separation. This mechanism is evident in the bonds of the calcite-calcite cementation type,
as defined by Cui et al. (2017), whereby bridges are formed by connecting two non-

tangent spheres.

The cementation failure takes place between crystal and sphere, as the surface of the latter

is very smooth, preventing the establishment of a great resistant friction forces between

glass and calcite.

Mag= 261X EHT = 3004V Signal A= SE2 Chamber Status = at HV 0] Mag= 387X EHT = 300KV Signal A = SE2 Chamber Status = at HV
20 WD T8 Aperiurs Sizs = 3063 um Chamber = 000400 Pa 20 pm WD = 5.7 mm Apsriure Size = 30 00 m Chamber = 0.00e+00 Ps
mage Piecl Size = 24520 Stage ot T= 00 ° Diate: 20 Mey 2021 Image Phesl Size = 2888 1m  StegeatT= 00" Date :20 Miay 2021
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Figure 5.22 - Spheres detachment surfaces in sub-samples of uniform (a) and poorly graded (b, ¢, d)
granulometries, designated by red circles.

Although crystals are present in a widespread way on most of the particles, their uniform
distribution and the absence of pore-clogging conglomerates lead to the hypothesis of a
minimum change in permeability following the treatment, mainly due to the reduction of

porosity and not to a consistent modification of the flow path.
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5.3.1. Conclusion
The electron microscope observations are an effective control tool on the precipitation

behaviour of CaCOs crystals and their morphology, after the end of MICP treatment.

The low concentration of the reactants confirmed previous observations which linked it

to the formation of small and evenly distributed crystals.

In this study it was possible to observe that most of the glass beads with diameters
between 200 pm and 500 um were uniformly covered by a dense blanket of small crystals,

while the others mostly showed the exclusive presence of bonds at the point of contact.

A similar attitude was reported by Konstantinou et al., 2021a, who observed the presence
of crystals only at particle-particle contact for fine sands, with limited deposition at
noneffective locations. They also reported that few crystals were sufficient to cement
these soils, while observed a deposition of the crystals both at the contact points and on
the surface of the grains in the coarse sands, requiring in this second case a larger amount

of cementation to produce an increase in strength comparable to the fine one.

In our study this difference in strength cannot be verified, but the different distribution of
minerals for large and small beads is evident. One reason could be that the voids between
the smaller spheres are not sufficient for the settlement of large amounts of bacteria and

the growth of crystals.

The uniform or localized distribution of the calcite observed in this study could also be
explained by looking at the granulometries degree of uniformity: the more uniform they
are, the more uniform the number of contact points and the sites of precipitation. In the
case of beads with a diameter less than 106 um, these are distributed on the larger spheres,
creating numerous nucleation points on the latter and maintaining few points of contact

between them.

The reason why the large diameter spheres proved to be relatively poor in crystals could
be explained by the hypothesis that the small beads were originally cemented to them and
then detached, bringing with them the crystals deposited at the contact point, due to the

smaller radius of curvature of the latter which leads to a stronger adhesion force.

A discussion on the surface energy and the supersaturation as a function of the pore radius
should be further explored but suggests an additional explanation for this apparent

preferential deposition.
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In any case, the assessed distribution of the crystals, combined with the effortless
fragments’ disintegration observed empirically, suggest that, although cementation is
present throughout the sample, only the most cemented particles transmit most of the
loads, with the smaller ones not much contributing to the mechanical improvement, and
with the consequence of an uneven distribution of forces. This behaviour also was

reported by Clara Saracho et al. (2020b) for increasing calcite contents.

The observed polymorph is mainly calcite, with the exclusion of few deposits of
amorphous CaCOs3 in some areas of the uniform granulometry. According to Wang et al.
(2021), for low bacteria density (ODsoo from 0.2 to 1), as the one used in this study, the
prevalent polymorph is calcite, already from the beginning of the reaction. For higher
ODe00, amorphous calcite undergoes to polymorphism to calcite during the 24 hours after
the injection. The reason why the amorphous phase was still observed in the UN can be
explained by hypothesizing a further bacterial growth after injection, facilitated by the
greater porosity and quantity of BS of the uniform granulometry. A higher bacterial
density could have accelerated the reaction leading to the formation of amorphous CaCOs3,

which then would not have completely converted into calcite.

The creation of effective calcite bonds, combined with the increase in the surface
roughness of the glass beads, suggest an improvement in the soil mechanical properties,

due respectively to an increase in cohesion and friction angle.

Given the crystals distribution in areas with a high presence of small diameters beads, it
1s thought that soils with a high content of fines can be more easily cemented, with less
waste of reagents. The result of the cementation could however be a limited soil strength,
given the bonds morphology, consisting of single crystals or agglomerates of a few
minerals. This empirically observed low strength in the samples of this study may not be
found in the case of a real soils with more pronounced roughness. In that case, in fact, the
detachment of the crystals from the surface of the grains would be more difficult and the
crystal-crystal breaking mechanism, never called for in this study and which requires a

greater load, could come into play.

To conclude, as regards the hydraulic properties of the samples, the permeability
following the treatment is not believed to be appreciably reduced. Porosity certainly
decreased due to the actual presence of a good amount of crystals which resulted in calcite

contents up to 6%. This reduction of the voids is however characterized by the
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development of a thin covering of the spheres with the small agglomerates at the contact
points never obstructing the pore throats. The flow paths will therefore not be modified
and a decrease in permeability will be mainly due to the increase in roughness and the

decrease in the pore volume.

A more in-depth numerical analysis of the change in permeability can be found in Chapter

6.5.

5.4. Mechanical results of the micro-UCS test
This chapter presents the results of the micro-UCS test mechanical part, carried out in the
EPFL PIXE laboratory. The numerical analyses relating to the failure mechanism carried

out at the same time are reported and discussed in Chapter 6.6.

Figure 5.23 shows the result of the unconfined compressive strength test on the uniform
granulometry sub-sample. The height of the specimen is 9 mm, including the cement paste

at the ends. The load rate is equal to 0.1 mm/min.

Micro-UCS test
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Figure 5.23 - Micro-UCS test results
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The steps that are observed are due to the loading process, which occurs in a discreet way,
not maintaining the load at each incremental phase. The linear collapse observable
starting from a strain equal to 0.4% is instead probably caused by the breaking and
disintegration of the specimen, with consequent immediate displacement to a strain of
1.39% where the reloading curve starts, exhibiting a slope similar to that of the elastic

phase.

The maximum load applied to the column was 8.99 N which, combined with an average

base area of 36 mm?, led to the definition of a sample UCS equal to 249.72 kPa.

Considering the null strength of the glass beads before bio-cementation, the incidence
given by the treatment is important. The specimen also endured a strain of up to 0.4%
which, combined with the sudden decrease in load following the failure, make of it a

brittle material.

This result is not surprising if we consider the solid matrix architecture, held together

exclusively by rigid cement bonds, without which the strength would be zero.

It is interesting to note how the increase in load following the specimen breaking is still

consistent and due to the maintenance of intact fragments (Figure 5.24) with mechanical

characteristics probably equal to the integral specimen.

Figure 5.24 - Condition of the specimen following the UCS test

Although it is a micro mechanical test, the results of the UCS of the test sample can be

compared with previous studies.
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For similar calcite contents, Konstantinou et al. (2021a), reported strengths from 500 kPa
to 2500 kPa for fine soils and from 450 kPa to 1600 kPa for coarse sands. Cheng et al.
(2013) on the other hand, for calcite content around 5% observed UCSs not exceeding
300 kPa for treatment conditions similar to this study. Qabany and Soga (2013), for CC
between 2% and 6% experimented UCSs between 200 kPa and 1000 kPa on their sandy
samples. Higher values were instead obtained by Terzis and Laloui (2018), with UCSs up
to 2 MPa for CC up to 6%. All these and other studies register higher values for higher

amounts of calcite.

It can be said that the strength obtained from the glass beads is in some cases close to that
of the sands of the other studies, for similar calcite contents. This means that the cohesive
role of calcite is of primary importance in improving the soil mechanical properties, as it

is the only active mechanism before failure occurs.

By observing Figure 5.24, it can be seen that the specimen has undergone fracture,
originating at least two sliding surfaces from which three intact fragments have been
created. A clear unique surface of failure is not visible, although it may have been
destroyed by the next load. For a more in-depth analysis of the failure behavior, one can

refer to the tomographic images discussed in Chapter 6.6.

5.4.1. Conclusion
To briefly summarize what was observed in the micro-UCS test, the strength of the
uniform granulometry was defined as about 250 kPa, which represents a result consistent

with previous studies.

The collapse behavior is of the brittle type and the specimen does not completely flake

off following failure, suggesting the presence of two failure surfaces.

The MICP proves to be a technique capable of conferring good mechanical properties to
materials of zero intrinsic strength, through the creation of calcite bonds which increase

the cohesion of the soil.
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6. Numerical Analysis

In this section we present and discuss the results obtained by numerical analysis of the 15
mL samples, comparing cemented (UN 1, PG 1, WG 1) and untreated (UN 2, PG 2, WG
2) specimens. The study will focus on the grain-size distributions, porosity, calcite

content, permeability and breaking mechanism of the three granulometries under analysis.

6.1. Pre-processing considerations
Following the methodology described in Chapter 3.5, the results obtained in the numerical
analysis proved to be mostly consistent. Thresholding and solids separation appeared to

be quite accurate for almost all granulometries.

The exception is the tomography performed on the cemented well-graded sample. In this
case, repeated attempts did not allow to obtain images as sharp and still as for the other
granulometries. In particular, the problem was mostly found in the lower part of the

column.

oy B T

Figure 6.1 - Bad image quality and blur for WG 1 specimen. Grayscale image on the XZ plane, from the
bottom of the sample

The reason for this result, which can be observed in Figure 6.1, is not entirely clear. The
sample was kept motionless during scanning but some movements imperceptible to the
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naked eye may have occurred. An alternative would be the presence of moisture within
the sample, but its presence was not subsequently observed, and it is unclear whether its

occurrence would have caused that effect.

Theoretically well Actual thresholding
thresholded beads with halo

Grayscale image

Beads real contour
—— —— Beads halo

' Real beads area . Beads halo area

Figure 6.2 - Thresholding issues in the WG blurred image

The solution was not finally found, and the tomographic image was post-processed as

best as possible to obtain an acceptable result, on which to perform the calculations.

Nevertheless, the estimate of the solid volume is often higher than the real size (Figure
6.2), with consequent overestimation of the increase in equivalent diameter and calcium

carbonate content, as well as under estimation of porosity and permeability.

As described in the following chapters, the outcomes must always be interpreted taking

into consideration this WG 1 sample characteristic.

However, as mentioned, these problems did not occur along the entire column, and
precisely because of this irregularity in the image quality, it was not possible to
homogeneously arrive at an accurate and consistent binarization along the sample length.
The consequence is the difficulty in correctly interpreting the results obtained from the
numerical analyses, which must sometimes be considered to result from graphic errors

and sometimes of real cementation outcomes.
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6.2. Grain size distribution
From the measurement of the beads’ equivalent diameter, as identified by the
thresholding and label analysis, the numerically calculated particle size distribution was

obtained.

The raw result was characterized by irregular curves, due to the discreet dosage of the
available grain sizes and to the differentiated representation of slightly variable
dimensions. The computed equivalent diameters were averaged at ten thousand regular
intervals, in order to obtain a trend similar to a normal distribution, through which, the

effect of the MICP on the grains size is evident (Figure 6.3).
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Figure 6.3 - Numerically calculated and averaged granulometric curves for untreated and cemented
granulometries. The dots show the representative diameters indicated by the arrows (D19, Dso, Dso and Do)

The greatest quantity of fines is found in the WG, while the different heterogeneity of the
granulometries is clearly evident from the slope of the curves and from the range of

covered diameters.

As regards the glass beads increase in size following the precipitation of calcium
carbonate on them, the shift in the representative diameters can be observed from Figure
6.3 and Table 6.1. In general, the most important increase is related to the WG, followed

by the PG and the UN.
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Table 6.1 - Representative diameters (Do, Dso, Dso and Doyg) and size shift before and after cementation

D10 [mm] Dso [mm] Deo [mm] Dyo [mm]
UN1 0.2536 0.2616 0.2629 0.2683
UN2 0.2463 0.2542 0.2556 0.2608
AUN 0.0073 0.0074 0.0073 0.0075
PG1 0.2714 0.3055 0.3131 0.3467
PG 2 0.2504 0.2950 0.3041 0.3411
APG 0.0210 0.0105 0.0090 0.0056
WG1 0.2254 0.2840 0.2982 0.3730
WG 2 0.1993 0.2436 0.2545 0.3117
AWG 0.0261 0.0404 0.0437 0.0613

The uniform granulometry is characterized by a constant shift of the curve, of about 7.5
pum. The poorly graded, on the other hand, displays the maximum discrepancy in the Dio
while the gap decreases in the larger diameters. In contrast, the WG presents a difference

in shift increasing as the grain size increases, up to a change of 61.3 pm in the Doo.

6.2.1. Discussion
Figure 6.4 reveals some differences between the numerically calculated curves and those

defined by the dosage of the different beads’ sizes.
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Figure 6.4 - Comparison between the granulometric curves as obtained numerically (left) and as
discretely defined according to the dosage used for their creation (vight)

The first dissimilarity that is noticed is the maximum grains size, which, according to the

real definition, should reach 1.18 mm. Although this was the maximum limit, in the
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numerically computed curves it reaches a maximum of 0.5 mm in the WG and 0.44 mm
in the PG (untreated). However, this is only the effect of the average that has been applied
to the approximately 150 thousand different sizes calculated through XRCT. The
maximum diameter evaluated by Avizo before the average reached 1.3 mm for PG and
WG, proving to be slightly higher than the real one, but ensuring a fairly precise

binarization.

Consistent with the real dosages, the WG curve shows a higher fine content than UN and

PG, and a more elongated and distributed distribution.

Unlike the discrete laboratory curve, which shows an almost exponential trend for the
WG, the numerical one defines a quasi-normal distribution. This is due to the definition
of the lab curve, which takes into account only the maximum value of the different glass
beads diameters, which are instead defined in a range of sizes, whose distribution was not
known. It can be said that the numerical estimate has well calculated the intermediate
diameters, providing a continuous curve, which can be considered representative of the

distributions throughout the whole range of definition.

Regarding the modifications caused by cementation, the uniform granulometry appears
to have reported a homogeneous cementation, due to the minimal diameters’ variability.
The magnitude of the increase in grain size is comparable to the size of a single layer of
calcite crystals, as observed qualitatively in this study and as reported in other papers (Cui
et al., 2017; Dadda et al., 2017), but less than about ten times the average calcite crystal

size reported by Clara Saracho et al. (2020b), for similar reactants concentrations.

The increase in grains size is instead more marked in the D10 of the PG, which represent
spheres of about 0.25 mm. The shift progressively decreases towards larger diameters.
This observation is in line with the preferential deposition observed in the SEM images,
confirming a reduced precipitation on the large radius beads. However, this result could
also be due to thresholding issues, since tiny spheres are more difficult to identify and

smaller beads may have been counted as joined into one solid.

Finally, the WG granulometry shows the most marked increase along the entire curve. In
this case, however, the greater shift in the Dog compared to the Dio and Deso is more

difficult to explain.
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The SEM images provided a discordant result. It can then be confirmed that the
thresholding and separation of the WG 1 sample did not lead to the desired results and,
given the halo of the images, the larger the blurred beads, the greater the increase in size,
as both the bead and its halo are considered as solid parts (value equal to 1 in the binary

image).

Furthermore, given the greater number of fines, the same assumption made for PG,
according to which agglomerations of very small cemented particles could have been

considered as a single solid, holds true.

For these reasons the result shown in Figure 6.4 for the WG is not to be considered

completely reliable.

6.2.2. Conclusion
From the results of the numerical analyses it was possible to compare the discrete grain
sizes with those measured by the XRCT images. The trend was consistent, although due
to the average applied to the numerous measurements, the larger diameters were
underestimated. The actual measurements, however, reach and exceed the theoretical
dimensions, while remaining decidedly consistent. The averaged curves, as well as the
original ones (not reported), prove to be a good tool for the evaluation of a continuous

granulometric curve for soils in which it is not known.

Regarding the evaluation of MICP effects, the study of the granulometric curves
modification allows to observe in a practical way the grains increase in size due to bio-
cementation, and provides a useful tool for the detection of possible preferential

precipitations.

Interestingly, the uniform granulometry confirmed a homogeneous cementation result,
with an average increase of less than 10 um, equal to the thickness of a thin crystalline
layer. The poorly graded one showed a greater cementation on the small and intermediate
beads (21 um increase in Dio, from 250 to 271 pum) with a decrease for the larger
diameters. This result is in agreement with the qualitative SEM observations, where the

beads of that size were the most cemented.

Finally, the well graded curve was difficult to interpret and showed the greatest increase
of all granulometries (up to 61 pum shift in Do), although this result is most likely due to

binarization or separation errors.
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6.3. Porosity and pore skeleton
The study of the porosity change of a cemented sample was the first step towards the
calcite content numerical estimation. The rendering of the pore volume skeleton provided
a first understanding of the possible flow paths, which served as a basis for the

permeability results interpretation.

One should remember that the comparison between cemented and non-cemented samples
does not concern the exact same sample before and after treatment, but two samples of

the same granulometry, statistically similar.

The continue analyses along the height of the columns started with a 7.5 cm high sub-
sample, but then the 5 mm at the top have been removed, as characterized by an

anomalous behavior of high and linear increase in porosity in UN 2, PG 2 and WG 1.

It has not been possible to give physical significance to this result and is thought to be
due to Avizo's calculation issues on the volume fraction at the extremity. All the
continuous analyses on the parallelepipeds representing the column height were therefore

conducted with this premise.

6.3.1. Porosity
The MICP treatment intuitively leads to a reduction in porosity. This was confirmed by

the continuous analyses of the pore volume change along the column height (Figure 6.5).
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Figure 6.5 - Porosity change along the height of the cemented and untreated columns
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The figure shows the trends of the void volume, averaged over 100 intervals, so as to
reduce the noise that the graph containing all the measures reported (4522 initial

measures, such as the number slices of which the analysed column is made).

The porosity reduction is clearly observable from the shift of the curves to the left. The
grains size variability translates into a variability of the porosity, demonstrated by the

increased noise and by the reduced homogeneity of the curves from UN to PG to WG.

WG 1 reports greater variability than WG 2 and the porosity of the former seems to have
a tendency to decrease towards the bottom of the column. PG 1 shows a minimum of
porosity in the center of the sample (about 0.28), decreasing decisively from the top
(where it is practically identical to PG 2), then increasing again slightly towards the
bottom and reaching a porosity somewhat over 0.3, probably due to the inherent

variability of the sample.

The uniform granulometry exhibits a low variability and a minimum of porosity in the
center (about 0.34), yet, very similar to the value at the bottom. In any case, the reduction

from top to center is evident, as in 3 cm the porosity goes from 0.36 to 0.34 approximately.

To evaluate the pre / post MICP porosity changes at top, center and bottom it is possible
to refer to Table 6.2, where the reported values are calculated as voids volume fractions

in the aforementioned 3 cylindrical sections and in the whole columns.

Table 6.2 - Porosity as volume fraction of top (TOP), center (MID) and bottom (BOT) sub-cylinder.
Column “ALL” reports the porosity volume fraction computed on the 7 cm parallelepiped whose
continuous values are shown in Figure 6.5

Porosity (-) At (-) Ag (%)

ALL TOP MID BOT ALL TOP MID BOT ALL TOP MID BOT

oy 1035 034033 032 505 503 005 005 874 917 1266 13.18
2038 037 037 038

pg 1 031 031 028 029 53 400 005 004 966 7.09 1574 12.92
2034 034 033 033

wg 1 021 021 019 018 63 600 004 005 1196 942 1917 2094
2023 025 022 023

The porosity reductions are calculated on the average void volume of the untreated
samples, as the particle size distribution inside the mold is not exactly the same. In the
UN, the total porosity goes from 0.38 to 0.35. The greatest reduction is actually recorded
at the bottom of the column, going from 0.37 (average) to 0.32, for a reduction of 13.18%,
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against 9.17% at the top. This difference between the two extremes is however small
when compared to PG and WG. The first confirms, also with this calculation of the 3D
volume fraction, a maximum reduction of 15.74% in the center. At the top, the porosity
goes from 0.34 (average) to 0.31, limiting the reduction to 7.09%. At the bottom of the
PG there is a difference of 0.04 (12.92%) while the total void fraction passes from 0.34
to 0.31, with a decrease (9.66%) comparable to that of the UN (8.74%).

The WG proves to be the most variable. The average porosity decreases from 0.23 to 0.21
(-11.96%). The greatest reductions are observed at the bottom and center, respectively of
20.94% and 19.17%, with a decrease from 0.23 (average) to 0.18 at the lowermost. At the
top, the porosity is only reduced by 9.42%.

6.3.2. Pore volume skeleton
Through a specific Avizo function, it was possible to reproduce the void volume skeleton
of the treated samples. This technique allows to roughly evaluate the pore size distribution

by means of a rendering of pores and throats thicknesses. At the same time, it is possible

to evaluate the potential flow paths.

Figure 6.6 - 3D granulometries rendering with skeletonization of the pore volume (top) and skeleton front
view (bottom). From the lefi: UN, PG, WG. For clarity: the lines represent the pores and pore throats,
lines colours and thickness allow for an estimate of the pore size distribution
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Figure 6.6 shows the result of the "skeletonization" within a 3D rendering of the

granulometries under study and through a frontal view.

One can immediately notice the greater variability of the WG porosity compared to the
PG, and even more so, to the UN. The latter reports mostly constant hues and less than
0.07 mm thicknesses. Its pore throats network is then much denser and more regular than

that of the other granulometries.

In the WG it is observable how a part of the sub-sample shows a dense and thin pore net
(bottom-right), while in the upper right part, the size of the pores exceeds 0.13 mm and

the throats become sparser.

The PG appears to be a cross between WG and UN, with partial skeleton regularity and

slightly variable pore size, even reaching 0.13 mm in a portion of the sample.

6.3.3. Discussion
The change in porosity along the Z axis reflects the definition of the granulometries: the

better graded they are, the more variable the porosity is.

On average, the numerically calculated void volumes are 0.38, 0.34 and 0.23 for the
untreated samples of UN, PG and WG respectively. If we compare these results with the
laboratory-estimated values (UN = 0.36, PG = 0.31, WG = 0.22), a good agreement is
observed. It can be said that the calculation with Avizo slightly underestimates the
porosity. This depends on the binarization threshold used, as well as on the fact that the
calculation in the laboratory was made in an approximate way, and perhaps on portions

not containing the same percentages of grains.

Again, referring to the total column porosity, the porosity variability after cementation
slightly increased, at the macroscopic scale. The uniform granulometry reports an almost
linear decrease towards the CS injection point, suggesting an augmented presence of

calcite.

The lower porosity in the center of the PG can also be converted into CC and compared
with empirical measurements. For the moment, from this behavior we can infer a greater

deposition in the median meeting point between CS and BS.

117



Numerical Analysis

In the WG it is already possible to notice a strong variability in the untreated sample, due
to fines segregation, which locally decrease the porosity. Indeed, the void volume seems
to decrease slightly from top to bottom, suggesting a greater presence of the smaller grains

in the lower part, deposited due to the force of gravity.

Finally, WG II shows a very high variability, with values between 0.18 and 0.24. It is
difficult to make physical sense of these result, but it was certainly affected by the poor
image quality. In any case, a reduction has been correctly highlighted and a slight trend

of lower porosity towards the bottom is foreseeable.

For the UN and PG samples, it was possible to perform a second-degree polynomial
interpolation to highlight the trend of the porosity change. The WG did not lend itself to

this expedient, given the stochastic variability of its void volume along the Z axis.

Porosities along Z, 2"nd degree polynomial interpolation
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Figure 6.7 - Second degree polynomial interpolation of UN and PG porosity change along the columns,
before and after cementation
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The result of the interpolation can be seen in the Figure 6.7. The uniform granulometry
clearly highlights the reduction in porosity towards the bottom, with a lower rate of
decrease starting from the center. This leads us to think that the cementation is fairly
uniform between bottom and center, and then decreases towards the top. The UN
untreated, instead, has a fairly regular void volume, with a slightly opposite trend to the

UN 1, which anyway is not considered in the CC calculation.

The minimum porosity in the center of PG 1 is very evident: it then grows towards the
top and towards the bottom. At the top, in particular, the void volume is very similar to
that of the non-cemented sample, suggesting minimal calcite deposition. Also in this case
the untreated sample seems to have a slightly mirror-like trend compared to PG 1, but in

any case, much more uniform.

As for the pore skeleton (Figure 6.6), the UN exhibits a very high uniformity of
thicknesses and colours. There are channels with a conceivable width of around 0.04 mm,
but no preferential flow paths are highlighted. This means that the reactants had the
opportunity to reach every part of the sample in a uniform manner, and this was reflected
in the homogeneous porosity reduction and, as we will see in following chapter, in a

uniform calcite deposition.

In the PG there is a minimum thicknesses variability, but the network becomes sparser
and the average size is greater. A smaller number of available passages suggests the
flowing of the reactants into the pores and throats of larger width (up to 0.13 mm), with
consequent increased deposition in those locations, and minimal presence of calcite where
the solutions are never found to pass. However, this variability is not observable either

empirically or numerically, as it manifests itself at a microscopic level.

Finally, the WG skeleton confirms what has been observed and hypothesized for the
fine’s segregation and the passage of fluids. From the analysed sub-sample, the presence
of preferential flow channels, much larger than others is evident. They are found almost

isolated and in areas with a high presence of coarse grains and few fines.

Reactants are therefore likely to exclusively pass into these thicker pores and throats.
Unlike the PG, in which a certain continuity of these flow channels was observed, in the
WG they are often found to merge into more dense and subtle networks, in which the

passage of solutions is forced but slowed down, causing an increase in residence time and
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possibly an augmented calcium carbonate precipitation in these areas of high fines

content.

6.3.4. Conclusion
Numerical analyses of porosity and pore skeleton variation confirmed some previous

hypotheses and highlighted new results.

The void volume fractions calculated with Avizo proved to be in line with those measured
in the laboratory, giving reliability to the numerical results. The greater the granulometry
gradation, the lower the porosity, because the voids of the larger spheres are filled by the

smaller ones.

The mean porosity change following cementation is 8.74% for UN, 9.66% for PG and
11.96% for WG. The magnitude of the change is similar for the three granulometries, but

the variation along the height of the column is different.

The WG reported the greatest variability, but due to image quality issues, its trend cannot
be given a confident meaning. In any case, the CaCOs crystals seem to have deposited
with extreme variability in the whole sample, and in a more accentuated way towards the
CS injection point. The PG reported the greatest change in porosity in the center, with a
strong difference from the top and bottom. The cemented UN showed instead the lowest

porosity at the bottom, but with a much lower variability.

The void volume skeletonization allowed us to infer a uniform flow path and therefore a
homogeneous distribution of calcium carbonate at a microscopic level for the UN and
inhomogeneous for PG and WG. For the latter in particular, the presence of fines
accumulation areas was confirmed. In these zones, the confluence of the reactants coming
from the large preferential channels and the accumulation of CaCO3 was presumed. This
is reinforced by the presence, at the moment of the opening of the WG 1 column, of large

cemented fragments, characterized by a high presence of small diameter beads.

To conclude, porosity analyses seem to represent a valid tool for the qualitative calcite
content numerical estimation and its distribution along the samples. Skeletonization can
instead be useful for understanding the flowing channels trend and morphology and for

interpreting the permeability results of Chapter 6.5.
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6.4. Calcium carbonate content
The calcite content evaluation was made by means of the variation between the porosity
of the cemented sample and the average porosity of the untreated one. The continuous
analyses are carried out on the 7 cm parallelepipedal sub-samples, the discrete ones on

the sub-cylinders.

6.4.1. Results
The results of the numerical investigations on calcium carbonate content are reported in
Table 6.3 in a discrete format, while the trend of the CC along the height of the columns

is shown in Figure 6.8.

The granulometry that shows the greatest CC is the UN, followed by the PG and the WG.
The estimates deriving from the average of the calculations on the cylindrical sub-samples

overestimate those of the parallelepipedal sub-samples by 1-2 percentage points.

For the former, CCs of 7.58%, 6.59% and 5.49% are reported, respectively for UN, PG
and WG. The latter, on the other hand, assume CaCOs3 contents of 5.87%, 5.41% and
3.99% respectively.

If we refer to the 3 portions representing the top, center and bottom of the samples, the
highest CCs for each category are found at the bottom for the UN (8.56%) and the WG
(6.97%) and in the center for the PG (8.70%).

Table 6.3 - Numerically calculated Calcite content from parallelepiped sub-sample (ALL), top (TOP),
center (MID) and bottom (BOT) sub-cylinders. “MEAN" is the average of the three sub-cylinders

Calcite content (%)
ALL TOP MID BOT MEAN

UN 5.87 5.96 8.23 8.56 7.58
PG 541 3.92 8.70 7.14 6.59
WG 3.99 3.13 6.38 6.97 5.49

From the continuous analysis of Figure 6.8, it can be seen how along the height of the
columns the CCs tend to be alternately greater and smaller in the three granulometries.
At the top and bottom, the UN reports the highest values of the three, while in the center
the PG shows the highest CC.

The WG is once again characterized by an extreme variability of results. It reports a

CaCOs content span between 0% and 8.7%, with an average of 5.49%. The trend of the
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UN is instead much more linear and shows an increase in CC from the top to the bottom,

with an inflection of the curve starting from the center.

Finally, the PG has very low CC at the top (up to 1%), to then reach an evident maximum

of about 9.4% in the center and decrease again towards about 5% in the bottom.

Calcite content

80

Uniform

Poorly graded
70 - — Well graded
60 -

“
50 - e __——
P
dv_

Z [mm)]

=
ol S
B —
— —<
<__ <
0 | | | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10

Calcite content [%]

Figure 6.8 - Calcite content along the height of the UN, PG and WG samples

Looking at the estimated variability in the three portions of the columns (Figure 6.9), it is
evident that the UN is characterized by slightly changing CC within the sub-samples, with

a clear maximum at the top.

This unpredictability is much greater in PG and WG. The first reports CCs covering 7
percentage points only at the top, with the 25th and 75th percentiles encompassing a range
of about 4 percentage points. The mutability decreases considerably in the center and
bottom, limiting itself to about 5 percentage points in the center and less than three

percentage points at the bottom, with much of the variability within the whiskers.
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The WG is very inconstant in the whole sample. Within each sub-cylinder there is a CC
variability of 7 percentage points. The one between the different portions of the column

is much less marked.
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Figure 6.9 - Boxplots representing the continuous measurements variability in parallelepipedal sub-
samples. On each box, the central mark indicates the median, and the bottom and top edges of the box
indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data points
not considered outliers. The “+” symbol indicates an outlier.

6.4.2. Discussion
The hierarchy of the numerically calculated calcite contents is the same as that resulting
from the acid digestion measurements. The values, however, are largely greater in the

first case. The extent of the overestimation can be assessed in Figure 6.10.

At the top, the biggest difference is present in the UN, with acid digestion indicating a
CC of 4.63% and the numerical calculation estimating 5.96%. The overestimation is
much higher in the middle of all samples. The WG has a difference greater than 3

percentage points and the PG even greater than 4, more than 100% more. At the bottom
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the differences remain very high, with more than 4 percentage points in the WG (almost

200% more), a little more contained in PG and UN.

Although these results remain consistent with what has been reported in the literature for
similar treatments, the overestimation is, especially in some portions of the samples, not
acceptable, as it leads to overestimation of the soil mechanical properties. In fact, it is
believed that the empirical calculation by means of acid digestion is more reliable, as it
allows to carry out a practical check during the analysis. Therefore, it is believed that the

numerical analysis shall be improved.

The causes of the overestimation may be due to high uncertainty of the thresholding,
mainly due to the low image quality. Another point to consider is the method used to
numerically evaluate the CC, which takes into account only an average porosity of the
untreated reference sample. The porosity changes of the treated columns are therefore
always translated into an increase of CC, while in some cases they could be due to a

different grain size distribution in the given portion.

A separate discussion must instead be made for the WG, in which the image quality of
the treated column has certainly led to the overestimation of the CC for the reasons

explained in Chapter 6.1.

More similar values would have been obtained by shortening the binarization threshold
in the cemented samples. In this study, probably, the halo at the edges of the grains — due
to the limitations in image quality — led to consider a solid phase volume in the treated

samples greater than the real one, with consequent CC overestimation.

For a more precise binarization, maintaining the same method of CC calculation, it would
have been necessary to scan the same granulometry before and after the treatment (but
this was difficult in terms of organization), and secondly to calibrate the numerically

estimated porosity with the real one.

In the case of this study, the quickly calculated porosities were not accurate and
representative enough to proceed in this way. A reliable measurement directly performed

on the samples in question would have made possible a more effective thresholding.
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~ CC comparison between discrete XRCT and acid digestion on small tubes
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Figure 6.10 - Calcite content comparison between the numerical and empirical (acid digestion) results

What is useful of the numerical analysis is the shown CC trend at the top, center and
bottom. When compared with empirical calculations (Figure 6.10), it is quite similar. The
UN, in particular, reports in both cases an increasing CC from top to bottom, although the

numerical estimate shows an inflection in the center.

The PG presents an evident maximum of CC in the center in the numerical analyses, while
in the empirical calculations only one inflection point is highlighted, with the CC
continuously increasing from top to bottom. It is possible that in the center of the PG there
was a portion with greater content of fines and therefore increased solid volume.
However, it is clear that the precipitation is largely lower at the top, probably due to
clogging phenomena and reduced reactants delivery to the areas furthest from the CS

injection point. The decrease in CC is then much greater from center to top than from top

to center.

Finally, the WG presents this time a maximum in the center according to the empirical
results, which is absent according to the XRCT estimates, reporting an increasing CC
towards the bottom of the column. This result is certainly an artifact, due to the fact that
the image quality at WG 1 bottom was the lower, causing an increase in the solid volume

and CC estimates. The minimum at the top can still be considered a consistent result.
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Considering instead only the numerical result, the continuous trend of the CaCOj3 content

observable in Figure 6.8 allows for some observations to be made.

The UN granulometry once again demonstrates a certain uniformity of results. From the
bottom to the center the CC is always between 6% and 7% and then goes against a linear
decrease towards the top. In this case, given the sample’s high porosity, it can be assumed
that evident clogging phenomena are not present. The decrease could be due to a lower
CaCl; and urea content in the CS that reached the top, due to an increased precipitation
in the first few centimetres. In any case, given the quite evident and sudden decrease, an

accentuated reduction in porosity around 40 mm cannot be excluded.

The CC trend in the PG column is very peculiar. As mentioned, it could be due to an
increased solid volume in that area. However, the calcite content goes from an average of
6% between center and bottom to 1% at the top. This result is an indicator of clogging in
the first half of the column and also suggests finding a treatment alternative to achieve

similar values across the sample.

Finally, the WG presents a behaviour that is too far from the empirical measure to enable
a discussion. The decrease towards the top is very high and the CC at the bottom is
certainly overestimated. The trend between center and top could be the real one, even if

empirical estimates suggest a much less marked decrease.

To complete the discussion on the calcite content variability in the columns we can refer
to the boxplots in Figure 6.9. The limits of the 25th and 75th percentile in the UN are very
narrow and reflect the granulometry uniformity. Such low variability with respect to the
median value, combined with the empirical results make the numerical trend reliable. It
can also be noted that the median value is sometimes quite distant from the average one,
suggesting the presence of more or less strongly cemented areas, which cause the latter

to vary. The median, on the other hand, is less affected by this internal variability.

The PG reports an extreme irregularity at the top, probably due to the coexistence of a
still consistent cementation near the center and very low near the BS inlet. There is
therefore the greatest decrease in CC in the top portion, probably due to clogging
phenomena. In the center and bottom, especially excluding whiskers, the CC remains in
a contained range, while extreme CC values are still present very far from the median in

the center, outside the 25th and 75th percentiles.
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The WG, as mentioned, does not allow for a consistent discussion. The variability is
decidedly high in each portion of the column, covering calcite contents from 0% to 9%.
The median values are all very similar, as opposed to the averages. Surely, the great
variability is partly the result of the granulometry morphological characteristics. To what
extent the trend is due to these properties rather than binarization errors is not, however,

possible to understand.
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Figure 6.11 - Calcite content comparison between discrete numerical estimations in the sub-cylinders
and mean values with standard deviation at top, center and bottom of the parallelepipedal sub-volume

To conclude, it is possible to make a comparison between the numerical estimates made

on the sub-cylinders and those on the parallelepiped that excludes the edges (Figure 6.11).

Firstly, the CCs in cylindrical volumes are almost always greater, with the exception of
the WG at the top. This is probably due to increased cementation at the sample’s edges,
between the beads and the column walls. This greater presence of CaCO3 was actually
found by opening the specimens and can be explained by the presence of a greater volume
of voids and therefore of a preferential flow path at the edges, where more precipitation
occurred. Chemical phenomena related to the material of which the molds (PP) were
composed could also be investigated. The extent of the overestimation is around 1-2

percentage points.
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As for the CC trend, UN and PG report practically the same one between top, center and
bottom, with the only difference of a leftward curves shift in the case of the parallelepiped.
The CC at the top of the PG seems to be the one whose estimate is more similar in the

two sub-volumes, but it suffers from a great deal of variability.

Finally, the WG presents a different trend in the two cases. At the top there is an even
higher CC in the parallelepiped estimates. This could be due to the presence of a
segregation of fines and therefore an area of greater solid content away from the edges,
then converted into greater CC than that estimated in the cylindrical volumes. As again

evidenced by the error bars, the variability is always too high to rely on these assumptions.

6.4.3. Conclusion
The numerical analysis of the calcite content was based on the difference in porosity
between a cemented and an untreated sample. This technique allowed to observe the
variances between the three granulometries and to appreciate in a qualitative and almost
continuous way the CC trend along the height of the columns. The result was a

confirmation of increasing CC and decreasing variability from WG to PG to UN.

The greatest CaCOs relative presence was observed at the bottom of UN and WG and at
the center of the PG. It is therefore possible to confirm that the cementation was never
completely uniform but always lower at the columns top, far from the CS injection point.
The CC begins to decrease decisively starting from the center of the samples, due to
clogging phenomena or accelerated precipitation at the bottom and poor reactants
delivery to the top. The maximum CC in PG the center, although it could be a symptom
of increased bacterial concentration or CS slowing in that area, is not confirmed by

empirical measurements.

In general, the low CC variability found in the UN confirms that the homogeneity of the
pore size distribution results in a homogeneous reactants delivery, although the uniform

achievement of the latter up to the top is limited by a greater precipitation at the bottom.

On the other hand, PG and WG are much more variable in particle size, with a consequent
effect on the distribution of calcite in the samples. The WG, in particular, reports the
greatest variability, certainly caused by the fine’s segregation within it but just as likely

by the image binarization problems.
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As for the values estimated from the numerical analyses, the CC was always higher than
that deriving from acid digestion. This is due to the technique used to estimate the amount
of CaCOs3, which has obvious limits. For a more effective binarization it would be
necessary to calibrate the thresholds on the basis of porosities previously calculated with
precision. To exactly define the CC in a certain area it would then be necessary to compare

the same sample before and after cementation.

The overestimation resulting from the numerical calculations is therefore considered less
precise than the empirical results. For comparisons between the CC observed in this study
with respect to the results of the literature, the comments are therefore limited to the case
of acid digestion. The study of XRCT images remains an excellent tool for a qualitative
and confirmatory study. With some improvements in the technique and the methods it

could be possible to reach a much higher precision and reliability.

To conclude, the comparison between the CC in the parallelepipeds and the one in the
sub-cylinders, allowed us to ascertain an accentuated precipitation at the sample’s edges,
at the interface with the column wall. This result could be the consequence of a
preferential flow path in this area of greater porosity. In the real case of treatment of a
control volume in an open space, this effect would not be present, so the results excluding

the edges could be more representative of that situation.

6.5. Permeability changes
The permeability changes caused by the treatment were assessed by measuring the
absolute permeability of 7 mm side cubic sub-samples and observing the pressures and
flow velocities trends inside them, before and after MICP treatment. The numerically
estimated permeability was compared with the analytical results deriving from the

application of the Kozeny-Carman equations.

Only the results deriving from the connected porosity analysis are presented and
discussed below, as no appreciable differences were observed with the simulations on
non-connected porosity (see Chapter 3.5.6 to understand the difference between the two

volumes).

6.5.1. Results
Table 6.4 reports the results of the numerical calculation, which are displayed in Figure
6.12, as regards the cemented samples. Absolute permeability is almost always in the

order of magnitude of 10"!! m?. The highest values are found in the PG along the entire
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column, with an average permeability of 1.06E-10 m? in the uncemented sample and
8.90E-11 m? after treatment. The UN follows, passing from an average of 8.52E-11 m?
before treatment to 7.44E-11 m? after MICP. The lowest permeability is found in the WG,

which presents 4.66E-11 m? before injections and 3.75E-11 m? in the cemented sample.

The permeabilities of UN and PG are very similar in the center, where there is also the
PG minimum (7.55E-11 m?). The UN instead has a slightly decreasing trend towards the

CS inlet, but with very similar permeabilities in the center and bottom.

The WG reports a minimum of permeability in the center (3.12E-11 m?) and higher values

at the top, but especially at the bottom (4.50E-11 m?).

Permeability trend
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Figure 6.12 - Permeability at top, center and bottom of the treated samples

As for the percentage reduction in permeability following treatment, it is on average

greater in the WG (19.62%), followed by the PG (16.10%) and the UN (12.61%). The
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greatest reductions in each granulometry occur at the bottom of the UN (15.16%) and in

the center of the PG (28.80%) and the WG (32.75%).

Table 6.4 - Numerically calculated absolute permeability in treated and untreated samples and relative

reduction

Absolute permeability (m?) Permeability reduction (%)

MEAN TOP MID BOT MEAN TOP MID BOT

UN 1 7.44E-11 7.84E-11 7.26E-11 7.22E-11 12.61 708 1469 1516
2 8.52E-11 8.32E-11 8.92E-11 8.31E-11

PG 1 890E-11 1.11E-10 7.55E-11 8.03E-11 1610  -473 28.80 2422
2 1.06E-10 9.49E-11 1.11E-10 1.12E-10

WG 1 3.75E-11 3.60E-11 3.13E-11 4.50E-11 1962 2265 3275 347
2 4.66E-11 4.60E-11 4.95E-11 4.43E-11

Velocity Magnitude
e

Figure 6.13 - Flow paths and velocity magnitude inside the granulometries. Sub-samples are taken from
the bottom of the columns
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Referring to Figure 6.13, it is possible to observe the trend of the velocities and the

simulated flow paths inside the solid matrix.

The higher velocity in the PG is evident from the prevailing red hues, which slightly veer
towards blue in the UN, and completely in the WG. The flow paths of the UN are more
uniform than those of the PG, in which there are greater radii of curvature, although the
general direction is always the vertical one. In the WG, on the other hand, the flow paths
have very inhomogeneous directions, especially in WG 1, in which the vertical direction

is often lost, in favour of diagonal flows.

Regarding the difference between treated and untreated samples, both in the UN and in
the PG a general decrease of the velocities is clearly observed, without a particular change
of flow path taking place. In the WG, as mentioned, the flows change direction, while the

velocity magnitude decreases only slightly.

Pressure Drop

\ 0 5
ookea T 0 o

Figure 6.14 - Pressure drop in the 420 side sub-cubes from the columns bottom before and after
cementation. 100 kPa and 130 kPa are imposed respectively at the top and bottom of the sub- samples

In Figure 6.14 the pressure gradients in the sub-samples are represented, imposing a

difference of 30 kPa between top and bottom. There are no significant differences
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between the pre and post treatment samples. However, it can be noted that in the WG the
pressure tends to decrease faster in the first millimetres, while in the UN and PG the

pressure drop is more gradual.

Finally, Table 6.5 shows the permeability values calculated with the Kozeny-Carman
equation (3.12). The highest permeability is found in this case in the uniform
granulometry (k = 6.28E-11 in UN 2), followed by PG (k = 5.49E-11 in UN 2) and, with
one order of magnitude less, by WG (k = 9.32E-12 in UN 2). The trend between top,
center and bottom is very similar to that of the numerical calculation. The reduction in
permeability is maximum in the UN (27.57%), followed by the PG (25.62%) and the WG
(22.44%).

Table 6.5 - Permeability estimates from Kozeny-Carman equation

Permeability from Kozeny Carman (m?)
MEAN TOP MID BOT Reduction (%)

7.23E-12  7.07BE-12  8.11E-12  6.50E-12

WG 1 22.44
2 932E-12 1.21E-11  837E-12  747E-12
1 4.09E-11 4.71E-11  3.73E-11  3.82E-11

PG 25.62
2 549E-11 S5.79E-11  5.72E-11  4.98E-11
1 4.55E-11  521E-11  4.28E-11  4.15E-11

UN 27.57
2 6.28E-11 6.53E-11  6.57E-11  5.74E-11

6.5.2. Discussion
The numerical analysis on the samples absolute permeability reported approximately
values with an order of magnitude of 10!!. This result is in line with the average
permeability of silty sand and clean sand mixed soils (Stranne et al., 2019), in accordance

with the definition of our granulometries.

The higher permeability observed in PG is the consequence of a higher Dso and probably
larger pores. Although the porosity of UN is greater, other factors play a key role in
defining the permeability, such as grain size and tortuosity (Stack, 2015). The flow paths
inside the PG therefore find larger channels in which the fluid flows faster, creating
preferential pathways. In the UN, the permeability is slightly lower probably because the
pore size distribution uniformity leads to a homogeneous flow in all the pores, and to a

reduced speed.
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In WG, the permeability is by far the lowest. Although there are certainly preferential
flow paths where the small grains are present in lower quantities, the porosity in the fines

clusters is so low and the flow so disadvantaged that the total permeability is lower.

It is possible that by performing the analysis on another portion of the WG sample with
low fines content, the permeability would become the highest of all. Samples are still
within a REV for the grain size, but segregation clusters can greatly change the result. In
Figure 6.15 the preferential paths followed by the flow in the WG are evident, both in the
cemented and in the untreated sample. In WG 1 the flow lines are even oblique, as the
fluid tries to bypass a zone of minimal permeability. In WG 2 it is very clear how some
lines are interrupted, due to a velocity equal to zero in correspondence with a cluster of
fines that prevents the passage of the fluid, which then flows with greater speed in the
right part of the image, in which probably there is a greater porosity.

However, a clear decrease in velocity between WG 2 and WG 1 is not evident, which
instead is very clear in the poorly graded granulometry. In the latter, in fact, we observe
in the PG 2 a velocity magnitude that reaches 3E06 and a very dense network of flow
lines. In PG 1 the hues turn towards blue, highlighting a decrease in velocity. The flow

paths are also less dense, emphasising some restricted areas of no flow (Figure 6.15).

For the UN, the same observations made for the PG apply, as the hues change to lower

velocities and the flow lines become less dense in the cemented sample.

Specific interest is put on the recurring spatial characteristics and the radius of curvature
of the flow paths in the three granulometries. For the UN, flow paths are very uniform
and almost straight, as the variability of the pore size is minimal, and the grains are very
small compared to the reference volume. This is the cause of the more homogenous
distribution of calcite, since the reactants are transported evenly across the entire width

and length of the sample.

The PG yields flow lines with greater radius of curvature and often higher velocities. This
greater irregularity, due to the non-constant presence of large and fine particles, could
result in an inhomogeneous delivery of CS at the micro scale, due to locally higher speeds
and preferential channels. However, the high permeability suggests the possibility of

reactants delivery even at considerable distances.
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The irregularity found in the flow lines of the WG is instead extreme, and suggests the
presence of strongly preferential flow paths, with consequent inhomogeneous

precipitation also at the column scale.
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Figure 6.15 - Flow lines and velocity change detail in the three granulometries

As for the different permeability at the top, center and bottom, it reflects the trend of
porosity and calcite content in the different portions. The permeability of the PG is
however always the highest, with a maximum at the top where the cementation was very
low and a minimum at the center where the calcite content was the highest. The difference
in permeability between the two portions is about 32%, which can be considered not high
in absolute terms but among the highest observed in this study. Also in the UN there is
the inverse trend of that of the calcite content, but the variability along the column is

limited.

Finally, in the WG, the trend is not consistent with that of the CC, as a maximum
permeability is observed at the bottom. These results are certainly influenced by clusters

of ends within the sub-samples.

As regards the permeability reduction following the MICP treatment, the variability along
the column has the same trend discussed for the permeability of the cemented samples.

The negative value at PG 1 top is probably due to very little or no cementation in the
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cemented column fragment under study and to a limited presence of fines, which makes

its porosity and average grain diameter greater than those of the untreated sample.

In general terms, the greatest reduction in permeability occurs in the WG, followed by
PG and UN. This result suggests a strong cementation within the clusters of fines and
consequent manifestation of localized clogging phenomena, with a decrease in the

equivalent flow channel area.

Regarding the comparison between the decrease in permeability registered in this study
and other works related to MICP effects, good consistency has been observed. The
reduction of permeability within the same sample is related to the CC, in accordance with
results previously reported in literature (Cheng et al., 2013; Dadda et al., 2017; Qabany
and Soga, 2013; Zamani and Montoya, 2016).

However, Cheng et al. (2013), Dadda et al. (2017) and Van Paassen (2009), reported
reductions of up to 70%, but with higher CCs. Qabany and Soga (2013), on the other

hand, for a CC around 2% observed a reduction of 20%.

The results of this study do not differ much from those in the literature and could be very
close to those of Cheng et al. (2013), Dadda et al. (2017) and Van Paassen (2009) for
higher CC.

These are substantial reductions in permeability but not greater than an order of
magnitude. It can be therefore said that the MICP treatment does not substantially modify
the permeability of the soils and certainly to a much lesser extent than traditional cement
improvements (Cheng et al., 2013). Further injections would be possible, given the
maintenance of good permeability. If the aim of the treatment were to reduce this latter,

more injections and the use of higher concentrations would be necessary.

From the observations, it emerged that the clusters of fines can create areas of accentuated
cementation and clogging. An injection of CS solutions containing fine aggregates
(similarly to what Li et al. (2019) suggested) could favour a greater cementation and a

more consistent decrease in permeability.

As for the pressure gradient (Figure 6.14), the more sudden drop of the WG is due to the
lower permeability in areas with a high content of small grains and obstructed flow. This
decrease is much more gradual in PG and UN, given the more homogeneous and free

flow.
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Finally, the numerical and analytical permeability estimates performed with the Kozeny-
Carman relation, do not differ much, and almost always remain within the same order of
magnitude. This is due to the fact that the diameter and porosity used in equation (3.12)

are also a result obtained with Avizo.

The reduction hierarchies in the three granulometries are instead quite different. The
Kozeny-Carman estimates show a greater reduction for UN, followed by PG and WG, in
descending order of CC. The analytical calculation is in fact mainly based on two
properties (grain size and porosity) which are functions of the calcite content. The
tortuosity and the existence of flow paths with minimum permeability play instead a
fundamental role in Avizo’s simulation. The effect of tortuosity in the Kozeny-Carman
equation is enclosed in a variable that has not been changed for the three granulometries,
as its estimate is extremely difficult, but it is strongly influenced by the pore and throats
size distribution. The numerical result is therefore different, and perhaps more precise, as
it takes into account the sample anisotropy and the existence of preferential pathways and

localized flow slowdowns.

6.5.3. Conclusion
The numerical permeability analysis and the simulation of flow lines are an effective non-

invasive tool to understand the hydraulic properties of a soil.

The results showed a variability of the permeability as a function of both the calcite
content and the granulometry. The PG turned out to be the most permeable, followed by
UN and WG. The variability along the column is once again a function of the CC and of
the grain size distribution, which determines the sample tortuosity. The presence of fines
agglomerates can significantly affect the modification of a soil permeability, both before

and after the MICP treatment.

The flow lines within the UN are regular and evenly distributed. The PG instead promotes
pathways with a greater radius of curvature and some preferential channels that suggest
an inhomogeneous CaCOs distribution at the micro-scale. Nevertheless, the presence of
channels with a rather high permeability suggests the possibility for the reactants to reach

considerable distances, with the limit of excessive clogging near the CS injection point.

The flow lines irregularity is greatest in the WG, where the effect of fines clusters is

evident. They form areas of very low permeability and divert the incident flow or slow it
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down a lot, probably therein causing a greater cementation, with an inhomogeneity that

manifests at the scale of the column.

In general terms, the reduction in permeability following the MICP treatment was
appreciable but contained, settling between 22% and 28% for CC between 2% and 6%,
consistently with similar studies. These are reductions that do not substantially modify
the hydraulic properties of the soil and are decidedly inferior to those caused by traditional

treatments.

To conclude, the comparison of the numerical results with the analytical calculations by
means of the Kozeny-Carman equation reported results with a similar order of magnitude
but highlighted how the tortuosity plays a fundamental role in the calculation of

permeability and must be carefully evaluated when using the analytical method.

6.6. Failure mechanism
This chapter follows the analysis on the micro-UCS test (Chapter 5.4) performed on the
sample of uniform granulometry, analysing the failure mechanism and the response of

the specimen to the load.

FRONTAL VIEW

Figure 6.16 - Binarized frontal and top views of the sample during loading. In yellow the unloaded
specimen, in blue 0.04% axial strain, in red the failure, in green 1.5% axial strain
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In Figure 6.16 are reported the 4 scans that were performed, in binarized frontal and top
views. At first sight the fractures in the sample at failure are already distinguishable. The

specimen remains almost intact up to the axial strain of 1.5%.

By observing Figure 6.17, instead, it is possible to observe the displacement of the solid

matrix in correspondence with the different loading steps.

e

From 1.25% to 1.50%

3
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From 0.0% to 0.4% From 0.4% to 1.25% From 1.25% to 1.50%

Figure 6.17 - Superposition of the slices at the different loadings in frontal and top views. The white
arrows indicate the displacement directions, the white polygons show the displacement of entire blocks
following failure. 0.0% = yellow, 0.4% = blue, 1.25% = red, 1.5% = green.

In the elastic branch it is possible to notice the absence of crack formation and an almost
uniform displacement of all the beads in the load direction, with a slight tendency to
bending the specimen to the right, confirmed by the top view, in which a stiff preferential

displacement is highlighted by the white arrows.

Between the axial strain 0.4% and 1.25% the formation of the failure surfaces (highlighted
by the outline of the polygons ) is appreciable. The displacement near the top and bottom
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surfaces is minimal and the formation of rigid fragments moving from the breakage plans
can be noted. In particular, the pieces indicated with (a) and (b) are evident: they move in
the radial direction, sliding on the failure surfaces under the compression of the specimen.
In the top view it is clear that this displacement is radial, with the fragments moving away
from the center of the sample. The failure mechanism can be defined of double shear type
(Chakraborty et al., 2019), characterized indeed by the formation of rigid bodies

remaining intact after failure.

The portions indicated with (e) and (f), clearly continue to move even in softening part.
In this latter phase, the greatest movements are observed in correspondence with the
fragments separated following failure, while in the part opposite to the loading surface

the displacement is null.
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3D FRONTAL VIEW

Figure 6.18 - 3D front view with renderings superposition between the different loading phases. The
white arrows indicate the displacement of the specimen, the dashed lines highlight possible failure
surfaces. 0.0% = yellow, 0.4% = blue, 1.25% = red, 1.5% = green

The Figure 6.18 confirms the rigid compression of the whole sample in the elastic phase
and the formation of fragments in radial displacement, at failure. In the softening phase

the sample continues to compress and the fragments to move like rigid blocks.

6.6.1. Conclusion
The execution of the scans in the different loading phases allowed the identification of
plastic volumetric deformations and of the predominant failure planes. In the elastic
phase, a rigid compression of the whole sample was observed, while at failure the
formation of rigid fragments sliding on the two predominant failure surfaces was
captured, resulting into dilation. The failure mode resembles to that of double shear,

typical in soft rocks.
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The failure was of a brittle type and the failure planes were numerous and generally
oblique, giving rise to wedge-shaped fragments. However, a large part of the specimen
remained intact (Figure 5.24). As loading continued, following failure, the intact
fragments that separated from the specimen continued to move stiffly and the sample to

compress homogeneously.

By measuring the change in the sample total volume, it would be possible to calculate the
volumetric strain, even with the current resolution. For an observation of the failure
mechanism at the CaCOjs crystal scale, however, the resolution should reach at least 4 pm,

which is not possible with the current test setup.
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7. Conclusions and Perspectives

The experimental work carried out in this study made it possible to follow all the steps
underlying the MICP technology, from bacterial cultivation, to solutions’ injection, to
process monitoring and subsequent tests. It covers different scientific fields: from
biology, to chemistry and physics, to mechanics, trying to reach the full understanding of

a technology that sees the geotechnical application of soil improvement as its final goal.

We meant to observe the peculiarities of the treatment at the microscale, by means of the
numerical analysis of XRCT images, bringing to light the effects of the soil pore-scale
heterogeneities on the MICP treatment. These outcomes served as verification for the

results of chemical monitoring and physical analysis.

In the following two chapters we want to summarize and comment on the main results of

this study, as well as collect the perspectives that can be derived from it.

71. Summary of findings
The effect that soil pore-scale heterogeneities have on the homogeneity and extent of the
bio-cementation treatment was investigated by creating ad-hoc three granulometries, a
well-graded (WG), a poorly-grade (PG) and a uniform (UN), with the intention of
reproducing sands, whose variability of heterogeneity is reflected in the variability of
their pores’ size, where CaCOj3 precipitation takes place. The WG presents a wide
spectrum grain size distribution variability, restricted instead in the PG and extremely
limited in the UN. These characteristics lead to different porosity and permeability, which

have been found to influence the MICP.

The treatment saw the injection on the first day of the bacterial solution (BS) from the top
of the test columns, while the cementation solution (CS) was injected, with eleven
repetitions, from the bottom. The main findings are summarized below for the

experimental and numerical part of the study.

7.1.1. Experimental results
The monitoring of the pH and EC of the effluents proved to be a highly effective tool to
evaluate the actual presence of the ureolysis reaction, and qualitatively predict its
magnitude. In this study, bacterial activity was observed for the entire duration of

treatment, with the most consistent decline apparently from days 7/8.
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These observations were confirmed by the chemical analysis of the ions in solution (Ca*",
NH4", TIC), which are able to provide the first quantitative indications on the bacterial
activity and on the amount of precipitated CaCOs3. They confirmed a good ureolysis rate
(up to 10 mM of hydrolysed urea per hour), at least until day 6, highlighting the
continuous bacterial activity, even with a rather not sufficient magnitude for the complete

ions’ precipitation to CaCOj3 in the last days of treatment.

By means of the chemical analyses it was possible to bring to light the first differences
between the granulometries. The trend of the chemical reaction efficiency (always greater
than 50%) and of the bacterial activity is in fact continuously decreasing in all the
granulometries, but in the WG an almost constant behavior is reported in the last 3 days
of injection. This was translated into a greater bacterial density within that sample, due to
the highest number of contact points among the three granulometries, and to the presence
of areas with a high content of fines, behaving as filters of the bacterial cells, which
remained in greater relative quantity attached to the solid matrix. The filtering processes

can, therefore, lead to greater bacterial attachment, although this can manifest unevenly.

The high bacterial density in the well-graded sample could also be inferred from the
observations of the SEM images, which revealed the widespread presence of CaCOs3
crystals was found in all the contact points between the grains, which were numerous in

the portions with a high content of fine.

The absolute quantity of CaCOs crystals precipitated according to the chemical estimates,
was found to be a function of the sample porosity, with even greater evidence as regards
the calcite content, which was estimated to be maximum in the UN, followed by PG and
WG. The estimated mass of precipitated CaCOs, normalized by the void ratio, revealed

instead a greater relative precipitation in the WG, followed by the PG and the UN.

The empirical CC measurement by means of acid digestion, proved to be strongly in
agreement with chemical estimates, reporting the same hierarchy of CaCO3 content
among the different granulometries and with lower values from 15 to 25%, rendering
chemical monitoring a tool of sufficient precision for the estimation of the precipitated

calcium carbonate, without the slightest disturbance to the sample.

The injection technique allowed for the treatment of the entire column, although a higher
CaCOs; concentration was recorded at the bottom of the samples, towards the point of CS

injection. This observation suggested the presence of clogging phenomena, with
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consequent reduced delivery of the reactants towards the points furthest from the inlet.
The effect is reduced when the porosity, and therefore the permeability, are higher: this
is the reason why the 50 mL UN sample showed a maximum of CC in the center of the
column, where probably the bacterial concentration was higher and CS arrived easily.
The WG, on the other hand, has the opposite behavior, confirming the great influence of
the high fine’s content areas, causing the formation of transport preferential channels,

leading to inhomogeneous delivery and precipitation of reactants.

The smaller columns showed a slightly different CC trend, especially in the WG where
the segregation of fines is less evident, reducing the inhomogeneity effect. However, a
preferential precipitation towards the bottom was generally confirmed, in agreement with
previous studies (Konstantinou et al., 2021b; Noiriel et al., 2016; Rowshanbakht et al.,
2016).

Therefore, from the CC empirical analysis the importance of a good porosity for the
effective transport of the solutions was deduced, which, in case of preferential
precipitation, interfere with the treatment homogeneity by activating clogging
phenomena. The presence of areas with reduced porosity and permeability, and minimal
pore size, confirmed the generation of preferential flow paths in which the fluid flows
faster, with reduced precipitation, and clusters of fines that act as filters for both bacterial
biomass and the cementation solution, leading to an increased and inhomogeneous

precipitation in the slowdown and stagnation areas.

The SEM observations, in addition to confirming the preferential precipitation of the
crystals at the contact points between the particles, where the greatest bacterial presence

is hypothesized, offered further possibilities of discussion.

From them we gained understanding about the micro-scale failure mechanism, consisting
of the detachment of the crystals at the interface with the glass. Furthermore, the low
reactant concentrations have been confirmed to lead to the formation of small, uniformly
distributed crystals. These have been observed in the form of calcite, with sporadic
presence of amorphous CaCOj3; where a higher rate of precipitation may have taken place

(UN).

The spheres of intermediate size showed the presence of a uniform thin layer of crystals,
while the smaller reported their presence exclusively at the contact points, cementing

large portions of the WG sample in an extensive but fragile manner. The larger beads,
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instead, exhibited a less dense crystals distribution, probably in the limited points of

contact with other smaller spheres.

It was concluded that areas with high content of fines are easier to cement, given the small
size of the crystals necessary for their bridging, but the acquired strength could be limited.
The presence of crystals almost exclusively at the grains’ contact points or in the form of

very thin layers, led to hypothesize their low influence on permeability.

To conclude, we would like to emphasise how in the context of the micro-UCS test, the
uniform sample subjected to the load reported a UCS of about 250 kPa, which can be
considered a satisfying result achieved by a granulometry without initial strength and
composed of spherical beads. The failure was of a brittle type, with the formation of at
least two failure planes and the presence of a clear elastic response phase, with a trend

similar to that of the reloading stage, after failure.

7.1.2. Numerical results
The numerically computed granulometric curves proved to be decidedly consistent with
the real ones. Their shift to the right was the result of the MICP treatment. The UN
granulometry reported a uniform shift, symptom of a homogenous cementation, with an
average increase of less than 10 um, equal to the thickness of a thin crystalline layer. The
greater the variability of the granulometry, the more inhomogeneous was the precipitation
on the different grain sizes, with a more important curves shift at the intermediate
diameters in the PG, validating the SEM observations. Cementation of grains smaller than
106 um led to complicated binarization, due to the apparent particles’ merging, translated

into a WG curve shift of difficult interpretation.

By comparing the numerically calculated porosities with those defined in the laboratory,
it was possible to evaluate the goodness of the numerical calculation, resulting to be

highly consistent, with a maximum underestimation of 10% in Avizo's estimates.

The derived porosity change following the treatment was in the order of 10% on average,
with little difference between the samples. However, the reduction was variable along the
columns, reflecting the definition of the granulometries: the better graded they were, the

more variable the porosity was.

The study of the void volume skeleton provided important considerations on the possible

behavior of the reactants flowing within the solid matrix. The great uniformity of the UN
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skeleton led to hypothesize a homogeneous distribution of CaCOs inside it, at the
microscopic level. Calcite precipitation is instead believed to be more heterogeneous for
PG and WG, due to the formation of preferential pathways, in which the reagents are
transported but the precipitation is scarce. In the WG, above all, the presence of
accumulation areas of fines was confirmed. In these zones, the confluence of the reactants
coming from the large preferential channels and the accumulation of CaCOs; was

hypothesized.

As for the calcite content numerically measured, it again confirmed the hierarchy
resulting from the analysis with acid digestion, with the maximum CC in UN (7.58%),
followed by PG (6.59%) and WG (5.49%), mainly because of the different volume of

reagents involved.

The distribution of calcium carbonate content turned out to be inhomogeneous, along the
height of the column. A lower content was always found at the columns’ top, far from the
CS injection point, suggesting the presence of clogging phenomena towards the bottom
(in UN and WG) and the center (in PG) of the columns, or an accelerated precipitation at

the lowermost, with poor delivery of reactants to the top.

In general, the low CC variability found in the UN confirmed that the pore size
distribution homogeneity results in a uniform reactants delivery, while the micro-

heterogeneities of PG and WG, leads to a greater variability at the pore scale.

The presence of CaCO3 was greater at the edges of the samples. Increased precipitation
at the matrix-column wall interface could be due to chemical phenomena related to the
material of the molds, or to the greater porosity locally present in those areas, and

consequent higher volume of reactants.

Numerical estimates were always higher than those empirically obtained, with a
maximum of 216% more for the WG, due to thresholding challenges, and with an average
of 150% more for UN and PG. These major errors render the XRCT results of this study

a useful tool for evaluating trends and for qualitative analysis only.

The numerical permeability analysis resulted to be an effective non-invasive tool to

explore the hydraulic properties of a soil.

Permeability varied as a function of both CC and granulometry, resulting higher in the

PG, followed by UN and WG. Along the columns, the variations are mainly due to CaCOs

146



Conclusions and Perspectives

crystals and beads size distributions, which affect the sample tortuosity, with maximum

evidence in the case of agglomerates of fines.

The flow velocities in PG were found to be the highest, due to the presence of larger
pores, which lead to the establishment of preferential flow paths and locally uneven CC
distribution. In the UN, on the other hand, although the velocities are lower, preferential
channels are absent, and precipitation can occur more homogeneously. The maximum
irregularity was found in the WG, in which the low permeability areas confirmed to be
able to divert the incident flow or slow it down a lot, probably therein causing a greater

cementation, with an inhomogeneity that manifests at the scale of the column.

The reduction in permeability, according to numerical estimates, was always in the order
of 10-20% and increasing with increasing GSD variability. Slightly higher (20-30%) were
the results obtained from the Kozeny-Carman equations. The difference was considered
due to the influence of tortuosity, more effectively taken into account by Avizo. In
general, the decrease in permeability following the treatment is small, especially when

compared with the effects of a traditional cement soil improvement.

The numerical analysis of the failure mechanism revealed the presence of an evident
elastic response phase, following which failure occurred. The latter was of brittle type,
with the formation of rigid fragments, sliding on two predominant failure surfaces, and
resulting into dilation. The failure mode was, therefore, identified as double shear type,

typical in soft rocks.

7.1.3. General observations
This study has provided some answers on the MICP behavior at the microscopic level.
The chemical and physical monitoring of the reaction, together with the numerical
analyses, made it possible to observe the influence that the pore-scale soil heterogeneities

have on the result of the treatment.

Chemical analyses proved to be an excellent tool for undisturbed investigations of the
reaction, providing a highly indicative estimate of the extent of precipitation and of the

final calcite content inside the samples.

The calcium carbonate content calculation by means of acid digestion was a good starting

point on which to base the pore-scale investigations deriving from the numerical analysis.
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Through the study of XRCT images, it was possible to observe the distribution of calcite
along the height of the treated samples and on the different sizes of the beads. The pore
skeleton and permeability analyses were fundamental to understand the behavior of the
reactants inside the solid matrices, whose local velocities and volumes are the factors
determining the CaCOs3 preferential precipitation and the CC distribution at both the pore

and the column level.

Finally, scanning electron microscopy investigations have proved to be an essential tool
for confirming or refuting the experimental and numerical results, showing the

distribution of crystals at the microscopic level and their morphology.

From the analysis of the treatment results on three granulometries of increasing GSD

gradation, was possible to draw some important conclusions.

First, due to the lower bacterial activity drop observed in the WG at the end of the
treatment with respect to the other granulometries, a greater relative bacterial presence in
the sample was hypothesized. This is considered a consequence of the higher content of
fine and contacts points between the grains, representing favourable characteristics to the

attachment of bacterial cells.

The variability in the granulometry influences the homogeneity of the treatment, with a
uniform soil characterized by more homogenous cementation than a poorly-graded and
even more so against a well-graded one. This trend is the consequence of the rheological
behavior of the reactants within the solid matrices. Greater variability, and in particular a
localized presence of fines, can cause locally reduced permeabilities and the generation
of preferential pathways, in which reactants are mostly transported. In correspondence
with the low permeability areas, filtering phenomena and local slowdowns of the flow
occur. The passage of the solutions is forced there, with consequent increased
precipitation. In the case of uniform flows, even with lower average velocities, the calcite

distribution is much more homogeneous.

Precipitation increased near the CS injection point, with considerably lower CaCO3
concentrations at greater distances, regardless of granulometry. Clogging phenomena are,
therefore, conceivable at the scale of the column. Alternatively, a lower delivery at high
distances may be due to a lack of reactants in the solution reaching these portions of the

column, due to increased precipitation in the first parts.
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The scanning electron microscopy analyses showed a preferential and uniform
precipitation on the beads between 200 and 300 pum, localized at the contact points for
the smaller diameter beads and more scattered on the larger spheres. This could indicate
the influence of the pore size in which precipitation occurs, disadvantaged for very large
diameters and for very small spaces, in which reactants and bacteria undergo filtering

effects.

Calcite has always been found at the particle-particle contact points. Its extension in
aggregates has never reached such dimensions as to occlude the pores. The minimal
reduction in permeability observed after the treatment is a consequence of this distribution

of crystals.

The same investigations made it possible to observe the failure mechanism at a
microscopic scale, represented by the detachment of the crystals from the smooth surfaces
of the glass spheres. At a macroscopic level, the failure mechanism due to uniaxial load
was of brittle type, with the formation of at least two failure surfaces and rigid fragments

sliding on them.

The limits of the study are represented by the resolution of the images and the contrast
between calcite and glass, which were not sufficient to detect the single CaCOs crystals,
whose distribution in the three-dimensional space has not been possible to study
numerically. The analysis of the precipitation along the height of the column, although
quite detailed, still represents a two-dimensional investigation. However, the simulations
of the flow velocities and the pore skeleton study allowed the formulation of hypotheses

on the 3D behavior of MICP.

The treatment of a single series of samples for each specimen size did not allow to
completely validate the results, although the outcomes of the analysis on the two
dimensions under study were concordant. The treatment of triplicates in parallel would

have provided greater consistency to the results.

Finally, the poor quality of the well-graded cemented sample XRCT images did not allow
to precisely explore the numerical results of the treatment for that granulometry, leading

to a certain overestimation of the CC.
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7.2. Perspectives
The results obtained from this preliminary study of the effect of pore-scale heterogeneity
on the efficiency of MICP treatment proved promising for further investigation.
Therefore, experimental replication to validate the observations of this work is suggested.
In this case, the granulometries under study could be modified, in order to avoid rough

segregation of fines.

In case of use of base material different from glass beads, the void ratio could be adjusted,
in order to treat samples of the same relative density. However, glass spheres proved to

be a highly effective material for achieving standardization of results.

Secondly, it is considered important to extend the numerical investigation to a three-
dimensional space. This further investigation is suggested to be designed with the use of
a base material with different refractive index than calcite, to be able to achieve the
segmentation of precipitated calcium carbonate crystals and define their spatial
distribution with precision, with respect to the pore-scale heterogeneities. Observing
three-dimensionally the area of CaCOs3 preferential precipitation, in relation to the local
velocities of the solutions, would allow to definitively link the rheological consequences
deriving from the pore-scale heterogeneities with calcite precipitation kinetics. It would
also be possible to better understand the link between soil grain radius and calcite
preferential deposition, which for the moment has only been given an explanation related

to filtering processes and to the link between total surface energy and nucleation.

To conclude, the execution of a greater number of UCS tests on all the granulometries
under study and on different portions of the columns, would allow to investigate the
mechanical differences between the granulometries and at varying CCs. This would
provide with additional information on the distribution of the loads, on the cementation

efficiency in total strength increase and on the failure mechanisms.

These and further investigations would provide some of the required answers for a full
understanding of the MICP at the microscale, starting from the biological behavior at the
different morphological conditions deriving from the pore size distribution, up to the local

factors determining the result of the ureolysis reaction.

By fully understanding the factors influencing the calcium carbonate precipitation and its
spatial distribution at the pore-scale, one could predict the effects of a certain treatment

strategy on the cementation outcome, and definitively transfer the technology to the field-
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scale, where other challenges will be faced to consolidate the MICP technology in a world
where the demand for environmental-friendly alternatives to traditional techniques is

clear.
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