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ABSTRACT

Calcareous sands are often considered as very unstable and evolving materials with
large particles allowing an abundance of air space. Their physical properties are usually
defined as weak or no structure, free draining with high permeability, poor water retention,
and high sensitivity to compaction. In tropic areas, the physical properties of sandy soils
are more complicated. A more frequent cycling of wetting and drying can affect the
physical properties significantly. These adverse engineering properties make it difficult to

manage in the construction field.

Chemical stabilization has been applied in the field for years. Frequently used
stabilizers include Portland cement, lime and industrial waste lime, asphalt, and others.
However, the major problem of these tradition materials is highly dependent on mass
industrial production which requires substantial energy. Some potential environmental
issues can be induced due to the high alkaline level of many of these chemical stabilizers.
Considering the abovementioned limitations of those traditional additives, alternative
technique is required to make the sandy soil stabilization more economic and

environmental-friendly.

Microbiologically Induced Calcite Precipitation (MICP) as a new interdisciplinary
method combines the microbiological, geochemical, and geotechnical research to fulfill
the increasing demands for the sandy soil improvement. The stabilization process can be
achieved by inducing calcite precipitation within the sand matrix via microbial ureolysis
procedure by ureolytic bacteria. The produced calcite precipitation preferentially
accumulates at particle-particle contacts, which can provide extra connection and gain
more strength. Because of the widely distribution of ureolytic microbes in the natural soil,

the in-situ bio-stimulation of indigenous ureolytic bacteria becomes feasible.

The study in this thesis firstly investigated the effect of enrichment media on the
stimulation of native ureolytic bacteria in calcareous sand under solution condition. A
series of batch tests were conducted, and the generic and three different selective
enrichment media were compared from the biochemical aspects. The results show that the
selective enrichment media rich in urea could successfully stimulate and enrich the native

ureolytic bacteria by monitoring the ureolytic activity, pH, and electric conductivity. The



nutrients with higher nitrogen sources show better efficiency in improving ureolytic

activity.

Secondly, the biochemical and direct shear behaviors of bio-cemented sand treated by
bio-stimulated MICP were investigated under sand column condition. It was found that
during the enrichment phase, the indigenous ureolytic bacteria can be enriched
significantly within 48 hours, though the ureolysis rate was varying with the initial urea
concentration. The microbial community changed significantly after enrichment stage. The
ureolytic species could be found in the sand. Furthermore, the cementation content
increased with the flushing number of cementation solution. The shear strength of bio-
cemented sand could be significantly enhanced after MICP treatment. The cohesion and
peak friction angle increased with elevated cementation level while declined with the

increasing normal stress.

Then, the compressive characteristics of bio-cemented sand was studied under one-
dimensional compression tests. It was found that the compressibility of bio-cemented
reduced with the increasing cementation content. The samples prepared under higher initial
relative density showed less compression. Based on microscopic observations, a
conceptual framework based on the interparticle contact modes and their corresponding

damage modes during the compression tests was proposed.

After that, to find out a way to preserve the enriched urease within soils as much as
possible, and further increase the bio-cementation content, the biochar-amendment was
incorporated into MICP. The shear behavior of biochar-amended bio-cemented calcareous
sand treated via bio-stimulation was investigated through a series of direct shear test. The
results showed that the addition of biochar powders could effectively increase the
cementation content as the extra nucleation sites for native ureolytic bacteria. However,
too much biochar within bio-cementation may become weak points and thus diminish the
contribution of interparticle bonding to the shear strength.

Finally, a preliminary exploration of bio-stimulated MICP in rainfall-induced erosion
prevention was conducted by a series of laboratory model tests. The artificial sandy slope
was made and subjected to the rainfall. Meanwhile, the photography-based SfM (Structure
from Motion) as the new technique was firstly applied to evaluate the slope deformation



under rainfall-induced erosion. The results showed that bio-stimulated MICP could
significantly reduce the erosion on a sandy slope, especially in case treated by YE-based
enrichment medium with 170 initial urea concentration. It is a good trial to explore a

feasible monitoring way for the future full-scale application in field.
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CHAPTER 1. Literature Review on Bio-mediated Soil Improvement:

Processes, Materials, Characterization and Applications
1.1 Introduction

For a long time, geotechnical engineering practice has viewed soil as an inert material
for construction, comprising only three phases — mineral solids, pore water and trapped air.
The understanding of the fundamentals of soil behavior is primarily based on these three
inorganic phases. However, one fact that has been ignored for a long time by geotechnical
engineers is that microorganisms including bacteria, archaea and eukaryotes are ubiquitous
in soil (Jiang et al., 2020; Mitchell and Santamarina, 2005). The importance of microbes
in soil has been well recognized by agricultural, ecological and environmental scientists,
and numerous studies have been conducted to reveal the interactions between microbial
activities and crop production, ecological conservation, and environmental remediation
(DeJong et al., 2015). Microbes have the capacity and capability to alter biogeochemical
processes in the local soil environment and the cumulative changes could consequently
modify the physical (e.g., density and porosity), mechanical (e.g., strength and
compressibility), conductive (e.g., hydraulic and thermal conductivity), and chemical (e.g.
buffering and ion exchange capacity) properties of the bulk soil matrix (lvanov and Chu,
2008; DeJong et al., 2010).

While various natural microbial processes can change soil properties, an engineered
process is required for soil treatment. The microbially induced carbonate precipitation
(MICP) process has been the primary focus of research in bio-mediated geotechnics to date
(Dejong et al., 2013; Zhu and Dittrich, 2016), though other microbial processes can also
be used to change soil engineering properties, such as denitrification and other processes
involving the use of iron-reducing, nitrifying and oligotrophic bacteria as discussed by Chu
et al., (2009). MICP research in geotechnical engineering has experienced rapid
developments in the past decade. There have been several published comprehensive review
articles on MICP research in the past five years (Jiang et al., 2020; Osinubi et al., 2020;
Shashank et al., 2016; Tang et al., 2020; Terzis and Laloui, 2019; Umar et al., 2016; Yu et
al., 2020; He et al., 2019; Zhu and Dittrich, 2016; Chu et al., 2015). These reviews have

focused on various aspects of MICP, ranging from fundamental processes, influencing
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factors, raw materials, and multi-scale/multi-disciplinary applications in various fields. In
this review paper, the state of the art of MICP and more broadly bio-mediated geotechnics
are reviewed based primarily on publications from the past five years. In particular, the
following aspects are reviewed to add to the recently published review papers in this field.
The current research frontlines, their challenges and future directions are also discussed, as
follows:

(1) A comparison between bio-stimulation and bio-augmentation in MICP application.

(2) Some innovative raw materials and additives for MICP.

(3) Emerging tools and testing methodologies for characterizing MICP at multi-scale.

(4) Applications in emerging and/or unconventional geotechnical fields.

1.2 MICP Processes

MICP can be achieved through different pathways, both autotrophic and heterotrophic,
such as urea hydrolysis, sulfate reduction, and denitrification. This section will provide a

critical review on both popular (i.e., urea hydrolysis) and alternative MICP processes.

1.2.1 Ureolysis: bio-augmentation vs. bio-stimulation

Since MICP was firstly introduced into geotechnical engineering, most studies have
focused on ureolysis (Eq. (1-1)) because of its simplicity and high efficiency. Ureolytic
bacteria can hydrolyze urea into carbon dioxide (CO2) and ammonia (NHz) due to the
presence of microbially produced urease, where the hydrolysis rate can be 10 times higher
than the natural degradation reaction without urease (Estiu and Merz 2004). The production
of hydroxide ions (OH") due to the dissolution of ammonia in the water increases the local
pH value. Meanwhile, the alkaline solution environment can increase the solubility of
aqueous COs?. The bacterial cell walls are usually negatively charged and hence attract
calcium ions in the solution, and thus can be used as a suitable nuclear site for
crystallization. While most researchers inject known ureolytic bacteria cultivated in the
laboratory to complete bio-cementation (i.e. bio-augmentation), enriching indigenous

ureolytic bacteria to achieve MICP (i.e. bio-stimulation) is an alternative approach that can



potentially reduce complexity, costs, and environmental risks. The comparative study
between the bio-augmented and bio-stimulated MICP for soil stabilization (as illustrated

in Fig. 1-1) has become one of the frontlines of MICP research.

+ 2-
(NH,),COqqq +H,0 — 2NHj o +CO3 o (1-1)

Bio-augmentation is an approach where the exogenous bacteria cultured in the
laboratory are added into the soil (Mujah et al., 2019; Xiao et al., 2019a; Jain and Arnepalli,
2019). In contrast, the bio-stimulation approach modifies the local environment by
injecting nutrient media to enrich indigenous ureolytic bacteria capable of continuously
producing a large quantity of urease to generate bio-cementation. There are two ways to
achieve bio-stimulation: ex-situ and in-situ. Ex-situ bio-stimulation needs to isolate
indigenous bacteria from soil and then performs isolation and purification to obtain pure,
enriched ureolytic bacterial strains. The bacteria are finally reinjected into the soil to trigger
MICP. In-situ bio-stimulation, instead, can avoid the above-mentioned complicated and
lengthy laboratory processes, and simply involves directly injecting selective enrichment
media into the soil to stimulate the growth of native ureolytic bacteria and thus generate

bio-cementation.

Exogenous ureolytic
bacteria solution

7
Enrichment

Indigenous medium

bacteria

™
. <
Indigenous
bacteria
isolation

purifyin;

Fig. 1-1 Three pathways of MICP: (a) bio-augmentation; (b) ex-situ bio-stimulation; (c)

in-situ bio-stimulation.



Both bio-augmentation and bio-stimulation (include both in-situ and ex-situ ones) have
advantages and drawbacks. A comparison among the three approaches from various
aspects is summarized in Table 1-1 (Kadhim and Zheng, 2016; Hamed Khodadadi et al.,
2017; Gomez et al., 2017; Terzis and Laloui et al., 2019; Choi et al., 2020; Jiang, 2020).
Generally, while bio-augmentation can yield a higher reaction rate and initial ureolytic
activity, the competition with other indigenous bacteria may affect the ultimate MICP
efficiency (Graddy et al., 2018; Jiang, 2020). Consequently, it is required to repeatedly
inject bacteria suspensions to maintain a sufficient amount and activity of urease enzyme
within the soil matrix. Though bio-stimulation requires more treatment time than bio-
augmentation to achieve comparable ureolytic activity or urea hydrolysis rate, it can
significantly reduce costs associated with cultivating bacteria. The successful achievement
of bio-stimulation is dependent on whether the ureolytic bacterial species are pre-existing
in the environment or not. While bio-augmentation and bio-stimulation are equally
effective with respect to improving soil engineering properties (Gomez et al., 2017; Graddy
et al., 2018), it does not mean that bio-stimulation can totally replace bio-augmentation. In
specific applications, such as cracks and fracture repair or sealing in porous materials (e.g.
concrete) under a harsh environment that cannot support sufficient indigenous bacteria,
bio-augmentation is still a preferred approach (Ghosh et al., 2005; Phillips et al., 2016;
Jadhav et al., 2018; Alazhari et al., 2018; Xu and Wang, 2018; Marin et al., 2020). In
addition, the bio-stimulation might not be suitable for a sterile area, such as desert and cold
region. The advantages of bio-stimulation over bioaugmentation should not be
overestimated.

In recent years, the diversification of urease positive bacterial species upon completion
of MICP treatment, either through bio-augmentation or bio-stimulation, has gained more
attention. Graddy et al. (2018) compared the diversity of Sporosarcina-like bacterial strains
during bio-augmentation and bio-stimulation treatment in meter-scale tank experiments
(shown in Fig. 1-2). They found that a variety of urease positive species was recovered at
the end of the investigation in both cases, which was attributed to the numerous ecological
niches created by the non-uniform cementation solution injections. Through either bio-

augmentation or bio-stimulation, the ureolytic MICP process has been demonstrated to be



an effective technique for soil improvement. There have been many studies to investigate
the feasibility of the ureolysis process for MICP from the perspective of microbiological
behaviors, mechanical properties, and microstructural characteristics (Graddy et al., 2018;
Mujah et al., 2019; O’Donnell and Kavazanjian, 2015). However, there are still some
challenges and research gaps that deserve further investigation. Below are a few examples:

(1) Ammonium removal during ureolytic MICP.

(2) Regulatory mechanisms of crystal morphology.

(3) Adaptability to complex environments.

(4) Bio-augmentation v.s. bio-stimulation in field application.

(5) Protocols for up-scaling field applications in diverse or varying climatic

conditions.

Table 1-1 Comparison of bio-augmentation, ex-situ bio-stimulation and in-situ

bio-stimulation.

Aspects Bioaugmentation _Bxesitu _ In-situ
biostimulation biostimulation

Ureolytic activity High High Low
Urease loss High High High
Reaction rate High High Low
Environmental risks High Medium Low
Estimated Cost High Medium Low
Required labor works Medium High Low
Technical maturity High High Low
Application scope High Low Low

1.2.2 Denitrification

The denitrification process (Eqg. (1-2)) involves multiple reactions by denitrifying
bacteria. Several enzymes catalyze the reduction of nitrate (NO3") to nitrogen gas (N2).
Using acetate (i.e., C2H302) as the electron donor and nitrate as the electron acceptor,
carbonate ions (COs?) can be generated. When free calcium ions (Ca?*) are available,

precipitation can be induced spontaneously (Pham et al., 2016; O’Donnell et al., 2019).

2.6H" 4q+1.6NO3 +CH3;COOH (1) —0.8N 4 +2C 054 +2.8H,0 (1-2)
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Fig. 1-2 Strain assignments and abundances of isolates collected in experimental tanks

treated by bio-augmentation and bio-stimulation (Graddy et al., 2018).

In recent years, although the denitrification-induced bio-cementation process is
relatively slow to form a comparable amount of bio-cementation compared with ureolysis
(O’Donnell, 2016), denitrification has its own advantages. Usually, denitrifying bacteria
occur in wet and anaerobic soil conditions, which has the potential to improve submerged
granular soils in deeper locations by forming bio-cementation via denitrification process
(Kavazanjian et al., 2015; Pham et al., 2016). Although the peak shear strength of lightly
biocemented sand could not be greatly improved, its stiffness and dilatancy, especially
under low strain, could still be enhanced significantly (Pham et al., 2016). The other major
advantage of the denitrification process for bio-cementation is that there is no ammonia
production. On the other hand, the N2 generated in this process can desaturate sand to
increase liquefaction resistance. The partially saturated conditions due to the presence of
N2 gas bubbles can dampen pore pressure buildup and thus increase the undrained shear
strength (He et al., 2013; O’Donnell et al., 2017; Hall et al., 2018). However, the potential
negative effects of the generated gas bubbles on soil stabilization and the flow rate of
various injected solutions should be considered carefully.

To develop denitrification-induced bio-cementation as a feasible and implementable

soil improvement technique, further studies are needed on the following aspects:



(1) Increasing bio-cementation amounts and reaction rates.

(2) Developing appropriate substrate recipes to prevent the generation of toxic
intermediate nitrogen compounds (i.e., NO2).

(3) Expanding applications under aerobic condition (i.e., surface soil).

(4) Investigating the effects of regionally variable factors such as temperature, physical
and chemical properties of local soils on the ultimate success of denitrification.

(5) Enhancing the durability of bio-cementation by denitrification.

1.2.3 Sulfate reduction

Sulfate reduction induced bio-cementation under anoxic conditions is another
alternative MICP approach. Sulfate-reducing bacteria have played an important role
throughout earth’s 4.6 billion years history. They are predominantly anaerobic heterotrophs
without oxygen involved in their metabolic activity (Baumgartner et al., 2006). Sulfate-
reducing bacteria are able to reduce sulfates to sulfides while oxidizing organic carbon (Eq.
1-3):

2- - - -
S04 4g ™2 [CH; 0] (aq)+OH (oq)—HS (aq) T2HCO3,, +H,0 (1-3)

When sufficient calcium is present in the solution, the increased alkalinity will move
the equilibrium towards calcium carbonate precipitation. However, some obvious
disadvantages including the generation of toxic and combustible hydrogen sulphode (H2S)
gas may threaten the environment and human health (Gu et al., 2018). Therefore,
challenges such as the treatment of toxic byproducts should be resolved prior to its
application in soil improvement. While sulfate-reducing bacteria are not preferred for soil
improvement, they can bind with heavy metals, making sulfate reduction a promising
method for the immobilization of heavy metal contaminants (Hwang and Jho, 2018; Le
Pape et al., 2017).



1.2.4 Iron reduction

Iron reduction (Eq. (1-4)), which induces ankerite and other mixed mineral
precipitation, has also been investigated by some researchers as a potential bio-cementation
process (Weaver et al., 2011). The redox reactions involved have been shown to be
dominant in the anaerobic subsurface environment (Lovely, 1991). While iron-based
precipitation is much cheaper, it is less effective, for example, in reducing the permeability
of the soil, than calcium-based precipitation (i.e., by urea hydrolysis process) (Ivanov et
al., 2010). Zeng and Tice, (2014) found that the mineral composition was unstable, was
easily affected by the concentration of other ions (e.g., Mg and Ca?!), and that
cementation commonly occurred as the co-precipitation of calcite, siderite, and dolomite.
The studies related to iron reduction are somewhat limited currently, suggesting that iron

reduction may not be a viable solution to induce bio-cementation for soil improvement.

4Fe(OH);+[CH,0] g+ TH' (ag)—4Fe* " (49 tHC O3, +10H,0 (1-4)

1.3 Materials for MICP

Materials involved in the MICP process include bacteria strains, nutrients, cementation
solutions, auxiliary additives, and soils. In this section, the recent developments in the
research into materials involved in MICP, in particular, the ureolysis process are reviewed

and discussed.

1.3.1 Bacterial Strains

The efficiency of bio-cementation is highly associated with the performance of either
the injected exogenous or the enriched native ureolytic bacteria. A widely-accepted
assumption of the CaCOs precipitation process during MICP is that bacterial cells can serve
as the nucleation sites for CaCOs due to the negative charge on the cell walls (EI
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Mountassir et al., 2014). Different bacteria have their own preferred environments, and
even a slight variation of external conditions may affect their growth. Generally, ureolytic
bacteria used for MICP should (1) have a reliable and constantly high enzymatic activity
and (2) be harmless to humans and pose a low risk to the local ecosystem.

For the ureolysis process, various ureolytic bacterial strains isolated from the soil
environment have been identified and found to be effective for MICP. These include, but
are not limited to, Bacillus strains, Sporosarcina strains, Shewanella strains,
Pararhodobacter strains, and Lysinibacillus strains. Some most representative species
include Sporosarcina pasteurii (Gomez et al., 2015; Kannan et al., 2020), Bacillus
sphaericus (Saffari et al., 2017; Mujah et al., 2016), Pararhodobacter sp. (Amarakoon and
Kawasaki, 2017), and Bacillus megaterium (Jiang et al., 2016). The bacterial strains could
affect MICP efficiency in terms of (1) ureolysis rate (i.e., urease activity); and (2)
nucleation and crystallization, which will be reviewed in the next two paragraphs.

On the one hand, different bacterial strains may display very different ureolysis rate.
To assess the ureolysis capability of a specific bacterial strain, urease activity is usually
used as the key indicator. The urease activity values that wereattained by various bacteria
in previous studies are summarized in Table 1-2. It should be noted that many factors may
affect urease activity, including bacterial type, biomass density, and culturing medium
conditions (e.g., concentration of substrate (urea) and byproduct (NH4"), pH, and oxygen
availability) (Martin et al., 2012; Bachmeier et al., 2002). From Table 1-2, it is clear that
the microorganism type can make a significant difference to urease activity. Specifically,
Sporosarcina pasteurii in most previous studies show a higher urease activity than other
types of ureolytic bacteria, and higher biomass density results in higher urease activity.

On the other hand, bacterial cells can promote nucleation and crystallization by creating
supersaturated alkaline environments and secreting extracellular polymeric materials (i.e.
exopolysaccarides (EPS) and capsular polysaccharides (CPS) (Sundaram and Thakur 2018;
Ercole et al., 2012). The extracellular polymeric materials produced by microorganisms
might be tightly bound to the cell, loosely adherent to cells, or existing in the form of free
dissolved matter (Ercole et al., 2012), which can trap calcium ions at a given pH, control
crystallization, influence the polymorphic development of CaCO3 crystals (Dupraz et al.,
2009; Bains et al., 2015; Yin et al., 2020). For example, in recent years, Szcze$ et al. (2016)



investigated Rhodococcus opacus cultures and found that the crystal size and polymorph
could be controlled by EPS. EPS could stabilize vaterite and this effect is stronger at basic
pH. Azulay et al. (2018) indicated that the EPS generated by Bacillus subtilis strain affected
the crystal’s nucleation, and the proteins (TasA and TapA) induced the aggregation of

crystallites.

Table 1-2 Urease activity of representative ureolytic bacteria.

Bacteria Urease activity Bacterial concentration Reference

Sporosarcina pasteurii 1.8 mM urea/min 0.8-1.2 (ODsqo) Xiao et al.
(2019b)

Sporosarcina pasteurii 1.4-2.0 mM urea/min 107 cells/mL Xiao et al.
(2019a)
. .. 4-5mM urea/min N/A Hoang et al.
Sporosarcina pasteurii (2019)
Sporosarcina pasteurii ~ 2.08 mM urea/min/ODgyo ~ 0.22 (ODgoo) Jiang et al. (2017)
Lysmlb_acnlus 0.4 uM urea/72h 250 m_L sporulatlng_ Kang et al. (2015)
sphaericus bacterial spore solution
Bacillus sphaericus 10 uM urea/min 2-2.5 (ODeoo) Mujah et al.
(2016)

Bacillus sp. 20 & 1 uM urea/min 4.2 £0.2 (ODgoo) Cheng et al.
(2019)

Bacillus sp. 15 uM urea/min 3-3.15 (ODggo) Hao et al. (2018)

Most of the currently identified ureolytic bacteria are aerobes, and hence are used for
MICP under oxic conditions. The aerobic ureolytic bacteria target the surface soil where
the oxygen is sufficient for the continuous expression of enzymatic activity. For instance,
although the most widely used Sporosarcina pasteurii is a facultative anaerobe, it is unable
to synthesize urease anaerobically. However, some ureolytic bacterial strains are reportedly
able to survive and induce ureolysis under anoxic conditions. There is a controversy
regarding the efficiency of ureolysis process that can be achieved in the absence of oxygen.
For instance, one the one hand, Jiang et al. (2016) and Martin et al. (2012) observed
considerable ureolytic activity of B. megaterium (ATCC 14581) and Sporosarcina
pasteurii under anoxic conditions, which was attributed to the aerobic preculture, and the
urease already present in the cells. On the other hand, Mortensen et al. (2011) observed
extensive ureolytic activity of Sporosarcina pasteurii under anoxic conditions, suggesting
that the anoxic environment did not inhibit urease activity. Mitchell et al. (2019)
investigated the kinetics of ureolysis and CaCO3 precipitation of Sporosarcina pasteurii in

the absence of oxygen. The results indicated that Sporosarcina pasteurii was capable of
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ureolysis in anaerobic environments, however, sustained growth over time in the absence
of oxygen was not possible. Also, oxygen-free environments did not substantially affect
the initial rate of ureolysis or CaCO3 precipitation. The microorganisms used for other
MICP processes including denitrification, sulfate reduction and iron reduction, are
ubiquitous in the anoxic subsurface environment. Thus, bio-stimulation of indigenous
bacteria is preferred in these circumstances.

Finally, there are still research gaps in terms of the role of ureolytic bacterial strains
during the MICP process. For example, it was observed that the number of injected bacteria
was diminishing with time and the diversity of bacteria was reduced at the end of bio-
augmented MICP treatment (Graddy et al., 2018). In addition, the function of EPS to
facilitate bio-cementation is still unclear for most ureolytic strains. Therefore, further
research is needed on the following aspects:

(1) Maintaining the dominance of injected ureolytic bacteria during bio-augmented
MICP.

(2) Understanding the microbiological and biochemical interactions between the
exogenous and native bacterial species during the MICP process.

(3) Nlustrating the function of EPS to facilitate bio-cementation during the MICP process.

1.3.2 Bacterial culture and enrichment media

Nutrients as the energy sources are crucial to the MICP process, in which bacteria
utilize nutrients to sustain their metabolic and enzymatic activity. For the bio-augmentation
approach, bacteria are cultivated using specific culture media in the laboratory to the
desired concentration (i.e., bacterial culture medium). Table 1-3 shows some
representative culture media for ureolytic bacteria that are found to be able to induce high
urease activity with the presence of enzyme-substrate (i.e., urea or ammonium) (Jiang and
Soga, 2017; Zamani et al., 2018; Liu et al., 2020a), suggesting that urea is not necessarily
the only substrate that can induce high urease activity, ammonium-rich media also have a
comparable capability to produce similar urease activity.

For bio-stimulation, the enrichment media play a similar role to the culture media for

bio-augmentation, which enriches the indigenous ureolytic bacteria and sustains the
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enzymatic activity (Wang et al., 2020a). Unlike bio-augmentation, the indigenous bacteria
cannot reach the desired ureolytic rate immediately after injection. The primary principle
for developing an effective enrichment medium is (1) to maximize the urease activity, and
(2) to minimize the enrichment time. Various carbon © sources including molasses,
glucose, and sodium acetate have been used to stimulate native heterotrophic ureolytic
bacteria (Amini Kiasari et al., 2018), and urea is commonly added as the nitrogen source
(Nassar et al., 2018). However, recent studies have shown that using carbohydrates as the
only main C source could not induce sufficient urase activity. For instance, Amini Kiasari
etal. (2019) investigated the effects of various C and nitrate sources, including yeast extract,
sugarcane molasses, sodium acetate, and glucose, on enriching the indigenous ureolytic
bacteria for MICP. The results showed that the protein-based media such as yeast extract
could yield a higher microbial urease activity, which was consistent with the findings of
Cheng and Cord-Ruwisch (2013). Yeast extract is a complex nutrient that can provide
vitamins, minerals, nucleic acid, amino acids, as well as growth factors that can increase

the growth rate of microorganisms (Gat et al., 2016).

Table 1-3 Representative media for the culture of Sporosarcina pasteurii.

Media Batch condition pH  Main ingredients

NH4*-YE medium  Aerobic 9 20 g/L Yeast extract, 10 g/L (NH4)2SO4

Urea-YE medium  Aerobic 7.5 20 g/L Yeast extract, 170 mM urea

NH.*-YE medium  Aerobic N/A 20 g/L Yeast extract, 10 g/L(NH4)2SOs4,
0.5 M urea

While appropriately designed sterilized culture or enrichment media have been adopted
to grow ureolytic bacteria, non-sterilized conditions have also been found to be feasible.
Yang et al. (2020b) enriched urease-producing bacteria from activated sludge under non-
sterilized conditions for MICP. Although the urease activity of the non-sterile enriched
culture started to decrease after 3 days from the initial value of 15 U/ml to 7 U/ml at 10
days, it was still adequate for MICP for bio-cementation. The non-sterile enrichment
method can reduce the total energy consumption and production cost by 30% (Yang et al.,
2020b). A similar non-sterile method was also performed by Cheng and Cord-Ruwisch
(2013). Sharaky et al. (2018) compared the bio-cementation content precipitated in sand

achieved by using sterilized and non-sterilized media. It was observed that the amount of
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precipitation of CaCOs treated by the non-sterilized media method was equal to that of the
sterilized media method.

Finally, for future large-scale field applications, the effectiveness of the culture and
enrichment and the cost and environmental risks should be considered carefully. Some
alternative inexpensive industrial substrates such as corn steep liquor, vegemite, torula,
lactose mother liquor, and food-grade yeast extract that can produce a considerable urease
activity have been reported to replace the expensive laboratory-grade yeast extract (Achal
et al., 2009; Chaparro-Acura et al., 2018; Joshi et al., 2018; Omoregie et al., 2019;
Babakhani et al., 2020). Moreover, some industrial wastes can also be used as the nutrients
such as chicken manure effluent (Yoosathaporn et al., 2016). In these studies, the urease
activity induced by the traditional lab-grade nutrients did not show a significant superiority
over the industrial substrates. For instance, urease activity in “NB (nutrient broth)-urea
medium” and “YE (yeast extract)-urea medium” was only 0.17- and 0.04-fold higher than
those in LML (lactose mother liquor)-urea medium (Achal et al., 2009).

The current research gap relating to the bacterial culture and enrichment media lies in
reducing the dosage, cost, and environmental risk as much as possible to achieve the

requirements for MICP.

1.3.3 Cementation solution

For the bio-augmented ureolytic MICP process, most researchers commonly adopt a
two-stage treatment strategy, in which cementation solution is injected following the
cultivated bacteria suspension. Urea-calcium composite chemicals are usually adopted as
the main ingredients of cementation solutions, sometimes with trace nutrients. For the urea
source, researchers have not only used the traditional pure chemical, but have tried natural
resources such as pig and human urine (Chen et al., 2019; Lambert and Randall, 2019). For
the calcium (Ca) source, common chemicals such as calcium chloride (CaCly), calcium
acetate (Ca(CH3COOQ),), and calcium nitrate (Ca(NOs)2) have been used. These Ca sources
are chemically stable and relatively inexpensive for large-scale applications. Among them,
CaCl; is the most common. However, it is worth noting that, to obtain sufficient

cementation content, the amount of CaCl, required is commonly excessive and may be
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harmful to the environment. Also, to further minimize the environmental risk, alternative
Ca sources are being developed. Choi et al., (2016) compared CaCl; and Ca from eggshells
dissolved by culinary vinegar. The results showed that the Ca produced from eggshells was
as good as using CaCl,. Moreover, Liu et al. (2018) utilized the soluble Ca dissolved from
calcareous sand by acetic acid to improve the strength and permeability of MICP-treated
calcareous sand. Choi et al. (2017) and Casas et al. (2019) released and reused Ca from
quarry limestone and Ca-rich silicate quarry, respectively, to apply to MICP.

Previous studies have suggested that the cementation solution plays a role in forming
variable morphologies and sizes of CaCOascrystals. It has been reported that the type of
cementation solution (i.e. Ca®* source) and the time interval between cementation solution
injections could largely affect the mineralogy and morphology of CaCOa. The crystal types
of CaCOz3 through MICP process usually include calcite, vaterite and aragonite, among
which the calcite is the most common and stable. Zhang et al. (2014) found that the samples
treated with CaCl, and Ca(NOz)2> were more likely to form calcite, whereas the samples
treated with Ca(CH3COO), were composed of 88% aragonite and 12% calcite. Burdalski
and Gomez (2020) investigated the effect of different Ca?* concentrations of cementation
solution on the morphology of CaCOs. When the concentration was 500 mM, the sample
showed a dominant calcite phase (96%) with negligible amounts (around 2%) of vaterite
and aragonite. If the concentration increased to 1250 mM, calcite was still the dominant
phase (75%), and the quantities of vaterite significantly increased to 23%. Wang et al.
(2019b) conducted a microchip experiment and found that the size of CaCOs3 crystals was
highly dependent on the time interval between cementation solution injections. The
average size of CaCOs crystals was considerably larger when the injection interval was 23-
25 hours than 3-5 hours.

In short, cementation solution is critical to achieving satisfactory MICP treatment.
However, the potential secondary pollution from injecting large amounts of solution into
soil remains unexplored. In addition, further reducing the cost by selecting alternative Ca
and urea sources is also necessary. Future work is needed to further reduce the cost and

environmental risks associated with the cementation solution.
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1.3.4 Aucxiliary additives

In order to improve bacterial growth, urease activity and bio-cementation content,
researchers have developed several auxiliary additives to supplement the
culture/enrichment media and cementation solution, or to add directly into the soil matrix.

For the auxiliary additives added into the culture/enrichment media, apart from the
common necessary elements (C, N, P, H, O), nickel dichloride (NiCl) has been used by
many researchers, usually in very small amounts (Gat et al., 2016; Amini Kiasari et al.,
2018, 2019; Fang et al., 2020; Xu et al., 2020). MICP is highly associated with the
metabolic and enzymatic activity of the specific ureolytic bacteria. As a key part of the
urease enzyme structure, the nickel ion has been shown to be an essential trace element for
maintaining sufficiently high ureolytic activity of urease-producing bacteria (Svane et al.
2020). In addition, Shashank et al. (2018) investigated the effect of buffer solution added
with the bacterial suspension on regulating the ureolysis procedure. Adding a buffer
solution was found to prevent the instantaneous increase of pH which might lead to a rapid
clogging near the injection port during the MICP process.

For the auxiliary additives in the cementation solution, Xu et al. (2020) proposed
magnesium ions to modify carbonate crystal polymorphs. The results showed that the
incorporation of 0.01-0.5 M magnesium ions with the cementation solution composed of
Ca(CH3COO), and urea could promote the formation of acicular aragonite and inhibit the
growth of rhombohedral calcite, which resulted in a 40%-200% increase in the unconfined
compression strength. Nawarathna et al. (2018) used various concentrations of poly-Lys
ranging from 0 to 50 mM as the additive to the cementation solution (CaClz+urea). The
findings indicated that the addition of poly-Lys created stronger cemented sand specimens
than those obtained by the conventional method without poly-Lys. Wang et al. (2018a)
modified the cementation solution by adding polyvinyl alcohol (PVA) to successfully
improve the erodibility of the treated sand.

For the auxiliary additives directly added into the soil matrix, randomly distributed
fibers have been used to increase the ductility of sandy soil and to prevent the loss of post-
peak strength. Different types of fibers including natural plant bassed and synthetic
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polymers have been used (Li et al., 2016; Choi et al., 2016; Zhao et al., 2020; Imran et al.,
2020). The optimum fiber content was usually between 0.2%-0.3% by weight (Qiu et al.,
2019; Li et al., 2016; Fang et al., 2020). Li et al. (2016) used homopolymer polypropylene
multifilament fibers as the additive in sand and found the unconfined compression strength
gradually increased when the fiber content was between 0.2% and 0.3%, which is the
optimum fiber content. Fang et al. (2020) added modified-polyester fibers to improve the
engineering properties of MICP-treated calcareous sand. The results showed that the
permeability reduced by 2-3 orders of magnitude and UCS increased from 2.78 MPa to
21.65 MPa. Besides randomly distributed fibers, researchers have also added clay particles
as an auxiliary additive. Won et al. (2020) added kaolinite into sand as the extra nucleation
sites for the calcite precipitation. The results indicated that the kaolinite particles could
function as nucleation sites and facilitate the heterogeneous nucleation of calcite. Ma et al.
(2020) introduced bentonite into coarse sand, and found that the unconfined compressive
strength (UCS) was substantially improved with an optimal bentonite concentration of
20g/L. Higher bentonite concentrations (40 g/L and 80 g/L in this study) might have a
negative effect on UCS.

1.3.5 Soil

MICP has been widely investigated for its applicability in different types of soils. Table
1-4 shows a few examples reported in the past five years. Typically, the size of bacteria for
MICP is between 0.5 and 3 um, making it suitable for a broad range of soil types.

For granular soils, MICP has already been intensively studied to modify the physical
(density, gradation, porosity, saturation), mechanical properties (strength, stiffness, shear
behavior, compressibility) and hydraulic properties through bio-cementation. The
relatively larger pore space in coarse-grained soils allows microbes to move freely within
the soil matrix. Thus, it is much easier to conduct MICP treatment in granular soils. It is
also necessary to consider the effect of relative density, one of the most important
parameters for coarse-grained soils, on strength improvement. The biggest difference
between bio-cemented and chemically cemented soil was that soil structure remains intact

by using MICP, thus the initial packing of soil governs the formation of cementation within
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the soil matrix (Terzis and Laloui, 2019). Rowshanbakht et al. (2016) found that increasing
the initial relative density resulted in the reduction in cementation content, which wasdue
to the decreasing pore volumes for the nucleation sites of calciteand the decreasing amounts
of microbes and nutrients that could be absorbed.

In recent years, more and more studies have focused on MICP applications in soils that
were traditionally regarded as unsuitable for MICP treatment (i.e. clay soil and loess). For
clay soils, percolation may be difficult due to their low permeability and surface charge on
the particles. Thus, premixing the bacterial solution with clay soil is one of the primary
sample preparation methods (Kannan et al., 2020). Cardoso et al. (2018) suggested that
MICP application in clay soils is much more challenging than in sand due to the complex
chemical interactions between clay minerals and the injected solutions. For example,
Sharma and Ramkrishnan (2016) conducted bio-augmented MICP in clay. A noticeable
improvement (1.5-2.9 times higher than the untreated samples) in the unconfined
compressive strength was observed. Saffari et al. (2017) found that MICP-treatment could
increase the cohesion, friction angle and shear strength in low plasticity clay. For collapsed
loess, Atashgahi et al. (2020) reported that MICP could reduce the collapse potential
between 24 and 54.8% by enhancing particle-particle contacts between the soil particles.
Sun et al. (2020) suggested that the collapsibility of loess soils was significantly decreased
at an optimum cementation solution concentration of 0.75-1 M.

Soil is a rather complex mixture consisting of organic matter, minerals, gases, liquids,
and organisms (i.e., solid, air, liquid, and organisms). The effects of soil environment on
bacterial growth and precipitation formation remain unclear. In future research, it is
important to assess whether environmental conditions including pH, oxygen availability,
temperature, and humidity within the soil matrix can support the activity of injected
microbes before application. Moreover, the sustainability and durability of induced

precipitation in various soil environments after MICP treatment also needs to be examined.
1.4 Characterization of MICP processes

As a multidisciplinary research field in the intersection of geotechnics, microbiology,
biochemistry, environmental engineering, and material science, the MICP process needs to

be characterized using observational and experimental tools from multi-disciplines and at
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multi-scales (Fig. 1-3). This section will review the characterization techniques for the

MICP process at nano, micro, meso, element, pilot, and field scales.

Table 1-4 MICP in different types of soils in laboratory studies.

Soil type Problems Improvement mechanism References
] . . Whitaker et al.
Sandy soil Very I_oose, low strength S_trengthen pgrtlcle bonds via (2018); Cui et al.
and stiffness bio-cementation
(2017)
Maleki et al. (2016);
Shanahan and
. Low cohesion; low wind or  Stabilize the surface layer of Montoya  (2016);
Sandy soil . . L .
water erosion resistance soil via bio-cementation Wang et al.
(2018b); Fattahi et
al. (2020)
Mixed soil Internal erosion as the core Mltlgate mternal_erosmr_l gnd Jiang and Soga
s improve hydraulic condition o
(gravel- Materials in embankment via bio-cementation and bio- (2017, 2019); Jiang
sand/sand-clay)  dams and levees et al. (2017)

Liquefiable
sand

Clayed soil

Marine clay

Loess soil

Heavy metal
contaminated
soil

Loose; saturated;
insufficient cyclic shear
strength

Formation of desiccation
cracks lead to an increase in
hydraulic conductivity

Low bearing capacity; high
natural water content (close
to the liquid limit); be
susceptible to large
consolidation settlements
Potential collapsibility;
insignificant adhesion; very
unstable

High environmental and
ecological risks

clogging

Reduce the degree of saturation
via generating biogas
(denitrification); Solidify and
densify soil via calcite
precipitation (ureolysis)

Remediate the desiccation
cracks via bio-cementation

Reduce liquid limit and
increase strength via bio-
cementation; increase strength
via bioencapsulation

Improve the strength and
hydraulic features via bio-
cementation and bio-clogging

Coprecipitate and then remove
the heavy metals with calcite

Hall et al. (2018)

Liu et al. (2020b)

Kannan et al.

(2020); Li et al.
(2016); Ivanov et al.
(2015); Li et al.
(2016)

Atashgahi et al.
(2020)

Cheng and Shahin
2017; Zhu et al.
2016 ; Zhao et al.
2017; Jalilvand et
al. 2020
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Fig. 1-3 The characterization of MICP at multi-scales: (a) SEM images of precipitation
(Xu et al., 2020); (b) AFM peak-force error images of substrates with bacteria cell
adhesion (Shashank et al., 2020); (c) the particle-scale behavior of calcite precipitation
from a microfluidic chip (Wang et al., 2019a); (d) the XRD patterns of CaCOs3 crystals
(Wen et al., 2019); (e) shear response of biocemented sand by undrained triaxial test
(Nafisi et al., 2019); () the unconfined compress (UCS) test (Fang et al., 2020); (g) one-
dimensional compression test (Xiao et al., 2020); (h) predicted volume fractions of final
calcite by numerical modelling (Hommel et al., 2020); (i) seismic shear-wave data of 100
m? large-scale biogrouting test (van Paassen et al., 2010); (j) dynamic cone penetration
(DCP) data of field-scale test measuring 2.4 m>4.9 m on loose sand (Gomez et al., 2015);
(k) Five-Spot treatment model (Dejong et al., 2014).

1.4.1 Nano-scale

Nano-scale material characterization techniques are used to show the interactions
between bacteria and substrate (soil particles) during the MICP process, which can
illustrate fundamental mechanisms between microorganisms and their nucleation surface.
Atomic force microscopy (AFM) developed in 1986 is an ideal tool which can be applied
to acquire the surface topography and texture information with demonstrated resolution on
the nanometer scale. Shashank et al. (2020) used AFM to investigate the capability of the
biosorption of bacteria on the surface of soil particles. They found that the extent of
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bacterial adhesion on soils depends on the available hydrophobic binding sites, and bacteria
could be entrapped in the pores of formed crystals based on the surface texture parameters
during the MICP treatment.

1.4.2 Micro- and meso-scale

The characteristics of calcite crystals and their interactions with soil particles can affect
the mechanical properties of bio-cemented soil. Various characterization micro-scale
techniques including, but not limited to, scanning electron microscope (SEM) with energy-
dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), thermogravimetric analysis (TGA), X-ray CT, and mercury intrusion
porosimetry test (MIP), and meso-scale techniques such as microfluidic chip, have been
used to provide insight into the evaluation of the crystal shape, size, content, distribution
pattern, structure, contact and surface fractures of bio-cemented soils.

The size of the precipitated crystals can be detected clearly using SEM images. For
instance, Cheng et al. (2017) observed that different size and distribution patterns were
observed by comparing SEM images at different concentrations of cementation solution.
Crystals were more likely to be distributed randomly all over the sand grains for the
treatment with the low concentration of cementation solution (0.25 M), while the crystals
were inclined to accumulate in local areas in the high cementation solution (> 0.5M). Choi
et al. (2020) and Fang et al. (2020) suggested that bonding at the particle-particle contacts
as a bridge and coating on the particle surface are the two primary functions of precipitated
crystals within bio-cemented soil. It is found that coating and bridging as the actual
distribution pattern usually coexist after MICP treatment under unsaturated conditions (as

shown in Fig. 1-4).
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Fig. 1-4 The precipitated crystals distribution pattern within pore space of soil matrix
(modified after Dejong et al., 2010 and Cheng et al., 2013).

The variation in porosity of MICP treated soils can be determined by conducting MIP
test and X-ray CT scanning. Amarakoon and Kawasaki (2017) found that the porosity of
treated sand samples decreased with depth by analyzing the X-CT images at the top, middle
and bottom parts. Gao et al. (2019) conducted MIP test to identify the changes in the pore
size distribution of bio-cemented quartz sand. The results also showed that the porosity of
the treated sample was significantly reduced from 0.428 to 0.28-0.33 in the surface layer
by forming a hard crust and 0.37-0.39 below the crust.

By using EDS, XRD, and FTIR, the crystal morphology can be determined. The
rhombohedral, hexahedral, orthorhombic, acicular, spherical, and ellipsoidal crystals
commonly appear in the form of calcite, aragonite and vaterite under different
environmental conditions (temperature, cementation solution, pH, etc.). For instance, by
analyzing the data from XRD and EDS, Xu et al. (2020) found that cementation solution
types had an effect on the crystal morphology. The main crystal form was aragonite when
Ca(CH3COO0), was used as the Ca source. After adding 0.5 M magnesium ions to the
cementation solution, a small amount of calcite converts into low-magnesium calcite,
however, the growth of aragonite is not inhibited. Wen et al. (2020) conducted XRD tests
and found that the concentration of bacteria or urease did not have an apparent effect on

the morphology of CaCOs crystals. Moreover, results from FTIR suggested that vaterite
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was the major form of CaCOs crystals within 72 h with calcite increasing over time during
the MICP process.

At the meso-scale, Wang et al. (2017; 2019a; 2019b) developed a microfluidic chip, a
2-D representation of porous media, to observe the MICP process and the behavior of
bacteria and growth of precipitated crystals under saturated condition (as shown in Fig.
3(c)). It contains an inlet, upstream flow distribution channels, a porous medium,
downstream flow distribution channels, and an outlet (Wang et al., 2019a). A computer-
controlled microscope is used for image collection. The observations showed that bacteria
were distributed evenly after the bacterial suspension injection and CaCOscrystallized at
narrow pore throats or open-pore bodies. The precipitated CaCOs crystal transformed from
irregularly shaped amorphous CaCOs precipitates to spherical vaterite and then to
rhombohedral calcite (Wang et al., 2019b). Marzin et al. (2020) also used a microfluidic
cell to investigate the influence of the injection time and the ionic strength on the adhesion
rate of Sporosarcina pasteurii bacteria on sandstone grains and crystals formation during
MICP. The results indicated a rise of adhesion rate from 0.005 per minute to 0.03 per

minute with an increase of NaCl concentration in solution from 3 g/L to 20 g/L.

1.4.3 Element-scale

A series of element-scale characterization techniques have been applied in the
laboratory to assess the improvement of engineering properties including, but not limited
to, permeability, unconfined compressive strength, shear behavior, particle breakage and
compressibility behavior, cementation content, thermal conductivity, and durability.

The formed bio-cementation, which serves as a clogging material between particle
contacts, can reduce the size of pore throats and resist water permeation. In the laboratory,
both constant head and falling head tests can be applied to a variety of bio-cemented soils.
Bio-grouting using bio-slurry containing preformed urease active calcium carbonate
crystals is an emerging technique for soil improvement by reducing the coefficient of
permeability. Various types of soils have been studied, which widens the practical
applications in terms of the bio-grouting technique in different soil conditions. For example,

Peng et al. (2020) reported that the coefficient of permeability of MICP-treated fractured
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rock was reduced to 3-5x10° m/s by four orders of magnitude using bio-grouting method.
Lian et al. (2019) conducted bio-grouting on hydraulic fill fine sands for reclamation. The
permeability coefficient was reduced by approximately three orders of magnitude using the
constant head approach. Wu and Chu (2020) used bio-grouting to treat granite aggregates
and found a reduction of permeability in both saturated and unsaturated cases. A larger
reduction was observed in the unsaturated condition. Pan et al. (2020) successfully applied
bio-grouting on sands with grain sizes ranging from 0.30 to 2.36 mm to significantly reduce
the coefficient of permeability. Compared with the conventional chemically treated soil,
the reduction in permeability via the MICP process is much less. The minor reduction in
permeability can, on the one hand, create a good drainage passage which ensures the
unhindered penetration of bacterial solution (Chu et al., 2014), and on the other hand, can
avoid the development of excess pore water pressure during loading (Mujah et al., 2017).

The unconfined compression test is another popular characterization method at
element-scale, which could assess the strength of bio-cemented soils (Rowshanbakht et al.,
2016; Terzis et al., 2018; Amini Kiasari et al., 2019; Hoang et al., 2019). Existing studies
have primarily focused on the effect of cementation level on unconfined compression
strength (UCS), and an empirical correlation between UCS and cementation content was
proposed. Specifically, the UCS was found to be positively correlated with the cementation
content. The UCS values could fluctuate between 50-100 kPa and 10 MPa with the
cementation content varying substantially from less than 2% to 25-30% (Amarakoon and
Kawasaki, 2017). Usually, the UCS values were reported when the CaCOscontent is over
3%, at which the bio-cemented samples could maintain their integrity and stand alone.
However, Terzis and Laloui, (2019) pointed out that the lower cementation content (<2%)
could still offer the desired improvement if considering the role of confinement. Choi et al.
(2020) gave an empirical correlation between UCS and cementation content (CC, in
percentage) based on the compiled data as follows, where aucs, Sucs are two empirical fitting

parameters.

UCS [kPa] = ayes -CC™, when CC < 30% (1-5)
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Researchers have conducted various types of tests to evaluate the shear strength of bio-
cemented soils, among which the triaxial compression test and direct shear test are the most
common methods. More attention has been placed on the stress-strain relationship and
stress-dilatancy behavior of bio-cemented samples. The evolution of cohesion, effective
friction angle and failure envelope with the variation of cementation level was the major
concerns. Generally, the results suggested that the shear strength performance improves
significantly compared with uncemented soils. For instance, Cui et al. (2017) conducted
triaxial undrained tests on sand. It was found that the effective cohesion and effective
friction angle increased with cementation level with a linear and exponential relationship
respectively. The increase in effective cohesion with cementation level has also been
observed in other studies (Li, 2014; Wu et al., 2021). However, Wu et al. (2021) found that
the effective friction angle did not change when the cementation content exceeded 5%. The
major effect of cementation is to increase the cohesion. Thus, the effect of cementation on
the friction angle of bio-cemented soils should not be overestimated. Amini Kiasari et al.
(2018) performed direct shear tests on bio-cemented sand treated using the bio-stimulation
approach. The results showed an increase of 190% in cohesion and 16.79% in the friction
angle compared with the uncemented sand. The bonding effect enhancing the interparticle
contacts is commonly considered as the main governing role for bio-cemented soils. The
cementations deposited on the surface of particles were regarded as ineffective and made
little contribution to the enhanced peak shear strength of bio-cemented soils (Dejong et al.,
2010; Cui et al., 2017). However, interestingly, O’Donnell and Kavazanjian (2015)
reported a significant improvement in stiffness and dilatancy on bio-treated Ottawa 20-30
sand with very little cementation under isotropically undrained triaxial compression (CIUC)
tests. They hypothesized that such improvement was possibly from particle roughening
due to the coating effect of CaCOson the particle surface. Current investigations also show
variations of shear parameters at critical or residual state. For instance, in triaxial tests,
Feng and Montoya (2016) indicated that the residual cohesion is assumed to be zero. The
residual friction angle decreased with the increase of confining pressure but was larger at
all levels of confinement in heavily and moderately-cemented sand. In contrast, the residual

friction angle of lightly-cemented sand is close to that of untreated soil.
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Regarding the compression and particle breakage behaviors, while many researchers
have investigated them for uncemented soils, very limited studies have been conducted to
explore those of bio-cemented sand treated using MICP. The particle breakage and
compressibility behavior of MICP-treated sands have been investigated mostly by
oedometric compression tests. The extent of particle breakage is usually quantified by the
difference in particle size distribution (PSDs) before and after loading. Generally, MICP
treatment can effectively reduce the magnitude of grain crushing and compressibility. For
example, Lin et al. (2016) conducted confined compression tests and found the MICP-
treated specimens were less compressible than untreated specimens. The compressibility
decreased with the increase of CaCOs content. For a given vertical effective stress or input
work, specimens with a larger bio-cementation content exhibited smaller particle breakage
and vertical strain. The formed bio-cementation serves to restrain particle breakage and
compressibility mainly via three mechanisms: (1) increase the effective diameter of soil
particles; (2) dissipate energy during loading; and (3) remain in the void and reduce the
magnitude of particle contact forces through a cushioning effect (Xiao et al., 2020a, 2020b).

Cementation content is another essential parameter that is characterized at the element-
scale, which has a strong correlation with the engineering performance of bio-cemented
soils. In previous studies, cementation content measurement was measured mainly using
the destructive method. Dissolving samples in hydrochloric acid (HCI) is a conventional
destructive method, in which HCI is added to dissolve the formed cementation and then
the weight difference of samples or the pressure difference due to the generation of CO is
calculated before and after washing by acid (Feng and Montoya, 2015; Xu et al., 2020).
Although acid washing is rather convenient, the accuracy of this method is not inferior to
any other methods as compared by Choi et al. (2017) due to the non-uniformity of treatment.
In recent years, new non-destructive methods have been applied to characterize bio-
cementation content. For instance, the bender element test has been conducted to obtain
bio-cementation by correlating it with measured shear wave velocity (Nafisi et al., 2018,
2020).

The thermal conductivity of MICP-treated soil has also been studied in recent years.
The effect of bio-cementation within the soil matrix is an influential factor on the thermal

conductivity. Venuleo et al. (2016) compared the thermal conductivity between MICP-
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treated and untreated soils. The results showed that the thermal conductivity of MICP
treated soils was increased by 250%. The formation of CaCOs3 acting as “thermal bridges”
among sand grains, offering more highly effective heat transfer path by increasing the
surface contact area. Wang et al. (2020b) found that the thermal conductivity was linearly
correlated with dry density, treatment cycles, and CaCOs3 content in bio-cemented sands.
Martinez et al. (2019) investigated the relationship between the degree of saturation and
soil thermal conductivity for a poorly graded quartz sand, and results indicated that thermal
conductivity increased with the degree of saturation especially at low saturation levels. In
the future, the performance of MICP in practical applications related to thermal
conductivity properties such as energy piles, ground source heat pumps, etc. could be
assessed.

The efficacy of the engineering performance of MICP is another concern. There are
many environmental conditions that could reduce durability, such as wet-dry cycles,
freeze-thaw cycles, acid rain infiltration, etc. Element-scale experiments have been
conducted to characterize the durability of MICP treated soils. For instance, Liu et al. (2019)
conducted a series of unconfined compression tests to investigate the durability of bio-
cemented sandy soils under various artificial environmental conditions. The results showed
that nearly 80% UCS reduction after one wet-dry cycle, 58% UCS reduction after 15
freeze-thaw cycles, and 83% UCS reduction after 15 days immersed in acid rain solution
with a pH of 3.5. Gowthaman et al. (2020) investigated the influence of freeze-thaw cycles
on slope soil treated by MICP. The results indicated that the erosion induced by freeze-
thaw cycles was dependent on the cementation content. Liu et al. (2019) found that fiber-
reinforced samples could reduce the strength reduction after wet-dry and freeze-thaw

cycles, though their resistance to acid rain attack remained weak.

1.4.4 Pilot- and field-scale

Several pilot and field trials have been conducted in recent years to treat sandy soils
using MICP, in which different characterization tools were adopted. Normally, pilot-scale
tests are carried out to validate the MICP concept, which are smaller in dimensions and
cheaper than the field-scale ones. In addition, although the experimental conditions at pilot-

scale are easier to control, the representation of experimental results is not as relevant as
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those from field-scale tests. Gomez et al. (2015) conducted a pilot-scale test on loose sand
deposits measuring 2.4 m by 4.9 m to improve the surficial erosion resistance. Dynamic
cone penetrometer (DCP) measurement was applied to the three biotreated test plots to
evaluate variations in the penetration resistance. The results showed the improvement
could reach to around 28 cm depth. San Pablo et al. (2020) developed 3.7 m long horizontal
columns to investigate the spatial uniformity of bio-cementation and the removal of
posttreatment ammonium by-product. The results indicated that using bio-stimulated
approaches with a low ureolytic rate could reach a farther treatment distance. Do et al.
(2020) developed a double wall pile delivery system in a soil box (measuring 0.91 m x
0.91 m x0.91 m) to improve the submerged sand adjacent to a pile foundation system using
MICP treatment. This system involved the cementation of the general area adjacent to the
pile in an ellipsoidal shape with few plugging issues.

For the field-scale tests, Dejong et al. (2014) adopted a scaled repeated five-spot
treatment model to monitor the efficiency of MICP during treatment. Bender elements were
installed to capture the spatial and temporal changes in mechanical properties using shear
wave velocity, which is a good proxy for the distribution of calcite precipitation. Phillips
et al. (2018) applied MICP in enhancing wellbore cement integrity with a diameter of 24.4
cm (9.625 inches). The treated region was identified using an ultrasonic imaging tool
(USIT), providing a continuous image of the quality of the cement bond at the cement-
casing interface. Meng et al. (2020) used the MICP technique to control the wind erosion
of surface desert soil (with a depth of ~10 cm). Surface penetration tests (penetration depth
~2 cm) by a digital micro-penetrometer were conducted to evaluate soil bearing capacity.
Saneiyan et al. (2019) adopted induced polarization (IP), a geophysical method in mineral
exploration, to monitor the status of soil strengthening via MICP in the field spatially and
temporally. Terzis et al. (2020) applied field-scale bio-grouting to mitigate landslide risk
through MICP within the targeted slip zone hit by extreme rainfall in Switzerland. The data
collected by drone surveillance indicated a slower movement within the MICP-treated zone
after treatment compared with other zones without MICP treatment.

Although some pilot- and field-scale experiments have been conducted, more attention
has been placed on the short-term treatment efficiency. There are rather limited large-scale
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research studies focusing on the long-term durable behaviors. Further work is needed to

conduct long-term verification of MICP treatment in the field.

1.4.5 Numerical modelling

Numerical modeling is a useful tool to virtually assess the performance of MICP where
the complex coupled bio-geochemical processes are involved. Numerical prediction can be
conducted from different aspects, namely biology, chemistry, hydraulics and mechanics as
illustrated in Fig. 1-5. MICP is the collective result of water flow, solute transport,
chemical reactions, and microorganism mobilization, immobilization, growth, decay, and
dynamic metabolic potential (Nassar et al., 2018). Recently, much of the numerical
modeling of MICP has focused on small-scale experiments in porous media (mostly sand)
whereas large-scale modeling is rather limited.

On the biochemical aspect, the developed models normally consider both solid and
aqueous phases and take various coupling mechanisms into account including the flow of
the aqueous phase, and the transport of the chemical and bacterial components (i.e.
advection, diffusion, dispersion, sorption, bacterial decay) in these two phases (Matsubara
et al., 2019; Wang and Nackenhorst, 2020). Researchers may have different assumptions
for the phase adsorption of diverse species and chemical components, which could either
simplify or complicate models. For instance, Wang and Nackenhorst (2020) assumed that
both the urea and ammonium were in the liquid phase, while Fauriel and Laloui (2012)
divided them into two parts: solute ammonium/urea in the liquid phase and absorbed
ammonium/urea in the solid phase. Furthermore, based on the different assumptions of
distribution of various aqueous chemicals and reactants, two types of models have been
applied in previous studies: macroscopic continuum and pore-scale models (Wang and
Nackenhorst, 2020). Macroscopic continuum models are based on homogenization
techniques and have been shown to have advantages in large-scale MICP applications
(Fauriel and Laloui, 2012; Hommel et al., 2015; Cunningham et al., 2018). The aqueous
biochemical components are assumed to be mixed completely, and the impacts of the local
incomplete mixing of reactants at the pore throat are not covered. Pore-scale models focus
more on the local heterogeneity, thus the variations in porosity and permeability could be
considered (Wang and Nackenhorst, 2020; Qin et al., 2016).
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Fig. 1-5 The bio-chemo-hydro-mechanical (BCHM) mechanisms and their couplings
(modified after Fauriel and Laloui, 2012).

Various methods have been established on the mechanical aspect to predict the
element-scale or pilot-scale properties such as the distribution of calcite precipitation,
permeability, and porosity in the solid phase. Zamani and Montoya (2016) conducted
simulations in a Seep/W program based on the finite-element method to detect the effect of
cementation level change on permeability. Feng et al. (2017) conducted three-dimensional
DEM simulations using PFC3P. The stiffnesses, shear behaviors, bond breakage, and
average void ratio were analyzed. Yang et al. (2017) developed a five-parameter DEM
model to simulate the behavior of MICP-treated sands. The peak and residual friction
angles predicted by the simulations were very comparable to the experimental results. So
far, large-scale numerical modeling is still limited.

In general, numerical modeling is a complex system. Future work is still needed to
obtain: (1) a better understating of interactions among coupled bio-chemo-hydro-
mechanical processes especially during the bio-stimulation treatment method; (2) the
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unified rational assumptions regardless of MICP treatment procedures; (3) the more
accurate inputs of various modeling parameters for numerical prediction.

In summary, the development of reliable and convenient characterization techniques at
various scales is critical for the understanding and implementing of the MICP process. The
nano-, micro-, and meso-scale assays help to understand the fundamental mechanisms of
MICP. Element-scale tests can provide available methodologies for the mechanical
behaviors in the laboratory. In order to apply MICP at a large scale, pilot- and field-scale
characterizations are indispensable. Moreover, reliable numerical models are beneficial for
understanding fundamental mechanisms and the prediction of engineering behavior of bio-
cemented soils. Currently, most characterization techniques at nano-, micro-, element-
scales are carried out in the laboratory. However, with further scaling up, there are more
challenges during different stages including test setup and preparation, fluid injection, bio-

grouting monitoring, and efficiency assessment.

1.5 Promising Applications of MICP

Since the MICP process was firstly explored for its applications in geotechnical
engineering, researchers keep exploring new fields that can utilize MICP. While substantial
effort is still put into applications in geotechnical engineering such as ground improvement
and liquefaction control (Wang et al., 2017), there are an increasing number of studies now
focusing on other fields, particularly material modification, disaster alleviation,
environmental protection, and energy production/storage (as presented in Fig. 1-6). In this
section, recent developments in MICP applications in both geotechnical engineering and
other fields are reviewed. The existing studies are crucial to provide some insights on this

promising technique and potentially help broaden the horizon of MICP applications.

1.5.1 Emerging applications in geotechnical engineering

In recent years, the application of MICP in geotechnical engineering has expanded out
of traditional areas such as soil improvement. One such promising application is bio-

grouting for soil or rock joints. Studies on the use of bio-grouting for soil and rock joints
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have been carried out by Chu, (2012). The results have shown that bio-grouting effectively
reduces the seepage in soil and rock joints and increases the shear strength of sand (Wu et
al.,, 2019; Wu and Chu, 2020; Pan et al., 2020). However, bio-grouting using the
conventional MICP method does have one disadvantage. When the method is used for
coarse sand or rock joints with relatively big openings, the number of treatments required
to generate sufficient CaCOzto occupy the pores in order to reduce the permeability is
excessive. An innovative way to overcome this problem was the use of bio-grouting
containing bio-slurry (Cheng et al., 2019). By adjusting the solid content in the bio-slurry,

this so-called unified bio-grouting method (Pan et al., 2020) can be used for fine to coarse

sand or rock joints of different sizes of the opening.

Geotechnical Material : . .
L . . Disaster alleviation
engineering modification

Ground improvement by * Self-healing soils by * Wind and water flow
biogrouting for soil or rock encapsulated ureolytic erosion prevention - increase
joints — increase bearing bacteria the resistance to erosive
capacity, reduce settlements/ force
permeability/liquefaction. * Slope stabilization - provide
Repairing drying-desiccation extra stability

cracks in soils

Environmental Energy production
protection and storage

* Groundwater protection *  Wellbore integrity
- avoid contamination of *  Assist in methane gas
aquifers production from the

* Contaminated soils and methane-hydrate-bearing
tailings remediation — layer
immobilization of toxic * CO, sequestration
heavy metals

Fig. 1-6 The potential applications of MICP in various fields.

Another promising application is repairing drying-induced cracks in the soil. Drying-
induced desiccation cracking of soils is a common natural phenomenon, considerably
degrading soil mechanical and hydraulic properties. In recent years, Liu et al. (2020b)

applied MICP to remediate desiccation cracking in clayey soils. They found that soils
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treated with MICP present the highest resistance to cracking (Fig. 1-7). Geometrical
parameters featuring the crack pattern such as surface crack ratio, average crack width,
total crack length, crack width distribution range and the most probable value of crack
width decrease significantly with the increasing MICP treatment cycles. Guo et al. (2018)
conducted MICP treatment to repair desiccation cracks that occurred in bentonite. It was
found that the MICP-treated samples had a larger polygons and smoother surface than the
untreated ones after they were totally dried. Liu et al. (2020c) investigated the crack repair
in tabia (a traditional artificial Chinese soil which mainly consists of clay, sand and lime)
by MICP. The results indicated that the peak recovery rate of flexural and shear strength
reached up to 79.92% and 88.54% when the crack with was 5 mm. Wider cracks could lead

to a decrease in repair efficiency.

1.5.2 Material modification

While soils, especially coarse-grained ones, are the primary targets of MICP treatment,
more and more efforts are being put on the application of MICP on a variety of other
materials. The concept of self-healing of materials using MICP has become popular
recently. Harbottle et al. (2014) demonstrated the potential of self-healing of sand by MICP
to respond to damage by vane shearing the specimens. The results showed a substantial
strength increase of 300% to 400% after the initial healing stage. Botusharova et al. (2020)
used a spore-forming strain (Sporosarcina ureae) for the self-healing procedures in sand.
A conceptual process of utilizing sporulated bacteria in porous media was proposed (shown
in Fig. 1-8). Self-healing via the ureolysis-based MICP process has also been applied in
concrete (Jongvivatsakul et al., 2019; Xu et al., 2018; Alazhari et al., 2018; Zhang et al.,
2019), which can help reduce the high maintenance costs of concrete in a relatively eco-
friendly way. Although most ureolytic bacteria are alkali-tolerant species, which can, to a
certain extent, maintain the enzymatic activity in a harsh environment in concrete (pH up
to 12-13), encapsulation technique is necessary to further increase the survival of bacteria.
Nevertheless, Lee et al. (2018) pointed out that ensuring the survival of bacteria is still the
biggest challenge of self-healing concrete. Furthermore, the released byproduct ammonia
along with ureolysis process is highly undesirable for the people who live in the buildings

with such self-healing concrete.
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Fig. 1-7 The spatiotemporal evolutions of soil crack patterns after different treatment
cycles. W - treated with deionized water; B - treated with bacteria solution; C - treated
with cementation solution; BC - treated with both bacteria and cementation solutions (Liu
et al., 2020b).
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Fig. 1-8 Concept of bacterial self-healing in porous media (Botusharova et al., 2020): (a)
sporulating bacteria capable of biomineralization present in the pore space; (b) bacteria
produce mineral products, entombing themselves with spores surviving; (c) deterioration
of the mineral exposes spores; (d) germination of new cells form spores; and (e) further

mineral formation caused by new cells, entombing themselves in the process once more.
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1.5.3 Disaster mitigation

MICP techniques have also been applied to mitigate the impacts of natural disasters
such as coastal erosion, wind erosion in desert areas, landslides etc. (Chu 2013; Chu et al.
2015). Coastal erosion is mostly caused by storm wave attacks and long-term sea-level rise,
which lead to the loss of beach sand dunes and the erosion process related to coastal
sediments. The traditional hard structures are expensive and not eco-friendly. MICP-based
foreshore sandy slope stabilization is a type of soft structural protection method which has
gained increasing interest. Both bio-augmentation and bio-stimulation have been
investigated in the laboratory for sandy slope stabilization (Salifu et al., 2016; Liu et al.,
2020a; Imran et al., 2019; Gowthaman et al., 2019; Shahin et al., 2020; Kou et al., 2020).
However, considering that human activities are sometimes intensive in the beach zones,
the issues such as byproduct treatment and durability should be addressed carefully before
application in beaches. Alternatively, the creation of artificial beachrocks using natural
materials (eg, microbes, sand, shell, pieces of calcareous, and seaweed, etc.) within a short
time by MICP method was a milder approach (Imran et al., 2019; Daryono et al., 2020).

Wind erosion is a common problem occurring in arid regions. Fattahi et al. (2020)
developed an element-scale cube sand box with a dimension of 101010 cm. A uniform
crust was formed and able to provide considerable protection for aeolian sand against
erosion by airflow at different velocities. Meng et al. (2021) performed a field-scale test
to investigate the efficiency of reducing wind erosion via MICP. Under the optimal
condition, the thickness of the soil crust reached up to 12.5 mm and the bearing capacity
exceeded 300 kPa. So far, the high cost is the major challenge for the use of MICP in desert
areas mainly due to logistics and harsh environments (Meng et al. 2021).

MICP also shows potential for slope stabilization. In order to prevent landslides, it is
important to immobilize the ureolytic bacteria within the target surface zones. However,
Gowthaman et al. (2019) suggested that well-immobilized bacteria could only exist within
the surface zone based on their experimental observations. Factors such as the particle size
distribution may limit the treatment in deeper locations. Therefore, it is recommended that
the MICP technique is used to enhance the surface cover condition or prevent the instability

of surface slopes based on the current knowledge and implementation method.
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1.5.4 Environmental protection

Heavy metal contamination in soil and groundwater has been a threat to the ecosystem
and human health due to (1) the long-term accumulation in many phases (i.e. air, solid,
fluid), and (2) pollution from industrial activities (Jiang et al., 2019; Xia et al., 2019). In
recent years, with the development and increasing knowledge of MICP techniques,
ureolysis-based MICP has been proven to be an effective approach to stabilize soils
contaminated with heavy metals.

Various heavy metals including lead (Pb), cadmium (Cd), zinc (Zn), copper (Cu),
mercury (Hg), cobalt (Co), strontium (Sr), barium (Ba), iron (Fe) and nickel (Ni) have been
investigated for immobilization efficiency by either bio-stimulated or bio-augmented
MICP processes. For example, Kang et al. (2016) found that treatment by four isolated
bacterial co-mixtures was more effective in removing mixtures of Pb, Cd, and Cu in soil.
Chen et al. (2019) observed that various bio-stimulated ureolytic bacteria could facilitate
Cu immobilization by accelerating MICP process. It was proved that the immobilized Cu
was mainly in the form of Cu carbonates. Jiang et al. (2019) applied bio-augmented MICP
to immobilize Pb in aqueous conditions. The results showed that S. pasteurii exhibited
compatible resistance to Pb toxicity. The immobilization of Pb might follow a specific
sequence, and a hypothesized multi-layer precipitation structure was proposed. In order to
investigate the mechanism of ureolytic bacteria in immobilizing heavy metals, Kang and
So (2016) isolated six ureolytic bacteria from an abandoned mine. The maximum tolerance
concentrations of isolated strains were tested for various heavy metals (Co, Cu, Fe, Cd, Ba,
Pb, Sr, and Zn). It was found that the heavy metal resistance of these isolates was closely
associated with their resistance to antibiotics. Zhao et al. (2017) utilized Bacillus sp isolated
from a mine soil to immobilize Cd. Both the efficiency of biosorption and MICP were
analyzed. The results indicated that MICP had a greater potential to remove Cd than
biosorption process under different factors (initial pH, Cd concentration, contact time).
Based on existing studies, the main mechanism of the immobilization process via MICP
lies in the co-precipitation of heavy metals in CaCOs or entering the interstice or defect of
the crystal. The heavy metal ions are adsorbed to the bacterial cell wall as a result of Its
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negative charge, thus resulting in the formation of crystals on the surface of the bacterial
cell. Meanwhile, adsorption and redox reactions usually accompany co-precipitation.

It is worth mentioning that co-contaminants often complicate bacterial reactions. While
many bacteria possess the potential for biotreatment of various contaminants in laboratory
conditions, their survival and enzymatic activity under a real natural environment are vital
for field implementation (Rahman et al., 2020). Thus, further research on the impacts of
various inhibiting and promoting physio-chemical factors on the capacity and capability of
MICP for heavy metal immobilization is needed. Moreover, though the strong absorption
of heavy metals on the surface and inside the lattice of calcite occurs, they may possibly
suffer under unexpected adverse environmental conditions such as the sudden variation of
temperature, pH or microbial population. Thus, the durability of the formed co-

precipitation needs to be further studied.

1.5.5 Energy production and storage

Recently, the MICP technique has been developed to assist energy resources
production procedures. During the production and extraction of some energy resources
such as petroleum and methane hydrate, the disturbance and strength loss of ambient soils
or facilities such as wellbores may significantly affect the efficiency of energy production.
MICP, as an environmental-friendly approach, can be applied to stabilize the weak soil in
these areas. For instance, Phillips et al. (2018) applied MICP in enhancing wellbore cement
integrity in the field. The reduced injectivity, reduced pressure fall-off and increased solids
showed a successful sealing effect of MICP. Hata et al. (2020) evaluated the feasibility of
MICP for ground improvement in the deep ocean using native bacteria. The urease-
producing bacteria (i.e. Sporosarcina newyorkensis) were isolated from the depressurized
core sample in the methane-hydrate-bearing zone. It was found that deep-ocean microbes
can still survive in the methane hydrate stable area. The bonding and clogging effects of
induced bio-cementation had the potential in preventing sand and water production. In
addition, Okyay and Rodrigues (2015), and Okyay et al. (2016) investigated the potential
of MICP in CO. sequestration to reduce atmospheric CO> levels. The results confirm that

CO2 can be removed from the atmosphere through two possible mechanisms: (a)
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sequestration by MICP biotically and (2) sequestration by increasing the environment pH

(i.e. CO; solubility) abiotically.
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CHAPTER 2. The Effect of Enrichment Media on the Stimulation of
Native Ureolytic Bacteria in Calcareous Sand under Solution Condition

2.1 Introduction

Microbial induced carbonate precipitation (MICP) is a naturally occurring bio-
mineralization process, which can be artificially accelerated for engineering applications.
MICP involves several microbiological processes: synthesis of urease enzyme via ureolytic
bacteria such as Sporosarcina pasteurii (Jiang et al., 2014; Jiang and Soga, 2016; Bhaduri
etal., 2017), Bacillus sphaericus (Cheng et al., 2014) and Bacillus megaterium (Lian et al.,
2006; Jiang et al., 2016); catalysis of urea and the formation of alkaline environment and
carbonate; and formation of calcite precipitation on the surface of bacterial cells when
calcium source is available. The ureolytic bacteria is essential to the production of
microbial urease. Most of them can use urea as nitrogen source by actively transporting or
passively diffusing urea into the cell cytoplasm.

Generated calcite precipitation has cementation property and can be used in various
engineering applications including concrete micro-crack repair (Van Tittelooom et al.
2010), wind erosion control in desert area (Maleki et al., 2016), stabilization/solidification
for soil remediation (Achal et al., 2011; Kang et al., 2014); and slope stability improvement
of mine tailings (Zamani et al., 2018). In particular, MICP works efficiently to enhance the
strength and erosion resistance of granular soils (Dejong et al., 2006; Mortensen et al., 2011,
Jiang et al., 2014; Jiang et al., 2016). Therefore, it is likely to be able to mitigate coastal
erosion along beaches, which consist primarily of loose sand.

Bio-augmentation is one approach to implement MICP in the field, in which bacterial
solution is injected into soil with nutrient and cementation media (Gomez et al., 2016).
While it has been demonstrated to be effective in many laboratory studies, its compatibility
with complex environment in the field is questionable. In addition, the cost of cultivating
and transporting ureolytic bacterial strains and possible negative impacts on local
ecosystem also make it difficult to be implemented in the field.

Bio-stimulation is an alternative approach, in which native ureolytic bacteria are
enriched. The existence of native ureolytic bacteria is the most important prerequisite of

MICP application in the field. In representative natural soil environment, the amount of
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native prokaryotic species in 1cm? soil is around 10'°-10'* and the number of native
bacteria varies from a few to thousands (Horner-Devine et al., 2004). Bio-stimulation has
been used for bioremediation in environmental engineering for many years (Nakajima et
al., 2008; Al-Mailem et al., 2017; Alvarez et al., 2017; Roy et al., 2018). It is found that
enriched native bacteria generally have better adaptability to the local environment and can
reduce contaminant concentration to acceptable levels. However, the reports on the
applications of bio-stimulation based MICP approach in geotechnical and coastal
engineering are rather limited (Gomez et al., 2017). Typically, soil is highly heterogeneous
in its physical and chemical properties and microbial population. Previous studies on the
isolation, enrichment and utilization of native microbes for MICP applications showed that
ureolytic bacteria exist in various carriers, namely, sludge, liquefiable soils, sand and
tropical peats (Kang et al., 2016; Dhami et al., 2017; Phang et al., 2018). However, the
processes of microbial extracting, enriching, purification, and re-injection are complicated
and thus it is preferred to directly enrich ureolytic microbes in the field. A majority of
ureolytic bacteria can be enriched effectively using media containing urea and/or
ammonium (Kang et al., 2016; Phang et al., 2018). Meanwhile, the population of most
other aerobic microbes is suppressed at high ammonium and urea concentration. To
improve the effectiveness of enriching native ureolytic bacteria in soil, it is necessary to
seek appropriate enrichment media. The concentration and composition of the enrichment
medium are the most important factors that determine the enrichment efficiency.

The primary objective of this chapter is to investigate the effectiveness of three
enrichment media for the stimulation of native ureolytic bacteria in calcareous beach sand.
The novelties of the present work are (1) soil type: the Hawaiian calcareous sands which
are composed primarily of calcium carbonate are used, instead of the silica sand in the
previous work. (2) the feasibility of bio-stimulation of this research can be also provide
implications to other tropic regions with similar weather condition as Hawaiian areas. (3)
media type: three complex carbon enrichment nutrients with different concentrations of
nitrogen source are compared. Furthermore, the effects of initial urea concentration on the
enrichment efficiency are specifically examined through a batch-type experiment. The bio-
precipitation process is not in the schedule of the present work. This research was carried

out in University of Hawaii at Manoa from September to November of 2018.
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2.2 Materials and Methods
2.2.1 Soil and enrichment media

For the present work, beach sand was collected from 5 cm depth of the supratidal zones
of the Waikiki Beach on the Oahu Island, Hawaii. The grain size distribution of the sand
samples is shown in Fig. 2-1. Three enrichment media (i.e., yeast extract (YE), malt extract
(ME) and nutrient broth (NB)) were used to enrich native ureolytic bacteria. YE, ME and
NB are all complex and the most common nutrients for the enrichment of microorganisms.
However, the total nitrogen contents are different among them. YE is made of innoxious
Saccharomycetes by removing their cell walls, extracting the cell contents, drying and
concentrating. Therefore, it is abundant in proteins, amino acids, vitamins and enzymes.
YE is widely used as a non-selective bacteria culture medium, which serves as both carbon
and nitrogen sources. ME is the extract from malt, germinated cereal grains. The produced
enzymes during the malting process are able to transform the grain starch into different
sugars. Different from YE, ME contains little nitrogen (about 0.5% in total), however is
abundant in carbohydrates (George et al., 2008). NB is one of the most nourishing media
for bacteria culturing. It is a mixture of peptone and beef extract. The peptone can provide
amino acids and long-chained fatty acids, which can be digested into organic nitrogen. The
beef extract supplies the bacteria with additional vitamins, carbohydrates, salts and organic
nitrogen compounds. The total nitrogen content is comparable to YE or even higher than
YE. In the present work, YE, ME and NB media contained 20 g/L yeast extract, malt extract
and nutrient broth in distilled water, respectively, which could supply excessive nutrients.
The three enriching media were deemed to be generic media, as they contained a variety
of proteins, amino acids, vitamins, carbohydrates, and minerals, which supported the
growth of most fastidious bacteria (Atlas, 2005). In the present work, the three media were
also amended with urea (50, 100 and 170 mM), making them selective enrichment media
only favorable for ureolytic bacterial growth (designated as YEU, MEU and NBU). All

raw chemical materials were sterilized prior to the enrichment experiments.
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Fig. 2-1 Grain size distribution curve of the Waikiki Beach sand.

2.2.2 Batch-type enrichment test

The scheme of the experimental procedures is illustrated in Fig. 2-2. The enrichment
test was conducted by shaking-incubating beach sand/enrichment media mixtures in
sterilized conical-bottom polyethylene centrifuge tubes (50 mL). A small hole was drilled
on the top of the flat-top cap of the centrifuge tubes to allow air circulation. However, as
the entire centrifuge tube was almost filled up, the solution tended to be oxic at the top, but
anoxic at the bottom during bacterial growth (Somerville and Proctor, 2013). Within each
tube, 1.0 g fresh sand sample was mixed with 50 mL enrichment media. Triplicate samples
were prepared to ensure the results reliable. The centrifuge tubes were then put into the
shaking incubator and the experiment was conducted at 200 rpm (0.425 g-force) at 30 <C
for 72 h. The ureolytic activity, electric conductivity (EC), pH, and viable cell number were

measured and/or calculated in the course of the test at 6, 12, 24, 48, and 72 h, respectively.
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Fig. 2-2 Schematic of experimental procedures.

2.2.3 Chemical and microbial measurements

All chemical and microbial measurements in the present work were based on the
solution sampled from the sand/enrichment media mixtures at prescribed time. Before
sampling, the solution had been shaken to ensure uniformity. The pH was measured using
a disinfected pH meter with a precision of 0.01 and the EC value was determined using a
disinfected conductivity meter with a precision of 1 uS. Viable cell number was determined
using the plate counting method. 100 pL sampled solution was spread evenly onto the
surface of a solid agar medium (20 g/L yeast extract, 15 g/L agar) on a petri dish, which
was then incubated overnight at 37 <C for counting. As mentioned earlier in the text, yeast
extract was a basic bacteriological medium component and was used as a non-selective
medium. Therefore, the counting results could reflect the overall bacterial population in
the enrichment solutions. To get valid viable cell number between 30 and 300 on a plate,
series dilution was conducted. The ureolytic activity (expressed in mM completely
hydrolyzed urea per min) reflects the rate of urea hydrolysis by urease enzyme in the

solution, which can be calculated using Eq. (2-1) (Whiffin, 2004). It was determined based
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on the EC (in mS/cm) increase between 1st and 9th min after mixing 1mL sampled solution
with 9 mL of 1.5 M urea solution. In Eq. (2-1), the coefficient value of 10 reflects the
dilution during the measurement, and the coefficient value of 11 reflects the relationship

between EC change and hydrolyzed urea concentration (Van Paassen, 2009).

(EC9min - ECI min)

Ureolytic Activity = 5

X 10 X 11 (mM urea/min) (2-1)

2.3 Results

In the present work, the effects of enrichment medium type and initial urea
concentration on the bio-stimulation efficiency were interpreted based on the results of

ureolytic activity, change rate of EC, pH value, and viable cell number.

2.3.1 Ureolytic activity

Ureolytic activity is the most straightforward variable showing the enrichment
efficiency of native ureolytic bacteria. Fig. 2-3 shows the variations of ureolytic activity
with time. In all generic media (i.e., YE-0, ME-0 and NB-0), the increase in ureolytic
activity with time was rather limited (< 0.2 mM urea/min). This indicates that most
indigenous bacteria in sampled sand were not able to produce urease enzyme constitutively
and bacteria capable of producing urease enzyme inducibly (hereafter defined as ureolytic
bacteria) could not be effectively enriched in a medium without urea. In selective media
with low urea concentration (50 mM), ureolytic activity in the NBU medium showed a
slight increase. However, in the YEU and MEU media, ureolytic activity barely increased.
In selective media with urea at 100 and 170 mM, noticeable increase in ureolytic activity
was observed after enrichment. However, the ureolytic activity at 100 and 170 mM urea
did not show remarkable difference. This is attributed to the nature of enzyme, in which
the activity increases with substrate concentration (urea in the present work) until a
threshold is reached. After that, further increase in substrate concentration cannot elevate

enzyme activity anymore (Copeland, 2000).
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Fig. 2-3 Variations of ureolytic activity with time ((a). without urea (b). 50mM urea (c).
100mM urea (d). 170mM urea).

When comparing the effect of the three enriching media, the NBU medium induced
the highest ureolytic activity at all urea concentrations. For the other two media, their
stimulated ureolytic activity was negligible at 50 mM urea. At higher urea concentrations,
YEU was slightly better than MEU to stimulate ureolytic bacteria. The differences among
the three media are primarily due to their different compositions. NB, a mixture of peptone
and beef extract, is one of the most nourishing media for bacteria culturing. It is not
surprising that the ureolytic activity is the highest in the NB cases. On the other hand, ME
contains little nitrogen (about 0.5% in total), however is abundant in carbohydrates. Thus,

it is expected that its ability to stimulate ureolytic activity is weaker.
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2.3.2 Electrical conductivity (EC) change rate

According to Noble (1999), Krishnamurti and Kate (1951), and Allison et al. (1938),
subtle changes in ionic composition of a culture medium can affect EC. The metabolism
of bacteria cells leads to the decomposition of stable large organic molecules like proteins
into small molecules and electrolytic ions, which increases EC accordingly. In this sense,
EC change rate can be used to represent bacterial activity. Actually, EC was already used
by other researchers to characterize bacterial activity in a bio-stimulation practice (Graddy
etal., 2018).

In this experiment, the bacterial activity (i.e., EC change rate) has two predominant
sources: (1) ureolytic activity from bacteria which are able to produce enzyme inducibly
(i.e., ureolytic bacteria) and (2) non-ureolytic metabolic activity of all bacteria. At different
stages, either one may prevail. Fig. 2-4 shows the evolutions of the EC change rate (i.e.,
bacterial activity) with time. In generic media, only limited EC change rate (< 0.2 mS/cm/h)
could be detected in all the three media. As no urea was amended and very low level of
ureolytic activity was detected in the case of generic media, the EC change rate (i.e.,
bacterial activity) here was supposed to be prevailed by the non-ureolytic metabolic
activity of bacteria. Because YE and NB contained both carbon and nitrate sources,
whereas ME only had carbon (George et al., 2008), the metabolic activity of bacteria in YE
and NB was more intensive than in ME.

In the selective media amended with urea, elevated EC change rate was detected for all
three media. In 50 mM urea, the EC change rate in the case of NBU was the highest
especially after 12-24 h, peaking at ~ 0.4 mS/cm/h and stabilizing after 24-48 h. YEU
yielded the second highest EC change rate peaking at ~ 0.2 mS/cm/h, although it was
equalized by MEU between 48 and 72 h. In 100 mM urea, the evolution of EC change rate
changed dramatically. For NBU and MEU, EC change rate soared to 0.9~1.0 mS/cm/h
between 24 and 48 h before dropping to almost zero between 48 and 72 h. YEU also
showed the bell-shaped trend, but with peak at ~0.4 mS/cm/h. Finally, in 170 mM urea,
bell-shaped curves were also observed. YEU (~0.8 mS/cm/h) and NBU (~0.5 mS/cm/h)
peaked between 12 and 24 h while MEU (~0.5 mS/cm/h) between 24 and 48 h.
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Fig. 2-4 Evolutions of EC change rate (bacterial activity) with time ((a). without urea (b).
50mM urea (c). 100mM urea (d). 170mM urea).

The observed bacterial activity evolution via EC change rate fundamentally was
determined by the viability and adaptability of native soil bacteria under elevated urea
environment. Firstly, many natural ureolytic bacteria can express urease inducibly and thus
are enzymatically ready for ureolysis when urea is present (Kaltwasser et al., 1972;
Morsdorf and Kaltwasser, 1989). Therefore, when a urea-rich environment is present,
ureolytic bacteria will rapidly utilize urea as both carbon and nitrate sources for growth
and metabolism (Bibi et al., 2018). The ureolytic activity of urease enzyme increases with
urea concentration until a threshold urea concentration is reached (Copeland, 2000).
Secondly, when bacteria encounter unsuitable environments, they are forced to constantly
expend energy on coping with the adverse environments, leaving limited energy for growth
and other maintenance functions (Graddy et al., 2018). Usually, special gene-induced-
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stress proteins will be synthesized in response to the adverse environment stresses (Hecker
and Vdker, 2001). This process will lead to the increased level of decomposition of
nutrients necessary for the synthesis of gene-induced-stress proteins. In the present work,
the presence of NH4"-NHz3 (generated through ureolysis by ureolytic bacteria) in solution
is an adverse environment for most native soil bacteria, which are usually neutrophilic
(Booth, 1985; MUler et al., 2006) and not capable of producing urease enzyme. Therefore,
their non-ureolytic metabolic activity increases substantially for a certain period to cope
with this adverse environment.

In the present work, in general, EC change rate at 50 mM urea was smaller than that at
100 and 170 mM urea. This is likely attributed to elevated ureolytic activity at higher urea
concentration (See Fig. 2-3). At 100 and 170 mM urea, the EC change rate dropped to a
low level between 48 and 72 h. This is likely due to the depletion of urea in the enrichment
solution and the cease of ureolysis by ureolytic bacteria. Then, at 100 and 170 mM urea, a
burst of EC change rate was observed between 24 and 48 h and between 12 and 48 h in the
case of 100 mM and 170 mM urea, respectively (See Fig. 2-4 © and (d)). This appears to
be attributed to the exposure of native soil bacteria to elevated NH4"-NHs concentration
from urea hydrolysis, which forces them to expend energy by decomposing more nutrients
to cope with. It is also noted that the peak EC change rate at 100 mM urea was higher than
at 170 mM urea. It is likely that 170 mM urea is too high for native soil bacteria incapable
of producing urease so that they cannot survive for a long time. Thus, the viability of native
soil bacteria at 170 mM declines more quickly and decomposes fewer nutrients against the

adverse urea-rich condition.

2.3.3 pH value

The pH of the enrichment solution during the test is controlled by several factors. On
one hand, the hydrolysis of urea by ureolytic bacteria alkalinizes the solution. On the other
hand, aerobic bacterial respiration and anaerobic bacterial fermentation result in the
acidification of solution (Cheng et al., 2018).

Fig. 2-5 shows the changes in pH value during the enrichment process. In the generic
media, pH value dropped between 12 and 48 h before recovering later. The pH drop at

early stage was likely due to the aerobic respiration of bacteria at the top part of the solution
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(Mookerjee et al., 2015) and the anaerobic fermentation of bacteria at the bottom part of
the solution (Cheng et al., 2018). The pH recovery at later stage was likely attributed to the
accumulation of NH4"-NHs in the solution, which came from the decomposition of nitrate
source in the enrichment solution. However, with limited experimental program conducted

in the present work, this hypothesis cannot be fully verified.
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Fig. 2-5 Variations of pH with time ((a). without urea (b). 50mM urea (c). 100mM urea
(d). 170mM urea).

Compared with the generic media, although the pH-time relationship of selective media
still showed a concave shape, a faster pH recovery could be observed with elevated urea
concentration. More specifically, pH of YEU started to rebound at 48 h, with pH raised to
7.4, 8.3, and 8.7 at 50, 100 and 170 mM urea, respectively. For MEU, the rebound started
at 72h and the addition of 50, 100 and 170 mM urea were able to recover pH to 8.0, 9.2,
and 9.3, respectively. For NBU, the pH value rebounded at 24 h and recovered to 8.4, 9.1,
and 9.0 with the amendment of 50, 100 and 170 mM urea, respectively.
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With the increase in urea concentration, ureolytic activity becomes more intense,
leading to faster urea hydrolysis and NH4*-NHs production. Theoretically, with the
accumulation of NH4*/NHs, the system pH is elevated and finally stabilized at 9.3 (pKa for
the NH4*/NH3 equilibrium) (Graddy et al., 2018). It is apparent that the higher the amended

urea concentration, the faster the system approaches to the equilibrium pH value.

2.3.4 Viable cell number

Viable cell number is a more suitable parameter over optical density at 600 nm (ODeoo)
as ODeoo is uncertain when the environment has different species with diverse size and
mass. In addition, ODsoo readings are affected by environmental factors, such as the
pigments, the sample preparations and the presence of colloid particles in solution (Sutton
2006). Therefore, only viable cell number, expressed in colony-forming unit (CFU), was
reported to give the growth trend of enriched native bacteria. The change of viable cell
number with time is shown in Fig. 2-6. Regardless of medium type and urea concentration,
viable cell number increased exponentially within initial 24 h from 10* CFU/mL to 10°~10°
CFU/mL, indicating that the stimulated bacteria were in the exponential growth phase.
After 24 h, in the generic media (YE-0, ME-0 and NB-0) and selective media with 50 mM
urea (YEU-50, MEU-50 and NBU-50), the viable cell number ceased to increase and
maintained stable, indicating that the bacteria were in the stationary phase (Kolter et al.
1993). However, in the selective media with higher urea concentration (i.e., 100 and 170
mM), the overall viable cell number started to decline, indicating that large amounts of
bacteria, mostly not capable of producing urease, started to die. Furthermore, the effect of
enrichment medium type on viable cell number was not obvious in the first 24 h. After 24
h, the viable cell number in the YEU and NBU media were more than that in the MEU

medium.
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Fig. 2-6 Variations of viable cell number with time.

2.4 Discussion
2.4.1 Relationship between pH and ureolytic activity

Fig. 2-7 shows how ureolytic activity changed with pH. It is obvious that the most
significant ureolytic activity occurred at pH range between 8.4 and 9.2 in the present work.
For the YEU media, ureolytic activity started to rise up at pH 8.1 and peaked at pH 8.4. As
there was no more alkaline condition for the YEU media, it is not possible to confirm the
ureolytic activity at pH>8.5. For the MEU media, ureolytic activity was only very
significant around pH 9.2 while any slightly acidic or alkaline conditions severely
diminished ureolytic activity. For the NBU media, the ureolytic activity started to increase
at pH 8.7 and peaked at pH 9.1. Similarly, it is not clear how ureolytic activity behaves at
pH>9.1 due to limited alkalinity of the NBU media.
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Fig. 2-7 Relationship between ureolytic activity and pH value.

Fundamentally, the effect of pH on ureolytic activity is related to the pH-dependent
behavior of both urease enzyme and bacterial cell. Firstly, for urease enzyme, the change
in pH not only impacts the stability of enzyme but also alters the reactivity of functional
groups composing active sites of the enzyme. For a certain enzyme, there exists an optimal
pH range, within which the enzyme displays an optimal catalytic activity. Regarding pure
microbial urease enzyme, many researchers have reported its optimal pH range to be
between 5.0 and 8.2 (Watson 1965; Contreras-Rodriguez et al. 2008; Evans et al. 1991). It
should be noted that the optimal pH reported in the present work does not exactly match
those reported previously. This is because that, the optimal enzymatic pH for a certain
enzyme is not constant, but rather depends on the enzyme purity, substrate type and
properties, and the presence of buffer agents and/or inhibitors. As the testing condition and
solution composition may not be the same between our study and those reported previously,
the optimal enzymatic pH may also differ.

Secondly, the viability and metabolism of bacteria highly depend on pH of surrounding

environment. Most soil bacteria are neutrophilic and maintain their cytoplasmic pH

74



between 7.5 and 8.0 (Booth 1985). However, for many bacteria capable of producing
urease constitutively or inducibly, they are usually alkali-tolerant, which can tolerate an
internal pH greater than 9. Their optimal growth pH value is normally around 9.25~9.5
(Wiley and Stokes 1962; Hoddinott et al. 1978; Jahns 1996). Under this condition, the
activity of other neutrophilic soil bacteria is severely inhibited, thus leaving nutrients to
ureolytic bacteria and enhancing their urease production rate. In the present work, the
optimal pH was much closer to the optimum pH for ureolytic bacteria growth (9.25~9.5)
rather than the optimal pH value for the expression of pure microbial urease enzyme (<
8.2). It can be assumed the competitive relation between non-ureolytic and ureolytic

bacteria could delay the expression of microbial urease.

2.4.2 The dominance of ureolytic activity over other bacterial metabolic activities

Earlier, EC change rate could be taken as an indicator of bacterial metabolic activity.
Thus, the EC value of the enrichment solution can be viewed as cumulative bacterial
activity during the enrichment process, which includes both ureolytic activity of ureolytic
bacteria and non-ureolytic metabolism of all bacteria. Fig. 2-8 shows how ureolytic activity
changes with increase in EC value (ECnow-EChaseline). The EChpaseline refers to the initial EC
of sand-medium solution. It is apparent that during the initial increase in EC up to 10
mS/cm, there was not noticeable increase in ureolytic activity. This indicates that the early
stage of enrichment process is dominated by non-ureolytic metabolism rather than ureolytic
activity. Fundamentally, as the ureolytic bacteria population at the early stage is still small,
not sufficiently high NH4*-NH;3 concentration has been generated to inhibit the growth of
most soil bacteria that are neutrophilic and not capable of producing urease enzyme.
Therefore, from the viable cell number results, we did not see much difference in overall
bacterial population within initial 24 h. In another set of experiments, 100 mM NH4Cl was
premixed with the enrichment solution in the case of YEU-170 to inhibit soil bacteria that
are neutrophilic and not capable of producing urease enzyme. The 100 mM NH.Cl is high
enough to enhance the ureolysis process (Gomez et al. 2017), which can effectively inhibit
the non-ureolytic bacteria. The change in viable cell number, as shown in Fig. 2-9, has

clearly showed that ureolytic bacterial population was only around 10~102 per milliliter

75



initially and 103~10* per milliliter after 12 h of enrichment, only a very small fraction of
overall bacterial population.

Then, with further increase in EC (i.e., cumulative bacterial activity), ureolytic bacterial
also increases and displays a linear relationship with EC increase. This appears to
demonstrate that at later stage of enrichment, ureolytic activity becomes dominant of
overall bacterial activity. This is fundamentally due to the dominance of ureolytic bacteria
and the decline in non-ureolytic bacterial population under NH4"-NHs-rich condition at this
stage, which can be confirmed by the viable cell number results in Fig. 2-6 and Fig. 2-9.
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2.4.3 Effect of viable cell number on ureolytic activity

Fig. 2-10 shows the relationship between viable cell number and ureolytic activity in
the three different enrichment media. Under no urea or low urea concentration (<50 mM)
conditions, ureolytic activity is rather low regardless of the viable cell number, indicating
that the bacterial population is not dominated by ureolytic bacteria at low urea
concentration. Then, at higher urea concentration (100 and 170 mM), ureolytic activity
becomes significant when a certain level of viable cell number is reached (ranging from
108 ~10° per milliliter depending on the specific enrichment media), indicating that
ureolytic bacteria start to prevail overall bacterial population. After the threshold is reached,
ureolytic activity increases significantly, which is accompanied by the gradual decline in
overall bacterial population, mostly likely due to a decline in non-ureolytic bacterial

population under elevated NH4"-NHs condition.
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In previous studies, bacterial cell concentration has been found to be linearly correlated to
the ureolytic activity/rate when exotic ureolytic bacteria species are used for hydrolysis
(e.g., S. pasteurii) (Okwadha and Li 2010; Tobler et al. 2011; Lauchnor et al. 2015). In the
present work, due to the presence of native soil bacteria incapable of producing urease
enzyme, a linear relationship was not observed. In a similar aqueous bio-stimulation test
reported by Gomez et al. (Gomez et al. 2017), ureolysis rate was also found to be negligible
when aqueous total cell density was below 107 cells/mL. Beyond that, ureolysis rate
increased dramatically with cell concentration changed little. Their threshold value 10’
cells/mL is slightly smaller than that in our study (4x107~ 4108 cells/mL based on 2x10°
~ 2x10%° per gram soil), possibly due to the inhibition on non-ureolytic bacteria when

NH4Cl was added into the enrichment solution.

2.4.4 The rationale to select effective medium type and urea concentration

From the analysis of the relationship between pH, electric conductivity, viable cell
number and ureolytic activity, it can be found that the selection of effective medium type
and urea concentration depends on whether a particular enrichment medium can:

(1) achieve the optimal pH range.

(2) establish the dominance of ureolytic activity over other metabolic activities; and

(3) stimulate sufficient native soil bacteria (thus enough ureolytic bacteria).

Based on the above discussions, two essential considerations on the selection of the
enrichment media can be made:

(1) Nitrogen-rich complex enrichment media such as YE and NB are more suitable
for the enrichment, especially the NBU medium.

(2) 170 mM and 100 mM urea concentration have comparable efficiency.
Economically, 100 mM urea concentration is better to apply within 72 h
enrichment.

From the microbiological aspect, these two measures can induce higher rate of ureolysis
and higher bacterial growth rate. They will facilitate the pH reaching the optimal value of
ureolytic activity, help establish the dominance of ureolytic process, and ensure enough

amounts of ureolytic bacteria. Nevertheless, some other measures from engineering aspect
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such as the injection method, the enriching depth and the enriching duration might be also

considerable.
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Fig. 2-10 Relationship between ureolytic activity and viable cell number.

2.4.5 The bio-stimulation in calcareous sand

According to the previous research (Harkes et al., 2010; Burbank et al., 2011; Chu et
al., 2012; Cheng et al., 2013; Gat et al., 2016; Gomez et al., 2017), the bio-stimulation has
already been successfully applied to the silica and other types of sand except for the
calcareous sand. Calcareous sands are abundant in the coastal areas. For the further
potential MICP application in the coastal areas, it is significant to ensure the successful
bio-stimulation on the calcareous sand for the first step. In this section, the comparisons of
the bio-stimulation results between the calcareous sand in the present work and other sands
from the previous research are made.

In the solution optimization study by Gomez et al. (2017) for the native ureolytic

microorganisms in quarried sands, a similar aqueous viable cell number versus elapsed
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time (Fig. 2-6) was observed. The total cell densities are both ranged from 107 to 108
approximately with a fast growing at early stage and a low growing rate at late stage of
growing period. Moreover, the trends of ureolytic activity (i.e., ureolysis rate) versus viable
cell number (Fig. 2-10) were similar for both studies, though the thresholds numbers were
slightly different. In addition, the majority of urea hydrolysis process occurred within a
narrow range of pH values between 9.2 and 9.4, which is consistent with the values around
9.1 and 9.2 (Fig. 2-7) in the present work for the higher urea concentration cases.
Furthermore, a similar pH evolution trend was observed in the research conducted by Gat
et al. (2016) on the stimulation in silica sand. By comparison, the results of the present
work indicate that bio-stimulation can be also applied to the calcareous sand. The
difference of sand properties may not have essential influence on the bio-stimulation

process.

2.4.6 Effect of reduced nutrients and ammonium amendment on enrichment efficiency

As an effort to further improve the effectiveness of an ureolytic enrichment medium,
two additional experiments were performed. In the first additional experiment, 100 mM
NH4Cl was added to the enrichment medium. In the second, 0.2 g/L instead of 20 g/L
enrichment medium was used, which could avoid providing excess organic matters and
inducing anaerobic fermentation during enriching. These two cases were first applied to
the case of YEU-170.

In Fig. 2-9, the viable cell number and ureolytic activity were compared under two
conditions: (1) initially ammonium-rich: 20 g/L YE with 170 mM urea and 100 mM NH4CI
(20-YEU- NH4CI) and (2) initially reduced nutrients: 0.2 g/L YE with 170 mM urea and
100 mM NH4CIl (0.2-YEU-NH4CI). 1t is apparent that the initially ammonium-rich
condition inhibited the growth of most native soil bacteria that are neutrophilic and not
capable of producing urease enzyme. Under ammonium-rich condition, enzymes inside
neutrophilic bacteria can be inactivated and their vitality is lost soon (i.e., ammonium
intoxication) (Sprott and Patel, 1986). That is why the total bacterial population, most of
which was ureolytic bacteria, was only 10~102 and 10°~10* at 0 h and 12 h, respectively.
However, with elapsed time, the ureolytic bacterial population was able to reach the same

order as in the case of “20-YEU?”, though still lower than that in the case of generic medium
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(20-YE). This is because sufficient carbon and nutrient source from YE (20 g/L) and urea
(170 mM) enabled the continuous growth of ureolytic bacteria. Moreover, as ureolytic
bacteria were more prevailing in the case of “20-YEU-NH4C1” than in the case of “20-
YEU”, the measured ureolytic activity was also slightly higher. The above results suggest
that the amendment of ammonium in the enrichment solution, though initially delays the
bacteria growth, can finally lead to elevated ureolytic activity due to the elimination of
non-ureolytic bacteria at the very start stage of enrichment.

On the other hand, when the nutrient level was reduced to 0.2 g/L, the bacteria growth was
severely inhibited and it is likely that all nutrient sources were consumed after 24 h,
resulting in the inability of bacteria for further reproduction. That is why the maximum
viable cell number was below 10%/mL in the reduced nutrient case. However, the optimal
concentration of nutrient of enrichment medium still needs further research. Moreover,
although the reduced nutrient condition triggered moderate ureolytic activity at 24 h, the
further increase in ureolytic activity was not possible due to the depletion of YE. The above
results suggest that reduced nutrients in the enrichment medium can slow the bacterial
reproduction, and further limit the population of ureolytic bacteria, resulting in relatively

low ureolytic activity.
2.5 Conclusions

In the present work, the effects of the enrichment medium type and initial urea
concentration on the enrichment of native ureolytic bacteria in calcareous beach sand were
investigated. The following conclusions are drawn from this study:

(1) The increase in ureolytic activity with time was limited in the generic media,
whereas a noticeable increase could be observed in most selective media. In general, YE
and NB with higher nitrogen sources have better efficiency than ME. Two different
bacterial activities dominate at different stages of bio-stimulation. At the early stage when
the cumulative EC value is less than 10 mS cm™, non-ureolytic bacterial metabolism is
dominant. The ureolytic activity due to ureolysis process becomes dominant making the

cumulative EC surpass the 10 mS cm threshold at the later stage.
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(2) Higher initial urea concentration (100 and 170 mM) inhibits the bacterial
reproduction at the later stage in the selective media. In generic media and the selective
media with 50 mM urea, viable cell number maintained stable until the end of the test.

(3) Reduced nutrients slow down the bacterial reproduction, and further limit the
population of ureolytic bacteria, resulting in relatively low ureolytic activity. The
amendment of ammonium to the enrichment media, though initially delays the bacteria
growth, can finally elevates ureolytic activity due to the elimination of non-ureolytic
bacteria at the very start stage of enrichment.

Further work of this research includes: (1) enriching native ureolytic bacteria in
beach sands with different origins and geographical locations; (2) enriching native
ureolytic bacteria in a large-scale test in real coastal environment (sand column and field);
and (3) developing the protocol of MICP implementation via enriched native ureolytic

bacteria.
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CHAPTER 3. Biochemical Characteristics under Sand Column
Condition and Shearing Behaviors of Bio-cemented Calcareous Sand

3.1 Introduction

In the previous chapter, the effect of enrichment media and the biochemical
characteristics under solution condition have been investigated. In this chapter, the
biochemical properties under sand column situation were studied. Furthermore, we
conducted a comprehensive experimental program to systematically investigate the shear
behavior of bio-cemented calcareous sand treated by bio-stimulated MICP through direct
shear tests.

In terms of the shearing behaviors, DeJong et al. (2010) confirmed that the densification
and bonding effect of bio-cementation could improve the shear strength and stiffness of
silica sand. Nafisi et al. (2020) indicated the effect of cementation was more pronounced
at lower confining stress, and surface roughness due to precipitation was recognized as a
significant contributor to the shear strength of MICP-treated samples. Feng and Montoya
(2016) reported that the stiffness, peak shear strength, and dilatancy of sand increased with
the elevated calcite content at a given effective confining pressure. Liu et al. (2019) found
that the peak cohesion intercept increased with increasing cementation solution/sample
volume ratio, while the peak friction angles remained constant. Cui et al. (2017) reported
a significant improvement of triaxial shear strength of bio-cemented calcareous sand with
the increasing cementation level in terms of the strength parameters such as the effective
frictional angle and effective cohesion. It is worth noting that most of these studies used
the bio-augmented MICP approach, and there are rather limited studies examining the shear
behavior of bio-cemented sand treated by the bio-stimulated MICP approach.

3.2 Materials and Methods
3.2.1 Sand

The sand in this study was sampled from the supratidal zone of Waikiki beach,

Honolulu, Hawaii, USA. The sand was collected from the surface layer (depth up to 5 cm)
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where most aerobic microbes could survive. Its grain size distribution curve is shown in
Fig. 3-1. Prior to the experiment, the sand was passed through No.10 sieve with opening
size of 2 mm to remove oversized grains. Small twigs and grass were also picked out from

the samples. Other basic physical properties of the calcareous sand are listed in Table 3-1.
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Fig. 3-1 Particle size distribution curve of sampled calcareous sand.

3.2.2 Enrichment Media and Cementation Solution

Two selective enrichment media were developed in this study to stimulate native
urease-positive bacteria. The first one contained 20 g/L yeast extract (YE) + urea and the
second one contained 20 g/L nutrient broth (NB) + urea. The selection of the nutrient
concentration was based on the author’s previous study (Wang et al. 2020), in which 20g/L
showed the highest ureolytic activity. The Urea concentration in the enrichment media
ranged from 0 to 170 mM. The cementation solution consisted of equivalent concentration
(i.e., 0.3 or 0.5 M) of urea and CaCl, with 0.2 g/L YE or NB. The purpose of adding 0.2

g/L YE or NB was to maintain bacteria viability during the cementation stage.

3.2.3 Enrichment Test

The bio-stimulated MICP was achieved through two stages: bacteria enrichment and

cementation. An enrichment test was firstly conducted to identify optimized enrichment
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parameters for the subsequent cementation stage. 300 g Fresh calcareous sand was firstly
mixed thoroughly with 35 mL enrichment media under partially saturated condition
(approximately 50% saturation and 12% water content). Then the moist sand was tamped
into cylindrical PVVC columns with height of 10.4 cm and inner diameter of 5.2 cm in three
layers to reach the initial relative density (D) of 67.2%. Specimens were prepared in
duplicate. The sand columns were left at 20T and 52% relative humidity for up to 72 hours
for bacteria enrichment. It should be noted that the sand was only mixed with enrichment
solution once during the process of sample preparation, thus no additional enrichment
solution was injected. The viable cell number, and urea/ammonium concentration during
enrichment were measured at 0, 6, 12, 18, 24, 48 and 72 hours, respectively. Therefore, the
total amounts of sand columns that needed to be prepared for enrichment were 14 (7 X 2).
The measuring methods will be interpreted later in another independent section. The results
obtained from enrichment tests were used to determine the optimized initial urea

concentration and enrichment time for the subsequent bio-cementation process.

Table 3-1 The physical properties of collected sand.

Characteristic Value
Soil classification (ASTM D2487) SP
Coefficient of curvature Cc 0.816
Coefficient of uniformity Cy 2.5
Specific gravity, Gs (g/cm®) 2.7
Maximum void ratio emax 0.888
Minimum void ratio emin 0.271
Carbonate content (%) =995
Initial natural moisture content (%) 1-2

3.2.3 Microbial Community Analysis of Bio-stimulated Samples

The microbial community present in the pore fluid before and after the enrichment
stage was determined by 16S metagenomic sequencing. The additional three soil samples
(i.e., untreated, YE-treated, and NB-treated) were made for the analysis. The DNA was
extracted from 1 g moisture soil samples using Omega® Soil DNA Extraction Kit. The
total extracted DNA concentrations were 0.43 ng/uL, 10.13 ng/uL, and 5.99 ng/uL for

untreated, YE-treated, and NB-treated sample, respectively, measured with Quant-iT

90



PicoGreen. Triplicate 16S V3-V4 amplicons for high-throughput analysis were generated
using the primers (Forward Primer = 5’TCGTCGGCAGCGTCAGATGTGTATAAGAG

ACAGCCTACGGGNGGCWGCAG; Reverse Primer = 5’ GTCTCGTGGGCTCGGAGA
TGTGTATAAGAGACAGGACTACHVGGGTATCTAATCCOC).

3.2.4 Bio-cemented Samples for Direct Shear Test

Based on the optimized enrichment parameters obtained from the enrichment test in
Chapter 2, bio-cemented samples were prepared for the direct shear test. Direct shear
samples were prepared using brass rings with height of 2.54 cm and inner diameter of 6.35
cm. The preparation method was the same as the samples used for the above enrichment
tests. Specifically, the fresh sand was firstly mixed with 14 mL corresponding enrichment
medium. The solid-to-liquid ratio was the same as that in the enrichment test. Then, it was
compacted in brass rings to achieve two distinct relative densities (16.2% and 54.6%). The
specimens were left for 48 hours to stimulate the growth of native bacteria. After that,
cementation solution was flushed from top to bottom of the specimens by surface
percolation without applying extra confining pressure once per day for consecutive 5 or 10
days. The volume of flushed cementation solution each cycle was 1.5 PV. The flushing
rate was kept around 2 mm/min. The effluent liquid was collected for the immediate
measurement of aqueous urea and ammonium concentration. Upon the completion of the
bio-cementation treatment, the specimens were carefully extruded from brass rings and
oven dried for 24 hours prior to the direct shear test, thus the dry bio-cemented specimens
were used for direct shear tests. A total of 80 tests were then performed on the specimens
at 50, 100, 200, 400, and 600 kPa normal stresses using the Geocomp® ShearTrac-11-DSS
Direct Shear Apparatus. The shear rate was kept constant at 1 mm/min. For comparison,
untreated sand samples with the same relative densities were also tested. All cases tested
in the study are listed in Table 3-2. The designation “aM_bd_c(d)” represents the bio-
cemented sample treated with b days of flush of aM cementation solution. ¢ is the nutrient

type (YE or NB) and d is relative density level (low or high).
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3.2.5 Biochemical and Microstructural Monitoring

The biochemical measurements included viable cell number, urea and ammonium
concentration, and cementation content. Plate counting method was used to obtain the
viable cell number, and the concentrations of urea and ammonium were determined
spectrophotometrically via measuring the absorbance at 425 and 422 nm wavelength,
respectively (Greenburg etal., 1992; Knorst et al., 1997). More details of the measurements
could be found in our preliminary study (Wang et al., 2020). The cementation content was
determined by measuring the dry weight difference of the intact sand specimens prior to
and after the MICP treatment. The specimen after bio-stimulated MICP treatment was
flushed by distilled water to wash away residual dissoluble chemicals. Moreover, the
microstructural features of bio-cemented sand and the shearing interface were

characterized through optical microscopy using a Nikon SMZ1500 stereo microscope.

Table 3-2 The program of bio-cemented sand for direct shear tests.

Direct
Enrichment Bio-cementation
D, shear
Specimen 0
(%) [Nutrient] [Urea] [CaCl2] [Urea] Time Normal
(g/L) (mM) (M) (M)  (days) stress (kPa)
0.3M_5d_YE(L) 0.3 0.3 5
0.3M_10d_YE(L) 0.3 0.3 10
0.5M_5d_YE(L) 0.5 0.5 5
0.5M_10d_YE(L) 0.5 0.5 10
0.3M_5d_NB(L) 162 20 170 0.3 0.3 5
0.3M_10d_NB(L) 0.3 0.3 10
0.5M_5d_NB(L) 0.5 0.5 5 50, 100,
0.5M 10d NB(L) 0.5 0.5 10 200, 400,
0.3M_5d_YE(H) 0.3 0.3 5
0.3M_10d_YE(H) 03 03 10 600
0.5M_5d_YE(H) 0.5 0.5 5
0.5M_10d_YE(H) 0.5 0.5 10
0.3M_5d_NB(H) 546 20 170 0.3 0.3 5
0.3M_10d_NB(H) 0.3 0.3 10
0.5M_5d_NB(H) 0.5 0.5 5
0.5M 10d NB(H) 0.5 0.5 10
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3.3 Results and Data Interpretation
3.3.1 Ureolytic activity (UA)

Fig. 3-2 showed the change in viable bacterial cell number with time at the bio-
stimulation stage. It could be seen that the viable cell number raised from around 10* /g
soil to 107/g soil at the first 18 h, regardless of the initial urea concentration. Starting from
24 h, the cases with higher initial urea concentration saw a drop in viable cell number. For
example, in YE-170 mM and NB-170 mM, the viable cell number was only around 10° /g
sand after 72 h. On the other hand, the cases with lower initial urea concentration had only
marginal reduction (100 mM urea case) or even slight increase (50 mM urea case) in viable
cell number. Finally, the evolution of viable cell numbers was quite similar among the two

enrichment media.
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Fig. 3-2 The change in viable cell number with time: (a) yeast extract (YE), (b) nutrient
broth (NB).

During the first 18 h, the similar viable cell number pattern among all cases was
attributed to the non-selective growth of indigenous bacteria. This was substantiated by
urea and ammonium concentration results which showed relatively low ureolytic activity
in initial 18 h, meaning that ureolytic bacteria was not dominant during this period. After
24 h of enrichment, the microbial population was dominated by ureolytic bacteria, as

evidenced by more significant ureolysis. The production of massive ammonium from
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ureolysis at this stage suppressed the growth and survival of non-ureolytic bacteria (Wang
et al. 2020). In particular, more non-ureolytic bacteria became non-viable at higher urea

concentration, leading to the drop in overall viable cell number.

3.3.2 Urea and Ammonium Concentrations at Enrichment Stage

Urea is the key component in the selective enrichment media for indigenous ureolytic
bacteria. During bio-stimulation process, urea is hydrolyzed to aid the growth and
reproduction of native ureolytic bacteria (Tsesarsky et al., 2016). Therefore, if bio-
stimulation is effectively occurring in soil, a reduction in urea and increase in ammonium
(product of ureolysis) concentration is expected. The urea hydrolysis or ammonium
production rate could be used to evaluate the generated ureolytic activity in soil (Tsesarsky
et al., 2016; Gat et al., 2016).

The evolution of urea and ammonium concentration with time in this study was shown
in Fig. 3-3. In both YE and NB cases, urea concentration dropped gradually with time. At
170 mM urea concentration, the ureolysis rate was relatively slow at the first 18 h. From
24 h onward, urea was hydrolyzed at a much faster rate and was almost depleted at 48 h
after the start of bio-stimulation. For lower urea concentration (50 and 100 mM), the urea
was hydrolyzed at a slower but steady rate, and was almost fully depleted at 48 h. For
ammonium concentration, it remained undetected at the first 12 h in both YE and NB case
regardless of initial urea concentration, indicating the ureolysis was not significant during
this period. Between 12 h and 48 h, higher urea concentration cases (i.e., 170 mM) showed
the fastest ammonium production rate in both YE and NB case. After 24h in the lower urea
concentrations cases (i.e., 50mM and 100 mM), ammonium concentration either increased
very slowly or started to drop, indicating the completion of urea hydrolysis. It should be
noted that the stoichiometric relationship between hydrolyzed urea and produced
ammonium concentration did not strictly follow 1:2. This was likely due to the
ammonification process, in which large organic molecules were depolymerized into

ammonium.
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Fig. 3-3 The evolution of urea and ammonium concentration with time: (a) cases

amended with yeast extract (YE), (b) cases amended with nutrient broth (NB).

3.3.3 Microbial Community Analysis

The relative abundance of different microbial community presented in Fig. 3-4 also
confirmed such similarity. It was apparent that the microbial community changed
significantly due to the enrichment process. In the original soil without treatment, the
microbial genera were diverse and 39% were Actinobacteriota, while Firmicutes took over
after enrichment in both YE- and NB-treated soil. The microbial community exhibited a
similar pattern in YE- and NB-treated soil where the abundance of common urease-positive
genera such as Sporosarcina and Bacillus increased from less than 0.1% to 19% and 25%,
respectively. This was also shown in the study by Graddy et al. (2021). In addition, the
existence of genus lysinibacillus was found to contribute to MICP process (Kang and Kwon,
2016; Ekprasert et al., 2020).
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Fig. 3-4 High-throughput 16S community analysis. (Note: Plots are
colored according to genus-level classification).

3.3.4 Biochemical Response at Bio-cementation Stage

At the bio-cementation stage, the effluent from the samples during each cycle of
cementation solution flushing was subjected to the urea concentration measurement and
the results were shown in Fig. 3-5. Clearly, the urea concentration decreased substantially
after the first two days of cementation solution flush. This indicated that rapid ureolysis
occurred due to the presence of high ureolytic activity in sand after the enrichment process.
Then, with further cycles of cementation solution flushing, the urea concentration in
effluent recovered gradually (probably due to the error caused by large dilution factor) or
remain stable, which was a result of the stable or slightly decreasing ureolysis rate. At the
end of 10 d of cementation solution flush, the urea concentration in the four cases were 190
mM (0.3M_YE), 425 mM (0.5M_YE), 275 mM (0.3M_NB), and 360 mM (0.5M_NB).
The measured urea concentration changed clearly demonstrated the effectiveness of the
bio-stimulated bio-cementation approach, as urea was found to be continuously depleted

during the bio-cementation process.
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Fig. 3-5 The urea concentration during the bio-cementation stage.

The measured cementation content of samples in all 16 cases was shown in Table 3-3,
which ranged from 1.40% to 6.79%. It could be seen that, for a specific nutrient medium
and initial Dr, cementation content increased with cementation solution concentration as
well as days of flushing. Furthermore, increasing initial Dy resulted in the reduction in
cementation content in almost all cases, assuming other conditions the same. This
phenomenon was also observed by other researchers (Tsukamoto et al., 2013;
Rowshanbakht et al., 2016), which was, on one hand, due to the decreasing pore volumes
for the nucleation sites of calcite in higher initial Dy, and on the other hand, the decreasing
amounts of microbes and nutrients that could be absorbed in the higher initial D, samples.
Finally, while the measured cementation content of NB samples was in general slightly
smaller than that of YE ones, it seemed the small difference did not lead to very different
shear strength behaviors based on the shear strength results reported in the following

section.

3.3.5 Peak Stress Ratio

Stress ratio is the shear stress normalized by the normal stress under the direct shear
condition, which is widely used in previous studies to represent sand shear behavior during
direct shear tests (Dai et al. 2016; van Paassen et al. 2012). From the direct shear test, the

stress ratio - shear strain and vertical displacement - shear strain relationships could be
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immediately obtained. Fig. 3-6 showed an example of a representative case (0.5M_5d_NB
(H)). An evident peak in stress ratio occurred at various normal stress levels. With the
increase of normal stress, the peak tended to diminish gradually. The bio-cemented sand
exhibited an evolution from a brittle strain softening behavior towards a gentle strain
softening behavior. Also, at lower normal stress, the cementation can significantly enhance

the dilative behavior as shown in the vertical displacement response.

Table 3-3 Cementation content of bio-cemented calcareous sand.

Specimen Cementation content (%)
0.3M_5d_YE (L) 1.86 (0.54)
0.5M_5d_YE (L) 3.63 (#0.30)
0.3M_10d_YE (L) 4.27 (30.34)
0.5M_10d YE (L) 6.33 (#1.13)
0.3M_5d_NB (L) 1.55 (#0.06)
0.5M_5d_NB (L) 2.22 (30.27)
0.3M_10d_NB (L) 3.80 (#0.24)
0.5M_10d_NB (L) 6.79 (20.24)
0.3M_5d_YE (H) 1.58 (20.22)
0.5M_5d_YE (H) 2.88 (20.41)
0.3M_10d_YE (H) 3.60 (#0.15)
0.5M_10d_YE (H) 6.26 (20).56)
0.3M_5d_NB (H) 1.40 (#0.20)
0.5M_5d_NB (H) 2.83 (20.25)
0.3M_10d_NB (H) 2.31 (40.39)
0.5M_10d_NB (H) 5.87 (20.40)
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Fig. 3-6 The shear response of representative bio-cemented samples (0.5M_5d_NB(H))

at different cementation level and normal stress.

The results of peak stress ratio (7p), which indicates the failure of samples, and its
relationship with cementation content were exhibited in Fig. 3-7. Firstly, it can be clearly
seen that #p increased with cementation content at an identical normal stress, regardless of
initial Dr. However, the effect of cementation content on #p was diminishing with elevated
normal stress. For instance, for all samples at 50 kPa normal stress, the 7, increased from
1.37 at 1.86% cementation to 5.84 at 6.33% cementation. However, the 7, at 600 kPa
normal stress only increased from 0.72 at 2.22% cementation to 1.52 at 5.87% cementation.
Secondly, it was obvious that #, in general decreased with elevated normal stress at an
identical cementation content. In addition, the initial Dy also affected #,. More specifically,
at an identical normal stress, higher initial D was corresponding to larger #p in 32 out of
40 cases. For high initial Dr samples, the #, was reduced from 2.16~5.54 at 50 kPa to
0.93~1.52 at 600 kPa normal stress. For low initial D, samples, it was reduced from
1.37~4.26 at 50 kPa to 0.72~0.90 at 600 kPa normal stress. Finally, the effect of nutrient

type on 7, seemed to be marginal, though NB outperformed YE in 24 out of 40 cases.
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Fig. 3-7 The evolution of #pas a function of cementation content: (a) low initial Dr; (b)
high initial Dy.

To better capture the variation of 7, in various specimens with different cementation
contents. Fig. 3-8 presented the evolution of 7, as a function of normal stress in different
specimens. The main observations are quite similar with that shown in Fig. 3-7. However,
one thing worth mentioning was that at high normal stress, the #p values of low initial Dr
specimens were slightly smaller than that of untreated clean sands. For high initial Dy
specimens, however, this did not happen. This observation was probably due to the
localized bonding breakage during shearing that changed the interlocking and particle
rearrangement behaviors of the shear interface. More detailed explanation will be presented
in the “Discussion” section.

Finally, some results performed by other researchers were also presented here for
comparison in terms of #p as an important strength parameter. Van Paassen et al. (2012)
found that the maximum 7, of bio-cemented gravel ranged from 2 to 4.5 at the cementation
(CaCOs) content between 10 and 65 kg/m?® under 5 kPa normal stress. According to the
research conducted by Amini Kiasari et al. (2019), the maximum of 7, of bio-cemented
poorly graded silica sand through bio-stimulation could reach 1.72 at 54 kPa after 21-day
treatment. Azadi et al. (2017) reported the #p of bio-cemented silica sand was
approximately 16.2, 9.5, 6.67 and 5.65 at 50, 100, 150 and 200 kPa, respectively.
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Fig. 3-8 The evolution of #, as a function of normal stress in semi-log scale.

3.3.6 Failure Envelopes

The linear Mohr-Coulomb (M-C) failure envelope is widely used to predict the state of
stresses at failure by strength parameters (¢ and ¢). The shear strength of soil includes both
“friction” and “cohesion” components. In the system of direct shear, the intercept of this
linear failure envelope towards zero normal stress at which the “friction” component equals
zero gives a cohesion (c). However, the experimental evidence shows that the failure
envelope is curved for some types of soils. It is also found that the linear M-C model could
overestimate cohesion at lower stress levels (Lefebvre, 1981; Maksimovic, 1989). These
issues can be abated by developing a more accurate model for the estimation of strength
parameters. In this study, the M-C linear as well as bilinear failure envelopes were adopted
to obtain strength parameters of the bio-cemented sand (Nouri et al., 2006; Consoli et al.,
2007; Hajiabdolmajid et al., 2002). In particular, the bilinear failure envelope was
composed of two segments of best fitting straight lines. The shear strength parameters were
estimated for these two normal stress ranges, with the first one ranging from 50 kPa to 200

kPa, and the second one from 200 kPa to 600 kPa. However, it should be mentioned that
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200 kPa was not necessarily the exact turning point of the bilinear failure envelope. The
selection of 200 kPa was merely targeted to predict the cohesion in a more accurate way.
Therefore, two sets of peak friction angle and cohesion were obtained from the bilinear
failure envelope (i.e., ¢1, C1, and ¢2, c2). The shear strength parameters obtained from M-C
linear and bilinear failure envelopes for various specimens were listed in Table 3-4 and 3-
5. It was found that, for 13 out of 16 specimens, the friction angle (¢42) at higher normal
stress (i.e., 200-600 kPa) was smaller than that (¢1) at lower normal stress (i.e., 50-200
kPa). In addition, at a given initial Dr and normal stress range, the peak friction angle of
specimens with lower cementation content (< 3.8%) did not change significantly (within
6279 as compared with specimens with higher cementation content (>5.87%) which had
a notable increase in the peak friction angle of up to 18< Such obvious increase in peak
friction angle with cementation content was also observed by Cui et al. (2017) and Marri
et al. (2012) in the cemented sand treated by MICP and ordinary Portland cement.
Moreover, for 11 out of 16 specimens, the cohesion (c.) at lower normal stress (i.e., 50-
200 kPa) was smaller than the that (c1) at lower normal stress (i.e., 200-600 kPa).

To better illustrate the trends of failure envelopes, Fig. 3-9 and 3-10 presented the
characteristics of linear and bilinear failure envelopes of the specimens with low (1.40%-
1.86%) and high (5.87%-6.79%) cementation content, respectively. Meanwhile, the
variation of cohesion obtained from bilinear failure envelopes as a function of cementation
content was also plotted in Fig. 3-11 to reveal factors that may affect the cohesion. Also,
the linear failure envelopes of uncemented sand without cohesion were also plotted for
comparison. At first glance, there was no significant difference between linear and bilinear
failure envelopes for the specimens with lower cementation content as the normal stress
increased (as shown in Fig. 3-9), suggesting that small amounts of cementation could not
substantially influence the failure envelope. However, an evident curved feature was
observed for the specimens with higher cementation content as the normal stress increased
(as shown in Fig. 3-10). More specifically, the slope of failure envelopes (i.e., peak friction
angle) declined with the increase in normal stress (i.e., ¢2 < ¢1 in Table 3-5, Fig. 3-10),
which indicated that the peak shear strength of biocemented specimens was significantly
reduced when specimens are sheared at high normal stress. Such reduction occurred due to

the breakage of interparticle bonds by shearing at higher normal stress. In addition, it was
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obvious that the linear M-C failure envelopes overestimated the cohesion intercept for the
specimens with high cementation content in Fig. 3-10. For instance, the overestimated
value could be up to 110 kPa in 0.5M_10d_NB (L). Thus, the values of cohesion hereafter
were all obtained from bilinear failure envelopes. This observation was in an agreement
with the previous study by Nafisi et al. (2020). In Fig. 3-11, it was found that the cohesion
obtained from bilinear failure envelopes in general increased as the cementation content
elevated, which was attributed to the formation of more effective interparticle bonds. Also,
it seemed that the initial Dr did not show a significant influence on cohesion as the
cementation content. More data were required to further investigate the effect of the initial
D.. Finally, it should be noted that the cohesion values obtained in this study were larger
than those from other researchers (Cui et al., 2017; Cheng et al., 2013). This was likely
attributed to the fact that the specimens in this study were oven-dried prior to direct shear,
whereas full saturation before shearing was achieved in prior studies, which might have

weakened the bonds.

Table 3-4 The cohesion and friction angle based on the M-C linear failure envelope.

Specimen Cementation content Peak friction angle Cohesion
(%) (9 (kPa)
0.3M_5d_YE (L) 1.86 34.1 40.8
0.5M_5d_YE (L) 4.27 28.9 101.9
0.3M_10d_YE (L) 3.63 28.7 111.7
0.5M_10d_YE (L) 6.33 25.9 282.4
0.3M_5d_YE (H) 1.58 40.2 61.4
0.5M_5d_YE (H) 2.88 45.2 135.2
0.3M_10d_YE (H) 3.60 41.2 83.1
0.5M_10d_YE (H) 6.26 57.2 168.1
0.3M_5d_NB (L) 1.55 345 80.2
0.5M_5d_NB (L) 2.22 28.7 136.3
0.3M_10d_NB (L) 3.80 28.7 127.1
0.5M_10d_NB (L) 6.79 25.1 242.9
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Fig. 3-10 Comparison between linear and bilinear failure envelopes for the specimens
with high cementation content (5.87%-6.79%): (a) 0.5M_10d_YE (L); (b).
0.5M_10d_NB (L); (c) 0.5M_10d_YE (H); (d). 0.5M_10d_NB (H).
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Fig. 3-11 Variation of cohesion of different specimens with cementation content (YE and
NB in the legend represent nutrient medium; L and H represent initial Dy).

3.3.6 Peak Dilation Angle

The tangent of dilation angle () is defined as the ratio between the incremental vertical
and horizontal displacements during the direct shear test, which is mathematically
represented as:

tan y= 6v/oh (3-1)
where dv and dh are the incremental vertical and horizontal displacements, respectively.
The peak dilation angle is an indication of the rate of dilation and corresponds to the
maximum interlock that can be mobilized during shearing (Dai et al., 2016). It is nominated
as wm in this study. The relationship between ym and normal stress was shown in Fig. 3-12.
For all cases, the peak dilation angle decreased with elevated normal stress, with only a
few exceptions such as 0.3M_10d_NB (H) and 0.5M_10d_NB (H) between 50 and 100
kPa. In addition, ym was found to increase with initial Dy at an identical normal stress in
37 out of 40 bio-cemented samples. Meanwhile, it was apparent that more cementation

resulted in larger wm at an identical normal stress. It should be noted that the elevated ym

105



due to cementation was diminishing with the increase in normal stress. For low initial Dy
cases at 600 kPa normal stress, the ym of all cemented samples converged to around -
2.5%2.5% which was lower than that of untreated one (7.8<). However, for high initial Dy
cases, the convergent trend of the wm of samples with different cementation levels was less
significant. Even at the highest normal stress level, the ym of bio-cemented samples was
still higher than that of untreated one. Finally, the nutrient type seemed to have insignificant

effect on wm.
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Fig. 3-12 The evolution of peak dilation angle as a function of normal stress in semi-log

scale.

In other research regarding the wm of cemented sand, Amini et al. (2014) prepared
cemented quartz sand-gravel mixture with Portland cement (up to 2% content) and
conducted direct shear tests under different normal stresses and relative densities. Results
showed that the magnitude of wm varied between 17<and 40 at 2% cement content with
normal stress ranging from 77 to 150 kPa, and relative density from 30% to 90%. This

range was similar to that reported in current study.
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Table 3-5 The peak friction angle and cohesion based on the bilinear failure envelope.

_ Cementation 50-200 kPa 200-600 kPa

Specimen
content (%) 61(9 ci(kPa) (9 c2(kPa)

0.3M_5d_YE (L) 1.86 31.4 46.4 30.0 33.1
0.5M_5d_YE (L) 4.27 34 103.4 26.9 119.1
0.3M_10d_YE (L) 3.63 33.0 66.8 29.1 106.6
0.5M_10d_YE (L) 6.33 35.4 259.4 34.1 330.5
0.3M_5d_YE (H) 1.58 32.3 86.3 34.7 78.5
0.5M_5d_YE (H) 2.88 35.0 133.8 31.9 112.8
0.3M_10d_YE (H) 3.60 375 132.6 26.7 149.8
0.5M_10d_YE (H) 6.26 54.5 156.5 7.0 408.6
0.3M_5d_NB (L) 1.55 375 66.3 39.8 67.4
0.5M_5d_NB (L) 2.22 42.2 1415 41.7 156.5
0.3M_10d_NB (L) 3.80 36.2 100.7 435 47.7
0.5M_10d_NB (L) 6.79 55.5 161.0 53.2 135
0.3M_5d_NB (H) 1.40 41.8 735 37.6 84.1
0.5M_5d_NB (H) 2.83 45.9 167.5 43.3 189.4
0.3M_10d_NB (H) 2.31 477 88.9 41.6 140.1
0.5M_10d_NB (H) 5.87 57.9 183.1 45.1 255.1

3.3.7 Stress - Dilatancy Relationship

Stress — dilatancy relationship of bio-cemented calcareous sand is manifested in terms
of the stress ratio-dilatancy relationship, which demonstrates the shear behavior of granular
materials. Dilatancy is defined as the ratio between incremental vertical and horizontal
displacements which was also applied by Hossain and Yin (2015) in their direct shear tests.
These were different from the stress ratio and dilatancy obtained from triaxial testing
results (Wang and Leung, 2008). Therefore, it is not expected to be directly compared
between direct shear and triaxial shear testing results.
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Taking YE samples as examples, Fig. 3-13 showed the stress-dilatancy relationship for
representative bio-cemented and uncemented samples in this study. For uncemented
calcareous sand (Fig. 3-13(a) and (d)), the stress-dilatancy relationship was manifested by
two approximately straight lines, one representing the pre-peak stage and the other post-
peak stage. The normal stress and initial D, appeared to have little influence on the stress-
dilatancy relationship. For cemented calcareous sand samples, while two-segment linear
relationship was still apparent for samples at high normal stress (>200 kPa), cemented
samples at low normal stress (< 200 kPa) exhibited a loop-shaped stress-dilatancy
relationship (e.g., 0.3M_5d_YE(L), 0.3M_5d_YE(H) and 0.5M_10d_YE(H)), indicating
that the development of dilatancy was delayed compared with stress. The area of the closed
loop was larger for samples with higher cementation level and at lower normal stress. To
further illustrate the asynchronous development of stress ratio and dilatancy rate in bio-
cemented calcareous sand samples, the stress-dilatancy relationships at the state of peak
stress and maximum dilatancy were plotted in Fig. 3-14(a) and (b), respectively. It could
be more clearly seen that the disparity between the state of peak stress ratio and maximum
dilatancy was the most significant on samples with the cementation content ranging from
5.87% t0 6.33% at normal stress between 50 and 200 kPa. Similar results were also reported
by Wang and Leung (2008) for Portland cement treated silica sand and by Porcino and
Marciano(2017) for weakly cemented sand under 20 kPa normal stress, both under triaxial
condition. This asynchronous stress-dilatancy response indicated that the state-dependent
dilatancy of bio-cemented calcareous sand was not only related to stress ratio, but also to
cementation level which defined the structure of bio-cemented soil (Wang and Leung, 2008;
Leroueil and VVaughan, 1990).
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Fig. 3-13 The stress-dilatancy relationship in different cases.
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initial Dr = 54.6%; Low initial Dr = 16.2%; High normal stress = 400, 600 kPa; Low

normal stress = 50, 100, 200 kPa).

3.3.8 Microscopic and Mineralogical Characteristics

Representative microscopic images of bio-cemented calcareous sand were shown in

Fig. 3-15. Fig. 3-15(a) displays the image of untreated sand. Individual sand particles could

be clearly observed without bonding between them. Fig. 3-15(b) showed the case of
0.3M_5d_YE(L), which had a cementation content of 1.86%. White calcite precipitates

could be sparsely spotted between particles. Fig. 3-15(c) and (d) showed the case of
0.5M_10d_YE(L), which had a cementation content of 6.33%. In this case, substantial
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white calcite precipitates could be observed between sand particles and bind them together.
In addition, many sand particle surfaces were found to be coated by the calcite precipitates.

The microscopic images of shear planes after the direct shear test were shown in Fig.
3-16. In the case of untreated sand (Fig. 3-16(a)), the sand particles remained intact after
shearing at 600 kPa normal stress, indicating that sand particle crushing did not happen at
this normal stress level. To verify it, the mechanical sieve analysis was also conducted. The
particle size distribution curves (PSDs) of the original uncemented sands before and after
shearing under 600 kPa normal stress were presented in Fig. 3-17. Clearly, there was hardly
any visible difference in PSDs for the sand with 54.6% and 16.2% initial D, suggesting
that the high normal stress up to 600 kPa did not cause noticeable crushing of calcareous
sand particles. For the bio-cemented sample, however, variable shear plane features were
observed. For instance, in the case of 0.5M_10d_YE which represented a high cementation
level (Fig. 3-16(b), (c) and (d)), white fines were found to appear on the shear plane upon
the completion of the direct shear test. Since the possibility of sand particle crushing has
been ruled out, the white fines could only be calcite precipitates. Compared with the sample
prior to the direct shear test (Fig. 3-16(e)), these fines seemed to be the crushed pieces of
calcite precipitates. Furthermore, by comparing in detail among the three shear planes in
Fig. 3-16(b), (c) and (d), it could be seen that the low initial D sample at low normal stress
(Fig. 3-16(b)) had the fewest but coarsest fines of broken bonds. However, loading higher
normal stress (Fig. 3-16(c)) or increasing initial Dy (Fig. 3-16(d)) could both generate more
and finer fines of broken bonds.
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Fig. 3-17 The particle size distribution curves of the original uncemented sands before
and after shearing under 600 kPa normal stress: (a) with high initial Dr; (b) with low

initial Dy.
3.4 Discussion

In this section, a conceptual framework was proposed to analyze the peak state shear
behavior of bio-cemented calcareous sand, as shown in Fig. 3-18. The interdependence
between external influential factors (cementation level, initial Dy, and normal stress) and
strength contributors (interparticle friction, interlocking (dilatancy), particle rearrangement,
interparticle bonds, and particle crushing) at the peak state were illustrated in detail. It is
worth noting that due to the normal stress applied in this study was limited up to 600 kPa,
the proposed framework might not be applicable to explain the higher stress conditions
including the sand particle breakage.

. Cementation Initial relative Normal
Influential factors: ‘
level density stress

Particle
rearrangement

Particle
crushing

Interparticle Interlocking Interparticle

Strength contributors:

friction (dilatancy) bonds

Strength parameters: Peak stress ratio

Fig. 3-18 The conceptual framework of shear strength for bio-cemented calcareous sand.
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At the peak state, the shear strength of bio-cemented calcareous sand represented by
the peak stress ratio is contributed by the interparticle friction, dilation, particle
rearrangement, interparticle bonds, and particle crushing. The interparticle fiction angle is
roughly constant for a given mineral (calcite in this study), although it was hard to be
measured directly in this study (Mitchell and Soga, 2005). In addition, the microstructural
observation in Fig. 3-16(a) and sieve analysis in Fig. 3-17 confirmed that particle crushing
did not occur in the stress range in this study. Thus, only the other three strength
contributors: dilation, particle rearrangement, and interparticle bonds are discussed here.

The effects of cementation level, initial Dy, and normal stress on dilation, particle
rearrangement, and interparticle bonds are shown in Fig. 3-19. For the effect of
cementation level (Fig. 3-19(a)), assuming all other factors the same, dilatancy is more
significant at higher cementation level. The underlying mechanism is twofold: (1) The size
of individual sand particle is enlarged as small individual particles are bonded to form
cemented aggregates; (2) The sand particles become more angular and rougher as more
produced calcite precipitates coating on particle surfaces (Guo and Su, 2007). All these
mechanisms will lead to the enhanced interlocking among sand particles and thus larger
dilatancy can be observed at higher cementation level. Microstructural observations shown
in Fig. 3-15(c) and (d) can support these two mechanisms. Furthermore, the contribution
of particle rearrangement is diminishing with increasing cementation level due to the
constriction of sand particle movement as they are cemented by formed calcite precipitates.
Finally, interparticle bonding effect becomes greater as the cementation content increases
due to the formation of more effective interparticle cementation. Overall, the superposition

of these three mechanisms results in the increased #p with growing cementation content.

113



Interparticle bonds

Interparticle bonds, (estimated) ?

Particle Particle

rearrangement

Dilatancy

J///[/z

ﬂ Initial D

Lower

Enhance interlocking
Constrain particle rearrangement

Constrain particle rearrangement .
Constrain particle rearrangement

2 Sand particle === Calcite bonding

(a) (b) (c)
Fig. 3-19 The conceptual illustrations for the peak state: (a) the effect of cementation

level; (b) the effect of initial Dy; (c) the effect of normal stress.

With respect to the effect of initial Dy (Fig. 3-19(b)), the contribution of dilatancy is
more dominant when the bio-cemented sand is initially at dense state. The underlying
mechanism is that sand particles have better interlocking effect at dense state as have been
widely reported in clean sand (Mitchell and Soga, 2005). On the other hand, the
contribution of particle rearrangement is suppressed at high initial Dy, which is similar as
clean sand. This is because that dense packing and better interlocking at high initial Dy will
further constrain particle movement. Finally, it is assumed that the initial Dy has little effect
on the interparticle bonds due to the limited data in current study, and further research is
necessary. Overall, #p increases with the initial Dy considering both dilatancy and particle
rearrangement, which is widely recognized for clean sand as well (Holtz et al., 1981).

Regarding the effect of normal stress (Fig. 3-19(c)), assuming all other factors the same,
dilatancy, particle rearrangement and interparticle bonding effect decrease with the
increasing normal stress. More specifically, at lower normal stress, particles can easily roll
over one another, which promotes the dilatancy and particle rearrangement, and thus
contributes more to #p. On the contrary, larger normal stress inhibits soil dilation and
particle rearrangement resulting a reduce in #,. These mechanisms are similar to those
reported in the case of clean sand. In addition, while sand particle kept intact in this study
(Fig. 3-17), bonding breakage could occur under a high normal stress level. This may lead
to a decrease of interparticle bonds, which makes 7, even become slightly lower than that

of clean sand at high normal stress. In the current study, this phenomenon happened when
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normal stress was higher than 400 kPa (Fig. 3-8(a) and (b)). The broken bonding is
manifested as fines and likely to reduce interlocking effect of calcareous sand particles.
This is different from that reported for silica sand, which shows an increase in particle
interlocking (DeJong et al., 2010; Montoya and DeJong, 2015). The difference lies in the
fact that calcareous sand particles themselves are much more angular and rougher than
silica ones and therefore, additional fines are likely to fill into cavities of uneven surfaces
and thus reduce interlocking effect. Finally, at higher normal stress, significantly more
bonds breakage is expected to occur and diminishes more dilatancy potential, which can
make the wm even smaller than that of clean sand.

It is worth noting that the effect of normal stress, cementation, and initial Dr on 7, are
interdependent. For instance, at low normal stress, the effect of cementation on #; is more
pronounced than that of initial Dy (Fig. 3-8(a) and (c)). At higher normal stress, however,
the initial Dy is more dominant than cementation level. Moreover, while we use “dilatancy”
in Figs. 3-13 and 3-14, it refers to both dilatancy (positive dilation angle) and contraction
(negative dilation angle), as adopted by Wang and Leung (2008). Even though contraction
is less likely to happen in calcareous sand due to its much larger particle roughness,
contraction instead of dilatancy may still happen on low density, low cementation samples
at high normal stress. The case of 0.5M_5d_NB (L) in this study is an example (Fig. 3-
12(b)).

3.5 Conclusions

In this chapter, the biochemical responses of bio-cemented sand under sand column
condition during enrichment and cementation stage were investigated. Also, a series of
direct shear tests were conducted on the bio-stimulated calcareous sand at varying
cementation levels, initial Dy, and normal stresses. The main conclusions are drawn as
follows:

(1) During the enrichment phase, the indigenous ureolytic bacteria can be enriched
significantly within 48 hours, though the ureolysis rate was varying with the initial urea
concentration. A higher ureolysis rate was maintained in the 170 mM cases until the end
of 48 hours, while for 50 mM and 100 mM cases, the ureolysis rate increased slowly or
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started to drop after 24 h. In addition, the microbial community changed significantly after
enrichment stage. The ureolytic species could be found in the sand.

(2) Peak stress ratio (yp) increased with increasing cementation content and initial Dr,
whereas decreased with increasing normal stress. The #p of low initial relative density (Dr
= 16%) samples could be even smaller than that of untreated clean sand when normal stress
was higher than 400 kPa. The effects of cementation content and initial D, on peak strength
parameters diminished with the elevated normal stress.

(3) The linear Mohr-Coulomb failure envelopes overestimated the cohesion. Instead,
the bilinear failure envelop could more accurately predict the cohesion of bio-cemented
sand, especially for the sands with higher cementation level. It was found that the cohesion
and peak friction angle increased with elevated cementation level while declined with the
increasing normal stress.

(4) For bio-cemented calcareous sand, the stress ratio and dilatancy exhibited a loop-

shaped relationship at low normal stress (= 200 kPa), and an apparent asynchronism

between the state of #p, and maximum dilatancy was observed on samples with higher
cementation content ranging from 5.87% to 6.33%.

(5) A conceptual framework to analyze peak state shear behavior of bio-cemented
calcareous sand was proposed. The interdependence between external influential factors
(cementation level, initial Dy, and normal stress) and strength contributors (interparticle
friction, dilatancy, particle rearrangement, interparticle bonding, and particle crushing) at
the peak state were illustrated in detail. The validity of this framework was further

confirmed through microscopic observations.
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CHAPTER 4. Compressive Characteristics of Bio-Cemented
Calcareous Sand Treated by Bio-stimulated Microbial Induced Calcite
Precipitation

4.1 Introduction

Over the past decade, the compressibility and associated particle breakage behaviors of
calcareous sand have been extensively investigated via a variety of testing methods, such
as one-dimensional compression test (Altuhafi and Coop, 2011; Xiao et al., 2020),
consolidated undrained or drained triaxial test (Dehnavi et al., 2010; Shahnazari and
Rezvani, 2013), and impact loading test (Xiao et al., 2018; Lv et al., 2020). It is found that
calcareous sand is more compressible and can be crushed more easily than silica one due
to its higher internal porosity (Coop et al., 2004; Lv et al., 2019; Xiao et al., 2019, 2020).
The factors influencing compressibility and particle breakage behaviors of calcareous sand
mainly include soil gradation (Wang et al., 2020c), particle shape (Wei et al., 2020), grain
size (Liu et al., 2020), initial density (Shahnazari and Rezvani, 2013; Xiao et al., 2017),
external loading (Shahnazari and Rezvani, 2013; Xiao et al., 2020), carbonate content
(Bryaant et al., 1974), and fines content (Xiao et al., 2020). Considering that calcareous
sand is widely used as foundation or backfill materials in coastal regions, it becomes more
and more urgent to implement suitable ground improvement methods to reduce its
compressibility.

Since MICP, either via bio-augmentation or bio-stimulation, could cement loose sand
particles, it could be used for reducing the compressibility of calcareous sand. Currently,
only a few studies have been conducted to examine the compressibility behavior of bio-
cemented sand. These studies mostly focus on silica sand treated through bio-augmented
MICP. For instance, Xiao et al. (2020a) conducted one-dimension compression tests on
bio-augmented MICP-treated silica sand at varying cementation levels. The results
indicated that bio-augmented MICP treatment could effectively restrain particle breakage,
and thus reduce the compressibility of silica sand. Xiao et al. (2021) investigated the effect
of gradation on the compression behaviors of bio-cemented silica sands by bio-

augmentation MICP. The results revealed that the compressibility of specimens increased
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with increasing coefficient of uniformity. Arboleda-Monsalve et al. (2019) studied the
compressibility behavior of bio-cemented silica loose sands. They pointed out that the
MICP treatment was suitable for vertical effective stress levels below 200 kPa. Lin et al.
(2016) conducted confined compression tests on two MICP-treated silica sands. It was
found that the compressibility of the treated soil specimens decreased as the CaCOs content
increased. Cardoso et al. (2016) conducted confined compressibility tests on MICP-treated
sands, and they found that the compressibility index was very similar between the MICP-
treated and untreated sand though the reduction of porosity was obvious. To the authors’
knowledge, there have not been any reported studies on the compressibility behaviors of
bio-stimulated MICP treated calcareous sand.

The objective of this chapter is to investigate the compressibility behavior of calcareous
sand treated via the bio-stimulated MICP approach. A series of one-dimension
compression tests were conducted to obtain the compressibility of bio-cemented calcareous
sand, which was manifested by the compression curves and particle size distribution curves
(PSDs). Then, the relevant parameters including cementation content (CC), the coefficient
of compressibility (av), relative breakage (Br), and relative agglomeration (Ar) of the bio-

cemented sand based on the method proposed by Hardin (1985) were discussed.
4.2 Materials and methods
4.2.1 Calcareous sand

The calcareous sand used in this study was sampled from the shallow surface of
Waikiki Beach, Oahu Island, Hawaii, USA. After taken to the laboratory, the sand was
firstly sieved through US No.10 sieve (2 mm opening size) to remove oversized grains as
well as twigs and grass. The basic physical properties of the post-sieving calcareous sand
are listed in Table 4-1.

4.2.2 Enrichment and cementation solutions

Two enrichment media were developed in this study to enrich native ureolytic bacteria
in the collected calcareous sand. The first one, named YE, contained 20 g/L yeast extract

plus urea and the second one, named NB, contained 20 g/L nutrient broth plus urea. Yeast
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extract and nutrient broth are both organic nutrients containing sufficient proteins and
amino acids to facilitate the growth of bacteria. Besides, urea was added as a selective
ingredient for the stimulation of ureolytic bacteria and elimination of non-ureolytic ones.
The urea concentration used in the enrichment media was 170 mM (~10 g/L). The
cementation solution consisted of equal mole concentration (0.3 M or 0.5 M) of urea and
CaCl> plus 0.2 g/L yeast extract or nutrient broth accordingly. The purpose of adding trace
amount of yeast extract or nutrient broth was to supply further nutrients to maintain the

bacterial viability at the cementation stage.

Table 4-1 The physical and index properties of the collected calcareous sand after

sieving.
Physical and Index Properties Value
Soil classification (ASTM D2487) SP
Median particle diameter, Dso (mm) 0.360
Coefficient of curvature Cc 0.816
Coefficient of uniformity Cy 2.5
Specific gravity, Gs (g/cmq) 2.73
Maximum void ratio emax 0.888
Minimum void ratio emin 0.271
Carbonate content (%) =995
Natural moisture content (%) 1-2
Average circularity 0.839
Average aspect ratio 1511

4.2.3 Procedures for bio-stimulated MICP treatment

The bio-stimulated MICP treatment consisted of two stages: enrichment and
cementation. Specimens were prepared using brass rings with height of 2.54 cm and inner
diameter of 6.35 cm. Firstly, fresh calcareous sand was thoroughly mixed with 0.5 pore
volume (PV) of either the YE or NB medium. Then, the moist sand was compacted in the
brass ring to achieve two initial relative densities (16.2% and 54.6%). The detailed
specifications of prepared samples during bio-stimulated MICP treatment were presented
in Table 4-2. After that, all specimens were left at room temperature and humidity for 48
hours, which were found in previous study to be able to enrich enough native urease-

positive bacteria (Wang et al., 2020a). After the completion of the enrichment stage, the
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cementation solution was flushed through specimens via surface percolation once per day
for consecutive 5 or 10 days at relatively small flow rate (2 mL/min) to avoid noticeable
disturbance. The flow rate was controlled by a calibrated valve which was connected to the
bottom of the solution container. The volume of flushed cementation solution each time
was 1.5 PVs of the respective sand specimen. It should be mentioned that during the
enrichment and cementation phase, all specimens were treated without any vertical stress.
Upon the completion of the cementation stage, the specimens were flushed using 3PVs of
deionized water for 5 times to remove residual dissolved salts and then oven-dried at 105 C

for 24 hours.

Table 4-2 The specifications of prepared samples during bio-stimulated MICP treatment.

1 Pore volume

Initial Dr of sample Mass of collected sand (g)

(cm®)
Lower (16.2%) 100 43.1
Higher (54.6%) 120 355

4.2.4 One-dimension compression test

The one-dimension compression test was conducted using Geocomp® LoadTrac-II
incremental consolidation system. The incremental loading from 12.5 kPa to 6400 kPa and
unloading from 6400 kPa to 25 kPa were conducted and the deformation of specimen was
recorded continuously for each loading and unloading sequence. Each loading/unloading
step lasted for 24h in the current study. All specimens were saturated prior to the
compression test. The detailed experimental program of the one-dimensional compression
test is shown in Table 4-3. The designation “a_b_c(d)” represents the bio-cemented
specimens treated with “b6” flushes (days) of “a” mol/L (M) cementation solution. “c” is
the nutrient type (YE or NB) and “d” is initial Dy level (“L” representing low (16.2%) or
“H” representing high (54.6%)).
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4.2 5 Cementation content measurement

The cementation content was determined by measuring the increased mass of sand

specimens after bio-stimulated MICP treatment and it could be expressed as:

Cementation content (CC) = o~ 1009 (4-1)

bt

Where, my is the dry mass of sand prior to MICP treatment; mg is the dry mass of sand
after MICP treatment.

Table 4-3 Experimental program of the one-dimension compression test.

Specimen Initial Enrichment stage Cementation stage
norﬁenclature Dr [Nutrient] [Urea] [CaCly]  [Urea] Time
(%) (g/L) (mM) (M) (M) (days)
0.3 5 YE(L) 0.3 0.3 5
0.3_10_YE(L) 0.3 0.3 10
0.5 5 YE(L) 0.5 0.5 5
0.5 10 _YE(L) 0.5 0.5 10
0.3 5 NB(L) 16.2 20 170 0.3 0.3 5
0.3 10 NB(L) 0.3 0.3 10
0.5 5 NB(L) 0.5 0.5 5
0.5 10 NB(L) 0.5 0.5 10
0.3 5_YE(H) 0.3 0.3 5
0.3 _10_YE(H) 0.3 0.3 10
0.5 5 YE(H) 0.5 0.5 5
0.5 10_YE(H) 0.5 0.5 10
0.3 5 NB(H) 54.6 20 170 0.3 0.3 5
0.3_10_NB(H) 0.3 0.3 10
0.5 5 NB(H) 0.5 0.5 5
0.5 10 NB(H) 0.5 0.5 10

4.2.6 Sieve analysis

To assess the breakage properties of bio-cemented specimens, the mechanical sieve
analysis was conducted based on ASTM D-422 (ASTM, 2007) after the one-dimensional
compression test. The opening size (D) designation of sieves used were 0.075 mm, 0.106

mm, 0.15 mm, 0.18 mm, 0.25 mm, 0.425 mm, 0.85 mm, 2 mm and 12.5 mm in this study.
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4.2.7 Microstructural observations

To characterize the microstructural features of the bio-cemented calcareous sand,
optical microscopy imaging was performed using a Nikon SMZ1500 stereo microscope

equipped with lenses providing a magnification in the range between 3.75 and 540.

4.3 Testing results and data interpretation
4.3.1 Cementation content

The cementation content of bio-cemented sand is one of the most important indices
which reflects the overall efficiency of MICP treatment. Fig. 4-1 shows the cementation
content of bio-cemented calcareous sand subjected to varying treatment schemes. The
measured cementation content for all specimens ranged from 1% to 6.8%. More
specifically, for a given enrichment medium and initial Dy, higher concentration of
cementation solution (0.5 M) and more treatment flushes (10 times) led to higher
cementation content. Additionally, provided other conditions the same, cementation
content was found to be slightly higher in low initial D, specimens in 7 out of 8 cases. The
above observation, on the one hand, was due to the less pore volume in the sand specimens
with higher initial Dr and on the other hand, due to the decreasing net surface area
(Tsukamoto et al., 2013; Rowshanbakht et al., 2016). Finally, it was found that there was
no significant difference regarding the effect of enrichment medium type (i.e., YE or NB)
on the cementation content, confirming that these two enrichment media were functionally
similar. Thus, the results and discussions were mainly based on the cases treated by NB-

based enrichment medium.
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Fig. 4-1 The cementation contents of bio-cemented specimens with varying treatment
scheme and initial Dy (notation: YE—yeast extract, NB—nutrient broth, L—Ilow initial
Dr, H—high initial Dy, 0.3/0.5—concentration of cementation solution, 5/10—duration of

cementation stage).

4.3.2 Compression curves

The representative compression curves (including both e-p and e-logp curves) of the
bio-cemented calcareous sand treated by NB-based enrichment medium are shown in Fig.
4-2. The rest compression curves are presented in Fig. 4-3. The concept of normalized void
ratio (em/eo) was adopted here, in which en was the modified void ratio at the end of each
loading, and ey is the initial modified void ratio. Jafari et al. (2020) used similar concept to
investigate the isotropic compression behaviors of cemented paste backfill. In the current
study, the formed bio-cementation within the voids of sand matrix was incorporated into

the calculation of modified void ratio and thus en, is defined as:

. pth — (msg / Gsg + mCa/GCa)

m (4-2)
my, /Gy +mg, /G,
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where, pw is the mass density of water; V: is the total volume of sample; msg and mca are
the mass of sand grains and CaCOs; Gsq and Gca are the specific gravity of sand grains and
CaCOs (Xiao et al., 2020).

Taking NB-treated bio-cemented sand as an example, firstly, with the increase in the
cementation content, a higher value of em/eo was observed. This phenomenon was also
reported previously in terms of other types of cemented soils treated by Portland cement or
bio-augmented MICP (Rotta et al. 2003; Silva dos Santos et al. 2010; Xiao et al. 2020a).
Then, it can be seen from the em/eo-logp curves (Fig. 4-2(c), (d)) that, at lower vertical
stress ranging from 12.5 kPa to 400 kPa, all specimens’ compression curves were
approximately linear and showed smaller reduction in em/eo compared with the specimens
at higher vertical stress, indicating that the bio-cementation provided effective interparticle
bonding between sand particles. It was also found that, at low vertical stress range, the
compression curve shifted upward with increased cementation content, which was due to
the existence of more interparticle bonds. At higher vertical stresses, however, the
compression curve began to change from linearity to curvature, indicating that more soil
compression occurred at the same vertical stress increment. This was likely due to that the
interparticle bonds were significantly broken as vertical stress increased. A distinct
transition stress appeared at around 800 (= 100) kPa for all specimens in this study.

Thereafter, the breakage continued until all interparticle bonds broke. Due to the limit of

maximum load, the complete interparticle bonds breakage was not fully achieved in this

study.
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Fig. 4-2 The representative compression curves of the bio-cemented sand treated by NB

enrichment medium: (a), (b) in linear scale; (c), (d) in semi-logarithmic scale.

4.3.3 Coefficient of compressibility

The coefficient of compressibility (av) was calculated in this study to quantify the
compressibility of bio-cemented sand. The ay is defined as the decrease in modified void
ratio (A em) per unit increase in effective vertical stress (Ap”’), which can be derived from
the e versus p’ compressibility curves.

Fig. 4-4 depicts the variations of a, with cementation content at various average vertical
stress, which is defined as the average of the initial and final vertical stress for each load
increment (Bohnhoff and Shackelford, 2014). In general, the values of ay decreased with
increasing average vertical stress for all specimens, which was consistent with the
observations by Yamamuro and Lade (1997) regarding the Nevada sand and Bohnhoff and
Shackelford (2014) regarding a backfill soil. Moreover, it is found that a, decreased
gradually with the increase in cementation content for a given initial Dy and enrichment
medium, indicating that the more bio-cementation in soil matrix could work effectively as
the interparticle bonds. However, it should be noted that such observation was more
obvious at low average vertical stresses. More specifically, for the cases of YE_L, YE_H,
NB_L, and NB_H, ay decreased from 7.3 X 10 kPa™ to 3.4x10* kPa, from 3.9%102 kPa-
110 1.6<10* kPal, from 2.4x10° kPa* to 1.8<10** kPa, and from 2.8>10 kPa™* to 1.5x<10°
4 kPal, respectively at the average vertical stress of 18.75 kPa, whereas less than 5x10

kPa* reduction could be seen at the average vertical stress of 4800 kPa for all specimens.
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This indicated that the bio-cementation lost its interparticle bonding function with the
increase in vertical stress. Finally, when treated by a given enrichment medium, the ay
values of the specimens with higher initial Dy were approximately 20%-70% smaller than
their counterparts with lower initial Dy, especially within average vertical stress range
between 18.75 kPa and 4800 kPa for YE-treated specimens, and between 150 kPa and 4800
kPa for NB-treated specimens. This was consistent with the results reported by Yamamuro
and Lade (1997).

4.3.4 Recompression index

The recompression index C; in this study was determined from the graphs representing
the variation of modified void ratio ey as a function of the vertical stress plotted in the
semi-logarithmic scale during unloading period, which were not shown in this paper. The
last three points were used for the calculation. Fig. 4-5 shows the effects of cementation
content and initial Dy on the variation of C, for all specimens. It is apparent that higher
initial Dy resulted in larger C;. Additionally, it was evident that the C, decreased with
increasing cementation content, which was consistent with the observation by Lee et al.
(2013) on silty residual soil. In their study, the C, declined linearly with the amount of

precipitated calcium carbonate.
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Fig. 4-3 The compression curves of the bio-cemented sand treated by YE enrichment

medium: (a), (b) in linear scale; (c), (d) in semi-logarithmic scale.
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Fig. 4-4 The variations of coefficient of compressibility with cementation content at

different average vertical stress: (a) specimens treated by YE with low initial Dy; (b)
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specimens treated by YE with high initial Dr; (c) specimens treated by NB with low
initial Dr; (d) specimens treated by NB with high initial D.
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Fig. 4-5 Effects of cementation content and initial Dy on the variation of recompression

index.

4.3.5 Interparticle bonding breakage

Fig. 4-6 shows the PSDs of the bio-cemented specimens and the original sand before
and after the one-dimensional compression test. Based on the sieve analysis results, a
conceptual representation of how PSDs are affected by bio-cementation is depicted in Fig.
4-7. It can be seen that the intersection point divides the PSDs of bio-cemented sand into
two portions. At the intersection point, the same percent of sands pass through the
corresponding particle size for both bio-cemented and clean sand. On the right-side portion
(i.e., coarse portion), the downward shift of PSDs means that larger size lumps are
generated. On the left-side portion (i.e., fine portion), the upward shift of PSDs indicates
the increased percentage of the finer particles. It should be noted that the interference of
sand particle breakage could be excluded in terms of the above-mentioned shifts of PSDs,
as it could be confirmed that no noticeable sand particle breakage occurred at the level

stresses encountered in the current study (Fig. 4-8). Thus, the extent of interparticle
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bonding breakage was quantified using the Relative Breakage (Br) which was proposed by
Hardin (1985) and defined by Eq (4-3):

B =—t = Seoc (4-3)
B S asoc

where By is the total breakage; By, is the breakage potential; Sroc and Sasoc are the patterned
and pink areas in Fig. 4-7.
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Fig. 4-6 The post-compression PSDs of the original clean sand and the bio-cemented
sand: (a), (b) specimens treated by YE with low and high initial Dy; (c), (d) specimens
treated by NB with low and high initial D.
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Fig. 4-7 The conceptual PSDs of bio-cemented sand after compression.

100 7} A ‘Al
;

80 /
<)
S 60
—
[
C ﬁ
T 40

20

—{J Original (no compression)
A Uncemented (L, after loading)
0 A‘"’ —A— Uncemented (H, after loading)] |

0.01 0.1 1 10 100
Particle size (mm)

Fig. 4-8 The comparison of pre-compression and post-compression PSDs of untreated

calcareous sand.

Meanwhile, the increased coarse portion of bio-cemented sand compared with that of
uncemented sand after compression was likely attributed to the agglomeration effect of the
remaining unbroken interparticle bonding. Due to the unbroken interparticle bonds, some
larger cemented lumps were generated after compression. To quantify how coarse portion

of bio-cemented sand PSDs was affected by the cementation content after compression, an

134



analogical concept of Relative Agglomeration (Ar) was proposed in the current study,

which is defined as:

_i_SOCHO -
A_Ap_— (4-4)

SOCDE

where At is the total agglomeration; Ay is the potential of agglomeration for the whole sand
specimen; Socro and Socpe are the patterned and yellow areas illustrated in Fig. 4-7. The

total agglomeration (A) is defined as:
1
A :Soco = _[y (apo —ay )df (4-5)

where, df is a differential of “finer (%)”; ap IS the pre-compression potential for
agglomeration, apf is the post-compression potential for agglomeration. The potential of
agglomeration (ap) for a given size fraction (D) is defined as:

a,=log,, [—D° mm }(for D <12.5mm) (4-6)
D inmm
a,=0 (for D >12.5mm) (4-7)

where, D¢ =12.5 mm is the maximum sieve opening size used in the current study. The

potential of agglomeration (Ap) for the whole sand specimen can be expressed as:
1
A, =Socos = jy a,df (4-8)

Where, y is the “finer (%)” of the intercept point between PSDs of original sand and PSDs
of bio-cemented specimen.
The calculated Br and Ar are shown in Fig. 4-9. Clearly, they were both significantly

influenced by initial Dr and cementation content. On the one hand, at a similar cementation
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content, the specimens with higher initial Dy had smaller B ranging from 0.3% to 3.4%,
while larger By ranging from 1.7% to 6.25% was observed in the specimens with lower
initial Dy. This observation implied that the dense packing reduced the distance between
particles, and stronger interparticle bonds could be formed. In addition, it could be found
that Br gradually decreased with the increase of cementation content for a given initial Dy,
suggesting that elevated cementation content could also induce more interparticle bonds.
On the other hand, in contrast to By, the higher initial D; and more cementation content
resulted in a larger Ar. The larger A indicated that more interparticle bonds remained
effective. These phenomena suggested that the interparticle bonding breakage during
compression could be effectively reduced by increasing the initial Dy and the cementation
content. It should also be noted that Br and Ar values in this study did not show significant

difference between the specimens treated by YE and NB enrichment media.

4.3.6 Microscopic observations

To further explain the features of the fine and coarse portion in the PSDs of bio-
cemented sand, the images of post-compression samples passing through the 0.075mm
sieve and retained on the 12.5 mm sieve were shown in Fig. 4-10 and Fig. 4-11,
respectively.

Firstly, the fine portion of the post-compression microscopic images of uncemented
and bio-cemented sand (taking 0.5_10 YE(L) as an example) are presented in Fig. 4-10.
In the case of uncemented sand, individual small sand particles could be seen clearly
without interparticle bonding. In contrast, in the case of bio-cemented sand (Fig. 4-10 (b)),
the sand particles were covered by large amounts of white powders, which were
presumably regarded as loose fine calcium carbonate crystals from the breakage of
interparticle bonding. This observation was in agreement with the PSD results that the
percentage of fine portion (D < 0.075 mm) increased in bio-cemented sand after the

completion of the one-dimensional compression test.
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Fig. 4-9 The relationship between cementation content and (a) relative breakage; (b)

relative agglomeration.

Secondly, the representative micro-features of the lump with dimensions of 2 cm X2
cm (maximum length X maximum width) collected from the specimen of 0.5 10 YE(L)
are shown in Fig. 4-11. The sample shown in Fig. 4-11 (c) was the same as that in Fig. 4-
11 (a), but carefully washed by deionized water to remove the loose debris around the lump.
Fig. 4-11(b) and (d) are the magnified images (2.7 X) of Fig. 4-11 (a) and (c), respectively.
It could be found from Fig. 4-11 (a) and (b) that the entire lump was covered by many tiny
loose white crystals on the surface of sand particles. These crystals possibly came from the
breakage and abrasion of interparticle cementation bonding. Then in Fig. 4-11 (c) and (d),
in which the lump was carefully washed by the deionized water, the cemented sand particle
aggregates could be observed. In summary, the microstructural observation results could
reveal that most interparticle bonds of bio-cemented sand were broken at the stress level
encountered in the current study. However, there were still some unbroken interparticle

bonds remaining within the cemented sand aggregates.
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Fig. 4-10 The post-compression microscopic images of (a) uncemented sand and (b) bio-
cemented sand (take 0.5_10_YE(L) as an example).
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Fig. 4-11 The micro-features of a representative lump collected from the specimen of
0.5 10 _YE(L) after compression test: (a) filled with cementation debris; (b) the

magnified image of (a); (c) filled without cementation debris; (d) the magnified image of

(©).
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4.4 Discussion

4.4.1 Conceptual framework for the compressibility behavior of bio-cemented calcareous

sand

To facilitate a better understand the compressibility behavior of bio-cemented
calcareous sand, a conceptual framework showing the external factors, interparticle contact
mode, and damage mode was proposed in the current study as shown in Fig. 4-12. This
framework was inspired by numerous previous studies on the compressibility of sand with
fines. For instance, Yamamuro and Lade (1997) and Yamamuro and Wood (2004)
presented a series of possible grain contacts (i.e., large particle-large particle, large particle-
small particle-large particle, large particle-small particle-void) when silty sand was
deposited among larger sand particles, which could have effect on the compressibility of
silty sand. Analogous to the influence of silt grains in their studies, bio-cementation is
present among large calcareous sand particles to form different contact modes and can be
easily damaged during compression through different modes. Therefore, the evolution of
bio-cementation during compression and the interactions between bio-cementation and its
neighboring calcareous sand particles are critical to the compressibility behavior of bio-

cemented sand.
>
densi content not in this stud
Contact
G-G G-C-G G-C
mode
Damage . q B
Debonding Abrasion Detaching
mode

Fig. 4-12 A conceptual framework for understanding compressibility behavior of bio-

cemented sand (note: G-grain; C-cementation).
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The core of this conceptual framework is the three interparticle contact modes: G-G
(grain to grain), G-C-G (grain to cementation to grain), and G-C (grain to cementation), as
demonstrated in Fig. 4-13(a). G-G contact is normally considered as a frictional and
unstable contact in uncemented sand, and grain rearrangement may occur during
compression or shearing. However, in bio-cemented sand, the presence of bio-cementation
significantly reduces the G-G contacts (frictional contacts), and consequently the
proportions of other contact modes related to bio-cementation (G-C and G-C-G) increase
accordingly (Dadda et al., 2019). Since the existence of bio-cementation restricts the
movement of sand particles, the unstable G-G contact in bio-cemented sand became less
compared with the uncemented sand. Secondly, G-C-G contacts are the unique to bio-
cemented sand. Bio-cementation, as a bridge, connects two adjacent sand particles and
forms a force chain. The force transfer through G-C-G contacts is largely dependent on the
abundance and strength of interparticle bonding, which can be seen as a stable contact.
Thirdly, G-C is the weakest contacts in the bio-cemented sand. Large amounts of calcium
carbonate deposit on the surface of sand particles, which do not contact with other sand
particles. The attached calcium carbonate can be easily detached during the rearrangement
of sand particles. Finally, it worth mentioning that these three contact modes co-exist in a
typical bio-cemented sand.

Debonding, detachment, and abrasion as shown in Fig. 4-13(b) are the three proposed
damage modes for bio-cemented calcareous under compression. Debonding refers to the
breakage of the interparticle bonds under normal compressive stress; detachment refers to
the separation of attached or coated bio-cementation from sand particle surfaces; Abrasion
refers to the bio-cementation is ground into several much smaller pieces under tangential
shear stress. The three damage modes discussed here derive from either pure compression
under normal stress or shearing under tangential stress.

The damage modes associated with the three contact modes (i.e., G-G, G-C-G, and G-
C) are different during the compression test. The G-G contact, as a pure frictional contact
mode in clean sand, is reduced substantially in the bio-cemented sand. Even if all
interparticle bonds of bio-cementation are destroyed during compression, the damage to
individual calcareous sand particles is still negligible at the stress levels set in the current

study. Consequently, none of the three damage modes are associated with the G-G contact.
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However, sliding and particle rearrangement can still occur for the G-G contact, as those
in the case of uncemented sand. For the G-C-G contact, firstly debonding evolves with the
increasing vertical stress, which is the main contributor for overall volumetric deformation.
Then, with debonding and detachment damage progresses, abrasion becomes more and
more predominant as particle rearrangement and relocation dominate at this stage. During
particle rearrangement and relocation, the interparticle friction forces abrade the bio-
cementation progressively and thus lead to further overall volumetric compression. Finally
for the G-C contact, the calcium carbonate deposited on the surface can be easily detached
from its parent particle because of the particle rearrangement. The increased finer particles
observed in Fig. 4-7 are assumed to be the results of the combining effects of these damage
modes. The detached fine calcium carbonate crystal particles simply reside or fill in the
voids between larger grains and their primary role is to increase the density of specimen.
With the proposed conceptual framework of contact and damage modes, the macro-
scale irreversible volumetric deformation of bio-cemented sand could be associated with
these contact and damage modes. In the following paragraphs, the effect of external factors
(i.e., initial Dy, cementation content, and vertical stress) on the compressibility behavior of
bio-cemented calcareous sand will be interpreted based on the conceptual framework.
Initial Dr: At a given cementation level and vertical stress, the effect of initial D, on
the compressibility of bio-cemented sand is primarily attributed to the following three
mechanisms: (1) Similar to the uncemented sand, increasing initial D, can reduce the
compressibility of bio-cemented sand by densification (i.e., sliding, rotation, etc.). (2) By
increasing the initial Dy (i.e., reducing the interparticle distance), sand particles can be more
readily bridged by bio-cementation. The interparticle bio-cementation is favorable to
prevent the occurrence of particle rearrangement due to the bonding effect by forming the
effective G-C-G contacts. (3) The amounts of G-G contact can be increased by elevating
the initial Dy, which is a stable contact if particle rearrangement can be effectively
constrained by G-C-G contacts around the G-G contact points. In this way, more G-G
contacts could withstand the applied compressive force, thus reducing the crushing of
interparticle cementation. This explains why the PSDs shift upward on the left-side portion
(i.e., fine portion) in Fig. 4-7 and smaller B values (Fig. 4-9(a)) are obtained in the

specimen with higher initial Dr. With the combined role of the three above mentioned
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mechanisms, the compressibility can be improved significantly in the specimens with
higher initial Dy specimens, resulting in a 20%-70% smaller ay value as observed in Fig. 4-
4,

Cementation Content: at a given initial Dy and vertical stress, the effect of the
cementation content on the compressibility of bio-cemented sand is due to the following
two mechanisms: (1) The higher cementation content, the more effective interparticle
bonds (i.e., G-C-G contacts) and the stronger interparticle bonding strength can be formed
within the soil matrix. Consequently, a decreasing B is observed with the increasing
cementation content (as shown in Fig. 4-9(a)). Also, it should be noted that more
interparticle bonds will not be broken with the increasing cementation content when the
vertical load reaches up to 6.4MPa in the current study, which explains the increase of Ar
with the elevated cementation content (as shown in Fig. 4-9(b)). (2) The increasing
cementation content can elevate the density of bio-cemented sand by filling pores to form
more G-C and G-C-G contacts, and the space available for particle rearrangement is limited,

which can make severe abrasion and result in the increase of much smaller fine particles.

Contact mode

G - Grain of sand
C — Calcite

Before compression

After compression

Debonding

Abrasion

Detachmént G

() (b)
Fig. 4-13 The explanation of conceptual framework: (a) the contact modes before

compression; (b) the damage modes after compression.

4.5 Implications for engineering practice
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This study investigated the compressibility behavior of bio-cemented calcareous sand
treated through bio-stimulated MICP. The results are likely to benefit the design and
construction of structures on problematic calcareous sand by providing a technically sound
and new soil stabilization method.

Many studies including the current one has clearly shown that bio-cementation can
improve the compressibility of granular soils. The observations from the current study
provide some implications for the application of bio-stimulated MICP in the field. The bio-
cemented sand in the field may not experience an extremely high vertical stress to break
all interparticle cementation bonds and even the sand particles. To ensure the bearing
capacity of bio-cemented sand, such high stress that may cause the bio-cementation to lose
the efficacy in resisting compressibility should be prevented. Therefore, prior to the field
implementation of bio-cementation, it is crucial to accurately estimate the potential

maximum vertical stresses that the bio-cemented calcareous sand may experience.

4.6 Conclusion

In this study, a series of one-dimension compression tests were conducted to investigate
the compressive behaviors of bio-cemented calcareous sand treated using the bio-
stimulated MICP approach. The main conclusions are drawn as follows:

(1) The ay value was found to decrease with the increasing cementation content.
Contrarily, the specimens with higher initial D, had smaller (approximately 20%-70%) ay
values than their counterparts with lower initial Dr. In terms of C; value, higher initial Dy
resulted in a larger Cy, and C, decreased with the increasing cementation content.

(2) Based on the analysis of PSDs curves after compression, the specimen with higher
initial Dy and more CC resulted in a smaller By and a larger Ar. More fines were generated
in bio-cemented specimens with higher cementation content and lower initial Dy. The
increased fines mainly came from the debris of calcium carbonate, which is revealed by
microscopic images. Additionally, some larger lumps appeared as the result of residual
agglomeration effect of some undamaged cementations.

(3) A conceptual framework based on the interparticle contact modes (i.e., G-G; G-C-
G; G-C) and their corresponding damage modes (i.e., detachment; debonding; abrasion)
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during the compression tests was proposed. Compared with G-G and G-C modes, the G-
C-G was the strongest contact mode for the bio-cemented sand. During compression,
debonding and detachment firstly occurred in the G-C-G and G-C contacts mode,
respectively. Abrasion damage mode then became predominant as debonding and

detachment progressed during particle rearrangement and relocation.
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CHAPTER 5. The Shearing Behaviors of Biochar-amended Bio-
cemented Calcareous Sand Treated by Bio-stimulation

5.1 Introduction

As mentioned in the previous chapters, existing studies have shown a notable potential
of MICP in improving the soil’s mechanical performances. Obtaining as much urease
activity within soils as possible is highly necessary to reduce the cost of in-situ application
of MICP (Cheng and Cord-Ruwisch, 2012). It was found that the treatment method has
great impact on the preservation of urease activity is soil. For example, the commonly used
bacterial fixation and distribution method used by Harkes et al. (2010) can result in about
15% loss and 70% loss for submersed and percolation treatment method (Cheng and Cord-
Ruwisch, 2012). The loss of urease activity in soils may restrict the increase of bio-
cementation content and soil strength. Therefore, it is necessary for researchers to find a
way to preserve the enriched urease within soils as much as possible, to further increase
the bio-cementation content.

Biochar is a stable solid residue produced through the pyrolysis of leaves, branches,
wood chip or other agricultural wastes under anoxic condition. It is normally rich in carbon
and can endure in soil for thousands of years. It is evident that biochar has several positive
effects on enhancing soil physical and chemical properties (Verheijen et al. 2010). Firstly,
the presence of biochar in soil can increase the overall net surface area of soil particles
(Chanetal., 2008), and the porous structure makes biochar effective at retaining both water
and water-soluble nutrients (Verheijen et al., 2010; Downie et al., 2012). Secondly, biochar
possesses high cation exchange capacity that cations from the aqueous phase can be
adsorbed onto the surface by ionic interactions (Downie et al. 2012). Based on these
physical and chemical characteristics, efforts have been made to use biochar as an
amendment in heavy metals (including Cd, Pb, As and Zn) fixation for contaminated soils
(Puga, 2015; Houben et al., 2013; Yu et al., 2017; Tan et al., 2020). Thirdly, biochar could
also contribute to the strength improvement and hydration reaction enhancement of
cementitious materials (Han et al., 2020; Berti et al., 2021; Gupta et al., 2018; Wang et al.,
2020). Fourthly, according to Kolb et al. (2009), biochar can also improve the soil-microbe

interactions. That is to say, the micropores within biochar become refugia for

148



microorganisms, which is likely to be one of the mechanisms for the increase of microbial
biomass in soil. Based on these superior functions of biochar, it is rational to assume that
the bio-stimulated MICP approach, a process that highly relies on the microbial activities
in soil, could be enhanced by amending biochar.

In this chapter, the shear behavior of biochar-amended bio-cemented calcareous sand
treated via bio-stimulation was investigated through a series of direct shear test. The
samples underwent enrichment phase and cementation phase to enrich ureolytic bacteria
and form bio-cementation. Upon the completion of bio-stimulated MICP treatment, direct
shear test was performed to obtain the shear behaviors and shear parameters including peak
stress ratio, friction angle and cohesion. Meanwhile, the specimens were subjected to
cementation content measurement and microscopic observations to reveal the

fundamentals of the enhancement effect of biochar on bio-cemented calcareous sand.

5.2 Materials and Methods
5.2.1 Calcareous Sand

The calcareous sand used in this study was collected from the Waikiki Beach, Oahu
Island, Hawaii, USA. The sand on the beach surface (up to 5 cm depth) was sampled to
ensure the presence of sufficient aerobic microbes. The particle size distribution of the
sampled calcareous sand is shown in Fig. 3-1. After taking to the laboratory, the sand was
firstly sieved through US No.10 sieve (2 mm opening size) to remove oversized grains.
Small twigs, grass and microplastic particles were also removed from the collected samples.
Other basic physical and index properties of the calcareous sand are listed in Table 3-1.

5.2.2 Biochar

The biochar used in this study was produced by Pacific Biochar (Santa Rosa, CA)
purely from softwood forestry residues, which had a bulk density of 155.8 kg/m3. The
Butane activity was 7%, and the cation exchange capacity was 21.5 meqg/100g. The

chemical contents in biochar are shown in Table 5-1. Before mixed with soil, the air-dried
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biochar was sieved through US No0.325 sieve to remove grains larger than 0.045 mm. This

was to achieve a uniform distribution within soil matrix.

Table 5-1 The biochar chemical content in mass.

Ingredient Content (%)
N 0.7
P20s 0.8
K20 3.3
Ca 4.5
Mg 0.5
C 90.2

5.2.3 Enrichment and Cementation Solutions

The enrichment medium containing 20 g/L yeast extract (YE) and 10.21 g/L urea was
used in this study, which had been proved to be effective in enriching the indigenous
ureolytic bacteria (Wang et al., 2018; 2020b). In it, YE was one of the organic complex
nutrients containing sufficient proteins, amino acids and growth factors for bacteria. Urea
served as a selective substrate which favored the growth of ureolytic bacteria in soil. The
cementation solution consisted of equal mole concentration (0.5 M) of urea and CaCl; plus
0.2 g/L YE. The additional 0.2 g/L YE was to supply further nutrients to maintain the

bacterial viability during the cementation phase.

5.2.4 Procedures for MICP Treatment through Bio-stimulation

Samples were prepared using brass rings with height of 2.54 cm and inner diameter of
6.35 cm. The fresh calcareous sand was firstly mixed uniformly with the air-dried biochar
powder, which was followed by the introduction of 0.5 PVs (pore volumes) enrichment
medium. Then, the moist sand-biochar mixture was compacted in three layers in a brass
ring to achieve two different initial relative densities (Dr = 16.2% and 54.6%) using the
moist temping method. After that, all specimens were left for 48 hours for stimulating the
growth of indigenous ureolytic bacteria at 20°C. It should be noted that the sand was only
mixed with enrichment solution once during the process of sample preparation. Upon the

completion of the enrichment phase, the cementation solution was flushed through

150



specimens by surface percolation once per day for consecutive 5 or 10 days to achieve
varying cementation content level. The flushing rate was kept at 2 mL/min to avoid too
much disturbance on soil structure. The volume of flushed cementation solution each time
was 1.5 PVs of the sand specimen. After the completion of the cementation phase, all
specimens were flushed with 3PVs deionized water for 5 times to remove residual
dissolved salts and then oven-dried (under 105 °C) for 24 hours. The dried bio-cemented
specimens with various biochar contents (i.e., 0%, 0.1%, 0.3% and 0.5%) were exhibited
in Fig. 5-1.

Fig. 5-1 The top views of bio-cemented calcareous sand amended with 0%, 0.1%, 0.3%,

and 0.5% biochar content.

5.2.5 Direct Shear Test

The direct shear tests were performed using the Geocomp® Shear Trac-11-DSS system,
and at five normal stress levels, i.e., 50, 100, 200, 400, 600 kPa, respectively. The shear
rate was kept constant at 1. mm/min. For comparison, the corresponding specimens without
biochar and treated under the same situation were also tested. All cases tested in this study
are listed in Table 5-2.

5.2.6 Determination of Cementation Content

The cementation content (CC) was determined by measuring the mass change before

and after bio-stimulated MICP treatment. It could be expressed as:
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M, - My -

Cementation content (CC) = Me +100% (5-1)

mbt
Where, my is the dry mass of specimen prior to MICP treatment; ma is the dry mass of

specimen after MICP treatment; mg is the dry mass of added biochar.

Table 5-2 Experimental program of the direct shear test.

Initial relative

Specimen density Biochar content ° Flushes during Normal
(XY 2)? (%) (% in W/W) cementation phase  stress (kPa)
0%_5 L 16.2 5

0%_5 H 54.6 0

0%_10_L 16.2 10

0%_10 H 54.6

0.1% 5 L 16.2 5

0.1% 5 H 54.6 01

0.1%_10_L 16.2 ' 10

0.1% 10 H 54.6 50, 100, 200,
0.3%_5 L 16.2 5 400, 600
0.3%_5_H 54.6 0.3

0.3%_10_L 16.2 ' 10

0.3%_10 H 54.6

0.5% 5 L 16.2 5

0.5%_5 H 54.6 05

0.5%_10_L 16.2 ' 10

0.5% 10 L 54.6

2The designation “X_Y_Z” represents the bio-cemented specimens treated with “Y” days of flushing
with “X” biochar content. The “Z” represents the initial relative density level (“L” representing low
(16.2%) and “H” representing high (54.6%))

® The biochar content equals to the weight ratio of dry biochar to dry sand.

5.2.7 Microstructural Images

The microstructural images of bio-cemented specimens were characterized through
optical microscopy using a Nikon SMZ1500 stereo microscope. The zoom ratio of 15to 1
provided the SMZ1500 with a range of total magnifications from 3.75x up to 540x,

depending on the oculars and objectives selected.

5.3 Results
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5.3.1 Cementation Content

The CC of all specimens were shown in Fig. 5-2. Generally, the addition of biochar
could yield significant increase in CC compared with the specimens without biochar. In
addition, the CC increased with the elevated amount of biochar for the specimen prepared
and treated under the same conditions. More specifically, for the “5_L” specimens (5 — 5-
day treatment, L — low initial Dr) containing 0.1%, 0.3%, and 0.5% biochar, the CC had
2.5%, 2.6%, and 4% increase compared with those without biochar, respectively. Similarly,
2.1%, 2.4%, and 4.2% increase were observed in the “S_H” specimens (5 — 5-day treatment,
H — high initial Dy), 1.6%, 1.65%, and 1.7% increase occurred in the “10_L” specimens
(10 — 10-day treatment, L — low initial D), and 2.1%, 2.6%, and 2.85% increase were found
in the “10_H” specimens (10 — 10-day treatment, H- high initial Dy). It could also be found
that CC increased with the duration of cementation solution treatment when the initial Dy
was the same, which was in an agreement with many other previous studies (Cui et al. 2017;
Nafisi et al. 2020; Feng and Montoya 2016). Moreover, it seemed that lower D, could
resulted in a higher CC when the other conditions were the same, which was also observed
by other researchers (Tsukamoto and Oda 2013; Rowshanbakht et al. 2016). This was
likely, on one hand, due to the decreasing pore volumes for the nucleation sites of
cementation in higher initial Dy, and on the other hand, the decreasing amounts of microbes

and nutrients that could be absorbed in the higher initial D, samples.

5.3.2 Shear Behavior from the Direct Shear Test

Fig. 5-3 showed the representative stress v.s. horizontal displacement curves of the
specimens with high initial Dr and high CC (i.e., “10_H” case) and the ones with low initial
Dr and low CC (i.e., “5 L” case) under various normal stresses. For the high initial D, and
high CC specimens, it could be observed that the shear stress gradually increased with
horizontal displacement and reached the peak shear stress, after which it decreased to a
relatively constant value with respect to horizontal displacement. In other words, the
specimens showed an evident post-failure strain softening behavior. It could be also seen
that as the normal stress increased, the peak shear stress increased accordingly for both

“10_H” and “5_L” specimens. This was due to the fact that the elevated normal stress
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increased the interparticle contact areas and thus increased the frictional resistance, which
led to a higher peak shear stress. For the low initial Dr and low CC specimens, similar trend
and pattern could be observed under low normal stresses of 50, 100, 200 and 400 kPa.
However, the shear stress—horizontal displacement curve showed strain hardening at high
normal stress of 600 kPa, and the residual or critical shear stress could not be achieved due
to the limit of shear displacement that could be reached.
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Fig. 5-2 The cementation content of bio-stimulated MICP treated sand for each condition.
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Fig. 5-3 Shear stress v.s. horizontal displacement curves for specimen (a) 0.5%_10 H;
and (b) 0.5% 5 L.
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Fig. 5-4 illustrated the typical shear displacement v.s. vertical displacement curves of
specimens with high initial Dy and high CC (i.e., 10_H case) and the ones with low initial
Dr and low CC (i.e., 5_L case). For the high initial D, and high CC specimens, it is clear
that the development of vertical displacement had two stages. Within a relatively small
horizontal displacement (i.e., less than 1 mm), the specimens underwent a very slight
vertical contraction stage. This was possibly due to the breakage of some weak interparticle
cementation at the beginning, which was also observed by van Paassen et al. (2012) and
Pakbaz et al. (2018). At the second stage, as the loading progressed, the specimen exhibited
expansion due to dilatancy, and lower normal stress yielded greater expansion. The
dilatancy could be attributed to the interlocking effect and particle rearrangement. For the
low initial Dy and low CC specimens under low normal stresses (i.e., 50, 100, and 200 kPa),
a similar evolution trend of vertical deformation including the above mentioned two stages
was observed. In contrast to the high initial Dy and high CC specimens, however, with the
increase of normal stress up to 400 and 600 kPa, the dilative trend was significantly
suppressed by higher normal stress. This indicated a decreasing dilatancy, which was
associated with the global breakage of interparticle cementation and the restriction of

particle rearrangement.
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Fig. 5-4 Vertical displacement v.s. horizontal displacement curves for specimen (a)
0.5%_10 H;and (b) 0.5 5 L.
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5.3.3 Peak Stress Ratio

Stress ratio is the ratio between shear stress and the normal stress under the direct shear
condition (Shibuya 1997), indicting the failure of samples. It has been widely used in
previous studies to describe sand shear strength obtained from direct shear tests (Van
Paassen et al. 2012; Dai et al. 2016; Jewell and Wroth 1987). Fig. 5-5 exhibited the
normalized peak stress ratio (#p/70), which was determined by the ratio between the peak
stress of specimens with biochar amendment and that of their counterparts without biochar

amendment. The “#p/no>1" indicated an enhancement of shear strength compared with the

specimen without biochar amendment, while the “#p/770<1” meant a reduction.

—_
<)
~

't/ i opea ssoys ead paziEULION

2.0

1.5

't/ I oy ssa1)s Yead PITIEULION

5-day treat
| Low initial D,

=0

PR

2

% 200
% A00
“\oc\\'&‘ <
]

. _F~#~A T | 10-day treqkm

ment }1 /

|
[
l \
[
|
N

Low initial D_ f

‘Shear strength |

improvement_

éhelr stre/glh

redl‘lc(itrl

(a@)

N
»
n

“onE YPYSUDLS JBIYS PIZI[RWLIO

w »
n =
\ \

1.0

— "'7_7_;__;;y7t;eg‘tment
' High initial D,

{ ] /
“Shear strength ll
im;;rovemem ‘I

(10-day treatment
7 High initial D, I

Shear strength
f ~ improyement

156



Fig. 5-5 The comparison of normalized peak stress ratio (yp/770) in the specimens with (a)
low initial Dy after 5-day cementation; (b) high initial D, after 5-day cementation; (c) low

initial Dy after 10-day cementation; (d) high initial Dy after 5-day cementation.

It could be seen that the specimens prepared under high initial Dy in general showed
the greatest #p/no regardless of the duration of cementation phase (Fig. 5-5(b), (d)). In
particular for the specimens subjected to 5-day treatment (Fig. 5-5(b)), when the biochar
content increased from 0.1% to 0.5%, the #p/no increased from 1.67 to 2.28, 1.37 to 1.93,
1.24 10 1.6, 1.23 t0 1.44, and 1.1 to 1.27 under the normal stress of 50 kPa, 100 kPa, 200
kPa, 400 kPa, and 600 kPa, respectively. On the other hand, for the specimens subjected to
10-day treatment (Fig. 5-5(d)), with the increase of biochar content from 0.1% to 0.5%, a
decreasing trend of #p/no was observed though the #p/50 values were all larger than 1,
indicating that shear strength was still enhanced. Then, for the specimens prepared under
low initial Dr, much smaller #p/n0 values were observed compared with those in the cases
of high initial D, specimens. More specifically, 24 out of 30 cases of low initial Dy
specimens had the #p/n0 values smaller than 1.0, indicating a reduction in shear strength. It
suggested that low initial Dy had an adverse effect on the shear strength of biochar-amended

bio-cemented sand.

5.3.4 Direct Shear Parameters

The typical failure envelopes based on the Mohr—Coulomb failure criterion were shown
in Fig. 5-6, which shows that shear stress increased approximately linearly with the
elevated normal stress. It was generally found that higher shear stress could be reached as
the CC and initial Dy increased. The direct shear parameters at peak state including
cohesion | and friction angle (¢) were obtained by performing linear regression and were
presented in Table 5-3. To further investigate the effect of biochar on the variations of ¢
and ¢, the evolutions of normalized cohesion (c/co) and normalized friction angle (¢/40)
representing the improvement (4/¢o>1) or reduction (¢/#o<1) of cohesion and friction angle
are illustrated in Fig. 5-7 and Fig. 5-8, respectively, where c, and ¢, were the cohesion and
friction angle of the corresponding bio-cemented specimens without biochar amendment.
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Fig. 5-6 The failure envelopes of biocemented sand amended with (a) 0.1% biochar; (b)
0.3% biochar; (c) 0.5% biochar.

As can be seen from Fig. 5-7, the specimens prepared under high initial Dy and
subjected to 10-day cementation solution treatment (i.e., 10_H) showed the greatest c/co
among all the cases, though with the increase of biochar content from 0.1% to 0.3% and
0.5%, the c/co value decreased slightly from 4.1 to 4.05 and 3.67, respectively. For the
specimens prepared under high initial Dr and subjected to 5-day cementation solution
treatment (i.e., 5_H), an obvious improvement of cohesion was also observed and with the
increase of biochar content from 0.1% to 0.3% and 0.5%, the c/co value increased from
1.78 to 2.20 and 2.86, respectively. On the other hand, for the specimens prepared under
low initial Dy and subjected to 10-day cementation solution treatment (i.e., 10_L), the c/co
values were merely 0.71, 1.61 and 1.44 in the specimens with 0.1%, 0.3% and 0.5% biochar
content, respectively. Meanwhile, the specimens prepared under low initial Dy and
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subjected to 5-day cementation solution treatment (i.e., 5_L) showed the smallest c/co. In
this worse case, although the increasing trend of c/co against increasing biochar content
could be observed, the cohesion improvement only occurred in the specimen with 0.5%
biochar content (c/co =1.76).

Table 5-3 The peak friction angle and cohesion obtained from Mohr-Coulomb

failure envelope.

Specimen Shear strength parameter
(X_Y_2)° ¢ (9 ¢ (kPa)
0% 5 L 28.7 114.9
0% 5 H 41.1 88.5
0% 10 L 33.8 183.6
0% 10 H 53.8 140.4
01% 5 L 32.2 130.2
0.1% 5 H 46.6 158.3
0.1% 10 L 34.3 75.6
0.1% 10 H 71.2 576.1
0.3% 5 L 27.4 95.1
0.3% 5 H 40.0 194.7
0.3% 10 L 32.7 295.2
0.3% 10 H 46.0 568.8
05% 5 L 21.9 202.3
05% 5 H 40.3 253.3
0.5% 10 L 28.5 263.6
0.5% 10 H 42.9 515.2

2The designation “X_Y_Z” represents the bio-cemented specimens treated with “Y” days of flushing
with “X” biochar content. The “Z” represents the initial relative density level (“L” representing low
(16.2%) and “H” representing high (54.6%))

Fig. 5-8 showed the normalized friction angle (4/¢0) as a function of the biochar content.
At first glance, for the specimens under a given initial D and duration of cementation
solution treatment, it was evident that ¢/¢o decreased with the increasing biochar content.
More specifically, the friction angle improvement (i.e., ¢/¢o >1) was only observed in the
specimens with 0.1% biochar content. As the biochar content increased to 0.3% and 0.5%,
a slight friction angle reduction was observed, and the ¢/¢o values were between 0.75 and
1. Furthermore, the initial Dy and the duration of cementation solution treatment seemed to

have an insignificant effect on ¢/¢o among the four cases (i.e.,5_L,5 H, 10_L, and 10_H).
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Fig. 5-8 The normalized friction angle against various biochar content.

5.3.5 Microscopic Characteristics

The representative microscopic images of the specimens prepared under high initial Dy
were displayed in Fig. 5-9. Fig. 5-9(a) represented the case of uncemented sand. In this
case, only the sand particles could be clearly seen in the image. Fig. 5-9 (b) represented
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the case of bio-cemented specimen without biochar. The obvious white interparticle
cementation was observed in this case serving as interparticle bonding that bridged the
adjacent sand particles together. Fig. 5-9(c) and (d) represented the bio-cemented
specimens with 0.1% and 0.5% biochar content, respectively. Compared with the bio-
cementation in the specimen without biochar, it was found that more bio-cementation could
be generated. In addition, the dark color in the specimens with 0.1% and 0.5% biochar was
observed, which was due to that the biochar was entombed within the bio-cementation. It
was obvious that the 5% biochar content created the most bio-cementation among the three
cases with the darkest color indicating more entombed biochar. Additionally, the
entombment of biochar was a common phenomenon in the biochar-amended bio-cemented
sand, although few independent biochar that was not involved in the process of MICP could
still be observed on the surface of sand particles.
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Fig. 5-9 Microscopic images of (a) uncemented sand; (b)bio-cemented sand without
biochar; (c)bio-cemented sand with 0.1% biochar content; and (d) bio-cemented sand

with 0.5% biochar content.

5.4 Discussion
5.4.1 Effect of Biochar on Bio-Cementation Level

Results from Fig. 5-2 show that more bio-cementation can be generated in biochar-
amended specimens than those without biochar. The underlying mechanisms are
presumably to be twofold:

The interaction between biochar and microorganisms: as can be seen from the
microscopic images (Fig. 5-9(c), (d)), entombment is common in the biochar-amended
specimens, indicating that biochar serves as extra nucleation sites for enriched the enriched
ureolytic bacteria. The highly porous nature of biochar grains provides a suitable habitat or
refuge for the enriched ureolytic microorganisms by protecting them from predation and
drying (Kolb et al., 2009; Downie et al., 2012).

Physicochemical properties of biochar: biochar normally has high cation exchange
capability (CEC) and possesses negative surface charges, meaning that cations from the
agueous phase can be adsorbed onto the biochar grain surfaces by ionic interactions
(Downie et al., 2012). As a result, the adsorbed cations can also participate in attracting
anions such as carbonate onto the surface of biochar and thus promote the generation of
bio-cementation.

Due to the above two mechanisms, it is reasonable to see that the CC increases with
the biochar content. Based on the abovementioned two mechanisms, a schematic structure

of interparticle bio-cementation is proposed and visualized more clearly in Fig. 5-10.

5.4.2 Effect of Biochar on the Shear Strength of Bio-Cemented Calcareous Sand

The shear strength of cemented sands (including bio-cemented ones) is normally
contributed by several components including interparticle friction, particle rearrangement,

particle crushing, interparticle bonding (i.e., cementation), and dilatancy (i.e., interlocking)
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(Mitchell and Soga, 2005). These contributing components are influenced by external
factors including cementation level, effective normal stress, particle size/shape, and density
(Cui et al., 2017; Nafisi et al., 2018, 2020).

e, Sand

a

Cementation with entombed biochar

Sand
Ureolytic bacteria ' biochar CaCOjcrystal

Fig. 5-10 Schematic diagram of biochar-amended biocemented sand.

Based on the experimental results in the current study, the introduction of biochar in
the bio-cementation process can affect the shear strength of bio-cemented sands by altering
the above-mentioned strength contributing components. Functionally, for one thing,
biochar serving as the extra nucleation sites for native ureolytic bacteria can increase CC
within specimens as shown in Fig. 5-2. The increase of CC can enhance the interparticle
bonding, which improves the shear strength, especially for the specimens prepared under
high initial Dr as shown in Fig. 5-6. This is mostly attributed to the much closer interparticle
distance which makes the formation of interparticle bonds much easier. Secondly, the
entombment of biochar within bio-cementation could become weak points, thus
diminishing the contribution of interparticle bonding to shear strength. Generally, as the
biochar content increases, more biochar will be entombed in the interparticle bio-
cementation and impairs the shear strength. The underlying mechanism is illustrated more
clearly in Fig. 5-11. Specifically, the diminishing effect is the most significant in the case
of “10_L” and “10_H”. For instance, in the case of “10_L”, the 7, and ¢ cannot be further

improved when the biochar content increases from 0.3% to 0.5%. Also, for the “10 H”
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case, a continuously decline trend of #p and c is observed with the increasing biochar
content as shown in Fig. 5-5 and 5-7. However, it should be mentioned that the diminishing
effect is not found in the specimen with 5-day treatment, which can be attributed to the less
generated bio-cementation. Thirdly, the un-entombed tiny biochar powders that are
distributed randomly on the surface of sand particles (Fig. 5-9(d)) may change the
interparticle friction properties. Due to the porous properties of calcareous sand, the
biochar powders may fill in the voids and reduce the surface roughness. For example, as
shown in Fig. 5-8, for the specimens with a given initial Dy and duration of cementation
solution treatment, a decreasing ¢/¢o against increasing biochar content is observed, which
indicates that the introduction of biochar may reduce the interparticle friction.

It should be noted that the effect of biochar on the strength contributing component
such as particle crushing is not included in the current study due to the lack of sufficient

data.
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Fig. 5-11 The conceptual illustrations during shearing for specimens with (a) high
biochar content; and (b) low biochar content.

5.4.3 Biochar vs. Other Additives

Apart from biochar, other soil amendments have also been considered as additives to

enhance the shear strength of bio-cemented sand. These additives include, but not limited
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to, homopolymer polypropylene multifilament fibers, jute fibers, glass fibers, polyester
fibers, wool fibers, PVA fibers, and hemp fibers (Li et al., 2016; Imran et al., 2020; Zhao
et al., 2021; Fang et al., 2020; Choi et al., 2016; Yao et al., 2021). These soil amendments
could promote bacteria fixation and provide extra nucleation sites for the interparticle
biogenetic cementation. The enhancement mechanism of biochar in bio-cemented sand is
very similar to these alternative additives in further increasing CC and various strength
parameters such as peak shear stress, cohesion, and friction angle (Liu et al., 2021; Li et
al., 2016). Moreover, the durability of soil amendments is essential for in-situ application
regarding the efficacy and low cost. According to the microscopic observation, it is
reasonable to believe that biochar powders used in the current study, unlike other organic
soil amendments, are not readily worn or damaged under loading due to the entombment
effect. During the formation of bio-cementation, the biochar can be protected inside the
bio-cementation carefully, and the variation of surrounding environment may have little
effect on the stability of biochar. Finally, compared with the industrial synthetic fiber,
biochar is a recycled product which is obtained from heated biomass, such as wood, manure
or leaves. The resource base for biochar production is diverse which can exist in urban,

industrial and rural areas (Lehmann and Joseph, 2015).

5.5 Conclusions

The direct shear tests of biochar-amended bio-cemented calcareous sand treated by bio-
stimulation were conducted in this study. The following conclusions are drawn based on
the findings from the experiment.

(1) The addition of biochar powders could effectively increase the cementation content
of bio-cemented sand treated by bio-stimulation method. Assuming the other conditions
were the same, the CC increased with the elevated amount of biochar. The addition of
biochar yielded a 31%-81% increase in CC compared with the specimens without biochar.
The specimens with lower initial Dy had slightly higher CC than that with higher initial D.

(2) The bio-cemented sand with biochar amendment showed a much more significant
increase of peak stress ratio (p/70>1) in the specimens prepared under higher initial Dy
than those under lower initial Dy. The primary strength improvement came from the
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increase of cohesion, and the significant cohesion improvement (c/co>1) was also observed
under higher initial Dy situation. The friction angle improvement (i.e., ¢/¢o >1) was only
observed in the specimens with 0.1% biochar content, indicating that the introduction of
biochar may reduce the interparticle friction.

(3) Based on the observation of microscopic images, biochar was able to alter the
structure of interparticle cementation to influence the shear strength indirectly. It was found
that the entombment of biochar within the cementation was a common phenomenon,
making the bio-cementation a dark color. Some independent biochar which was not
involved in the process of MICP could be observed on the surface of sand particles.

(4) According to the responses of shear strength parameters, the effects of biochar in
the shear strength of bio-cemented sands are three folds. Firstly, biochar used as the extra
nucleation sites for native ureolytic bacteria, could increase CC within specimens.
Secondly, too much biochar within bio-cementation may become weak points and thus
diminish the contribution of interparticle bonding to the shear strength. Thirdly, as biochar
content increases, more un-entombed tiny biochar powders that are distributed randomly

on the surface of sand particles can reduce the interparticle friction.
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CHAPTER 6. The Explorations of MICP in Rainfall-induced Erosion

Prevention
6.1 Introduction

Nowadays, the coastal erosion in tropical regions due to the heavy rainfall and frequent
storm attack is becoming more severe. While it is a popular practice to build hard structures
such as revetments and seawalls along the shoreline, it has been proven to be expensive
and not environmental-friendly. Bio-stimulated MICP in coastal areas to form cementation
that can bind loose sand grains is a promising approach to mitigate rainfall-induced erosion.
Compared with traditional mechanical coastal hard structures which may damage coastal
ecosystem, the bio-stimulation for MICP is a relatively eco-friendly method. Although
there has been some existing research in bio-stimulation of ureolytic bacteria, the
application in preventing coastal rainfall-induced erosion is still unexplored. In this chapter,
a meso-scale laboratory model was made to investigate the deformation on artificial sandy
slope treated by bio-stimulated MICP method. Also, it is the first time that the
photography-based SfM (Structure from Motion) method is applied to evaluate the rainfall-
induced erosion of bio-cemented soils, which is a good trial to explore a feasible

monitoring way for the full-scale application in field.

6.2 Materials and methods
6.2.1 Calcareous sand

The calcareous sand used was purchased from the Home Depot, which is a commercial
sand manufacturing by the company PRO-PAK®. Its particle size distribution curve was
shown in Fig. 6-1. The initial water content was 1%-2%. The calcium carbonate content of

coral sand was 99.5%.
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Fig. 6-1 The particle size distribution curve of the commercial Hawaiian coral sand.

6.2.2 Enrichment Media and Cementation Solution

Three nutrient types were used in this study, namely yeast extract (YE), malt extract
(ME), and nutrient broth (NB). Generally, YE and NB are protein-based while ME is
carbohydrate-based complex medium. These media were prepared by dissolving 20 g yeast
extract, malt extract or nutrient broth with 10 g urea in 1 L distilled water, respectively.

For cementation solution, the concentration of 500 mM urea and CaCl, were adopted.

6.2.3 Experimental Setup

To perform the rainfall-induced erosion test, an artificial sandy slope measuring 28.5
cm x 30 cm %20 cm (LXWV>H) with 35°slope angle was prepared in a rectangular box
with one side cut off. Firstly, the box was tilted at 35<and fixed firmly. The 12.5 kg sands
were then poured into the container by dry pluviation method to reach final relative density
of approximately 15%. The surface of slope was flattened after pouring. Then, the box was
carefully laid down to complete the preparation of the 35<sandy slope. The schematic
diagram of a representative prepared sandy slope is illustrated in Fig. 6-2. Upon the
completeness of sandy slope preparation, 900 mL enrichment media solution was sprayed
onto the slope surface evenly by spraying bottle and the sand slope was left for a 48-hour
enrichment stage as did in the sand column cases. After that, 900 mL cementation solution
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was sprayed and left for 24 hours for bio-cementation to form. The selected volume of 900
mL equaled to the pore volume of the 2-cm-thick sand from the slope surface. Finally, the

sandy slope was subjected to the simulated rainfall-induced erosion.

Container wall Misting nozzle

H=20 cm

Sandy slope 35 ¢

L=28.5cm
(a) (b)
Fig. 6-2 The schematic diagrams of prepared sandy slope: (a) side view; (b) overview of
the built sandy slope.

The rainfall was simulated using three misting nozzles with misting range of 50-100
cm placed over the sandy slope. The system was calibrated to produce a continuous rainfall
intensity as high as 80 mm/h. The simulated rainfall in total lasted for 1 hours.

To evaluate the erosion-resistance of uncemented and bio-cemented sandy slopes, a
photogrammetric approach based on the structure-from-motion (SfM) technique was
conducted. Firstly, a series of 2D images from various angles were captured by a high-
resolution digital camera (Sony a71I) prior and after the erosion test. The 3D models of
sandy slopes were then reconstructed using the software Pix4D, in which the point clouds
and digital elevation models (DEMs) were generated. Finally, DEMs were feed into the
software CloudCompare v2.12 to obtain the change in elevation of the slopes prior and
after rainfall erosion. It worth mentioning that the reconstructed model and DEMs were
carefully calibrated using several external check points to make sure the dimensions and

positions were correct.
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6.3 Results and Discussions

A representative reconstructed 3D model and change of elevation of the slopes prior to
and after rainfall erosion are presented in Fig. 6-3(a) and (b)~(e), respectively. In Fig. 6-
3(b)-(e), the blue color indicated soil erosion (i.e., negative elevation change), and the red
color soil accumulation (i.e., positive elevation change). Apparently, for the untreated
sandy slope, large areas showed significant erosion. In contrast, the sandy slopes after bio-

stimulated MICP treatment generally exhibited much milder erosion.

@ (®

Fig. 6-3 (a) The representative reconstructed 3D slope models after rainfall; and the
computed surface elevation change of (b) untreated slope; (c) ME-170 treated slope; (d)
NB-170 treated slope; (e) YE-170 treated slope.
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To quantify the change in elevation in different cases, a colored histogram of elevation
change distribution across the entire slope surface is shown in Fig. 6-4. The parameter R
(count percentage of cloud points), defined as the ratio of cloud point numbers at a given
elevation change to the total count of cloud points, was calculated to quantify the elevation
change distribution. As shown in Fig. 6-4, it was found that the elevation changed mostly
concentrated around -6.3 mm, -4.4 mm, -0.9 mm, and 0 mm for the untreated, ME-170,
NB-170, and YE-170 cases, respectively, suggesting that the case of YE-170 had the least
soil erosion, which was followed by NB-170 and ME-170. In addition, the apparent
accumulation was found in the case of YE-170, which mostly located at the toe part of the
slope.

The above results were consistent with the results obtained in the previous chapter.
Since the case of YE and NB had the higher ureolytic activity level than ME, it also

provided the stronger erosion-resistance to rainfall.
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Fig. 6-4 The elevation change distribution histogram (color current: blue—white—red)
of (a) untreated slope; (b) ME-170 treated slope; (c) NB-170 treated slope; (d) YE-170

treated slope.
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6.4 Conclusions

The results showed that bio-stimulated MICP could significantly reduce the erosion on
a sandy slope, especially in case treated by YE-based enrichment medium with 170 initial
urea concentration. Furthermore, it is the first time that the photography-based SfM
(Structure from Motion) method is applied to evaluate the rainfall-induced erosion of bio-
cemented soils, which is a good trial to explore a feasible monitoring way for the future
full-scale application in field.
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CHAPTER 7. Conclusions

In this dissertation, the applicatiton of bio-stimulated MICP method in calcareous sand
was investigated from the biochemical and mechnical aspects. Here are the summaries of

major findings throughout this dissertation and suggestions for further research.
7.1 Bio-stimulation under Solution Condition

In this research, A series of batch tests were developed to investigate the effects of the
enrichment medium type and initial urea concentration on the enrichment of native
ureolytic bacteria in calcareous beach sand under solution condition. The generic and
selective enrichment media were compared from the biochemical aspects. This study

contributes to the development of bio-stimulated MICP in the following aspects:

(1) The increase in ureolytic activity with time was limited in the generic media,
whereas a noticeable increase could be observed in most selective media. In general, YE
and NB with higher nitrogen sources have better efficiency than ME. Two different
bacterial activities dominate at different stages of bio-stimulation. At the early stage when
the cumulative EC value is less than 10 mS cm™, non-ureolytic bacterial metabolism is
dominant. The ureolytic activity due to ureolysis process becomes dominant making the
cumulative EC surpass the 10 mS cm™ threshold at the later stage.

(2) Higher initial urea concentration (100 and 170 mM) inhibits the bacterial
reproduction at the later stage in the selective media. In generic media and the selective

media with 50 mM urea, viable cell number maintained stable until the end of the test.

(3) Reduced nutrients slow down the bacterial reproduction, and further limit the
population of ureolytic bacteria, resulting in relatively low ureolytic activity. The
amendment of ammonium to the enrichment media, though initially delays the bacteria
growth, can finally elevates ureolytic activity due to the elimination of non-ureolytic

bacteria at the very start stage of enrichment.

7.2 Bio-stimulated MICP under Sand Column Condition
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In this resaerch, the biochemical properties under sand column situation were studied,
and a comprehensive experimental program was conducted to systematically investigate
the shear behavior of bio-cemented calcareous sand treated by bio-stimulated MICP
through direct shear tests. This study contributes to the development of bio-stimulated

MICP in the following aspects:

(1) During the enrichment phase, the indigenous ureolytic bacteria can be enriched
significantly within 48 hours, though the ureolysis rate was varying with the initial urea
concentration. A higher ureolysis rate was maintained in the 170 mM cases until the end
of 48 hours, while for 50 mM and 100 mM cases, the ureolysis rate increased slowly or
started to drop after 24 h. In addition, the microbial community changed significantly after
enrichment stage. The ureolytic species could be found in the sand.

(2) Peak stress ratio (yp) increased with increasing cementation content and initial D,
whereas decreased with increasing normal stress. The #p of low initial relative density (Dr
=16%) samples could be even smaller than that of untreated clean sand when normal stress
was higher than 400 kPa. The effects of cementation content and initial D, on peak strength
parameters diminished with the elevated normal stress.

(3) The linear Mohr-Coulomb failure envelopes overestimated the cohesion. Instead,
the bilinear failure envelop could more accurately predict the cohesion of bio-cemented
sand, especially for the sands with higher cementation level. It was found that the cohesion
and peak friction angle increased with elevated cementation level while declined with the
increasing normal stress.

(4) For bio-cemented calcareous sand, the stress ratio and dilatancy exhibited a loop-
shaped relationship at low normal stress (< 200 kPa), and an apparent asynchronism
between the state of #p and maximum dilatancy was observed on samples with higher
cementation content ranging from 5.87% to 6.33%.

(5) A conceptual framework to analyze peak state shear behavior of bio-cemented
calcareous sand was proposed. The interdependence between external influential factors
(cementation level, initial Dy, and normal stress) and strength contributors (interparticle

friction, dilatancy, particle rearrangement, interparticle bonding, and particle crushing) at
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the peak state were illustrated in detail. The validity of this framework was further

confirmed through microscopic observations.
7.3 Comprehensive Characteristics of Bio-cemented Calcareous Sand

In this research, the compressive properties of bio-cemented sand treated by bio-
stimulated MICP method were studied. A series of one-dimension compression tests were
conducted to obtain the compressibility of bio-cemented calcareous sand, which was
manifested by the compression curves and particle size distribution curves (PSDs). Then,
the relevant parameters including cementation content (CC), the coefficient of
compressibility (av), relative breakage (Br), and relative agglomeration (Ar) of the bio-
cemented sand based on the method proposed by Hardin in 1985 were discussed. This
study contributes to the development of bio-stimulated MICP in the following aspects:

(1) The ay value was found to decrease with the increasing cementation content.
Contrarily, the specimens with higher initial D, had smaller (approximately 20%-70%) ay
values than their counterparts with lower initial Dy. In terms of C; value, higher initial Dy
resulted in a larger Cy, and C, decreased with the increasing cementation content.

(2) Based on the analysis of PSDs curves after compression, the specimen with higher
initial Dr and more CC resulted in a smaller By and a larger Ar. More fines were generated
in bio-cemented specimens with higher cementation content and lower initial Dy. The
increased fines mainly came from the debris of calcium carbonate, which is revealed by
microscopic images. Additionally, some larger lumps appeared as the result of residual
agglomeration effect of some undamaged cementations.

(3) A conceptual framework based on the interparticle contact modes (i.e., G-G; G-C-
G; G-C) and their corresponding damage modes (i.e., detachment; debonding; abrasion)
during the compression tests was proposed. Compared with G-G and G-C modes, the G-
C-G was the strongest contact mode for the bio-cemented sand. During compression,
debonding and detachment firstly occurred in the G-C-G and G-C contacts mode,
respectively. Abrasion damage mode then became predominant as debonding and

detachment progressed during particle rearrangement and relocation.

7.4 The Shearing Behaviors of Biochar-amended Bio-cemented Sand
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In this research, the shear behavior of biochar-amended bio-cemented calcareous sand
treated via bio-stimulation was investigated through a series of direct shear test. The
samples underwent enrichment phase and cementation phase to enrich ureolytic bacteria
and form bio-cementation. Upon the completion of bio-stimulated MICP treatment, direct
shear test was performed to obtain the shear behaviors and shear parameters including peak
stress ratio, friction angle and cohesion. Meanwhile, the specimens were subjected to
cementation content measurement and microscopic observations to reveal the
fundamentals of the enhancement effect of biochar on bio-cemented calcareous sand. This
study contributes to the development of bio-stimulated MICP in the following aspects:

(1) The addition of biochar powders could effectively increase the cementation content
of bio-cemented sand treated by bio-stimulation method. Assuming the other conditions
were the same, the CC increased with the elevated amount of biochar. The addition of
biochar yielded a 31%-81% increase in CC compared with the specimens without biochar.
The specimens with lower initial Dy had slightly higher CC than that with higher initial D.

(2) The bio-cemented sand with biochar amendment showed a much more significant
increase of peak stress ratio (p/70>1) in the specimens prepared under higher initial Dy
than those under lower initial Dy. The primary strength improvement came from the
increase of cohesion, and the significant cohesion improvement (c/co>1) was also observed
under higher initial Dy situation. The friction angle improvement (i.e., ¢/¢o >1) was only
observed in the specimens with 0.1% biochar content, indicating that the introduction of
biochar may reduce the interparticle friction.

(3) Based on the observation of microscopic images, biochar was able to alter the
structure of interparticle cementation to influence the shear strength indirectly. It was found
that the entombment of biochar within the cementation was a common phenomenon,
making the bio-cementation a dark color. Some independent biochar which was not
involved in the process of MICP could be observed on the surface of sand particles.

(4) According to the responses of shear strength parameters, the effects of biochar in
the shear strength of bio-cemented sands are three folds. Firstly, biochar used as the extra
nucleation sites for native ureolytic bacteria, could increase CC within specimens.
Secondly, too much biochar within bio-cementation may become weak points and thus

diminish the contribution of interparticle bonding to the shear strength. Thirdly, as biochar
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content increases, more un-entombed tiny biochar powders that are distributed randomly

on the surface of sand particles can reduce the interparticle friction.
7.5 Bio-stimulated MICP on Rainfall-induced Erosion Prevention

In this research, a meso-scale laboratory model was made to investigate the
deformation on artificial sandy slope treated by bio-stimulated MICP method. Also, it is
the first time that the photography-based SfM (Structure from Motion) method is applied
to evaluate the rainfall-induced erosion of bio-cemented soils, which is a good trial to
explore a feasible monitoring way for the full-scale application in field. This study

contributes to the development of bio-stimulated MICP in the following aspects:

(1) The results showed that bio-stimulated MICP could significantly reduce the erosion
on a sandy slope, especially in case treated by YE-based enrichment medium with 170
initial urea concentration. Furthermore, it is the first time that the photography-based SfM
(Structure from Motion) method is applied to evaluate the rainfall-induced erosion of bio-
cemented soils, which is a good trial to explore a feasible monitoring way for the full-scale

application in field.
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