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SUMMARY

The aim of this research was to enhapiaperties obiocementwith a focus on development of self
healing capabilityto improve the resilience of geotechnical structufidse use of additives, also
referred to as carrier materialggbeen explored for this purpose. This research builds upon past studies
on healing of biocemented sand following mechanical damage and applies the process of microbially
induced calcium carbonate precipitation (MICPast research ha@monstrated theopential of MICP

to enable healing of biocement, through the injection of nutrients and precursor ché&rinalstation
medium)required for MICP into degraded biocement. These injections had enabled further MICP since
the sand samplescontained viable ureolytic bacteria, in vegetative form or friba assumed
regeneration of spores. To enable the biocement tihealf the process should #@autonomousne

which would require the nutrients and precursor chemicalthé&WICP proces to be supplied from

within the biocementesandmatrix.

The use of additives has been explored as a means of i) immobilising cementation medium within
biocement to promote setiealing, and ii) improving mechanical properties of the biocemented sand
and efficiency of the MICP process. Additives tested included powdered absorbent materials, as utilised
in selfhealing concrete such as expanded perlite and diatomaceous earth, in addition to natural fibres
such as jute and hemignconfined compressive stigth testing was used to determine the effect of the
additives on the strength of the biocemented sand coluandsto test for strength regain following
deterioratim. Geochemical analysis was undertaken to explore eftédte carrier materialen the

MICP process during the production of biocemented sand columns, followed by mineralogical.analysis
Addition of jute in particular resulted in significant improvement in respect of strength of biocemented

sand, efficiency of chemical conversion during MI&@#RI amount ofalcium carbonatprecipitated.
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CHAPTER ONE

1 INTRODUCTION

1.1 Overview and Background

Microbially mediated selhealing, as an autonomic process, is of particular interest for use in
construction for ground improvement, to enable the development of low cost, sustainable, and
environmentallyfiendly biocements and biogrouts. Soil properties often need to be enhanced to support
infrastructure, to help meet the needs of a growing population (Montoya and Dejong 2013). Microbially
induced calcium carbonate precipitation (MICP) can improve the amézdl properties of loose,
saturated sand, by increasing its strength and stiffness and by reducing its tendency to dilate (Montoya
and Dejong 2013)Like other construction materialbiocement will be subject to damage and
deterioration over timeUnderloading (shear, tension, compression) the calcium carbonate binding
between the silica sand particles may fail. The likely failure mechanism being a fracture within the
precipitated calcium carbonate or between the precipitate and the silica sandsp@rédtng et al.

2010) Successful application of sdikaling microbially induced calcium carbonate precipitatmua
potentially reduce infrastructure maintenance and repair costs and improve the durability and

sustainability of geotechnical structures.

Healing of biocement has previously been achieved by injecting the nutrients and precursor chemicals
(cementation medium) requidefor MICP into degraded bioceme(itflontoya and Dejong 2013;
Botusharova 2017These studiedemonstrated the ability of MIQiReatedsandstructurego selfheal,

in principle Studies by Botusharo2017)suggested thdiacteria can survive withinl@iocemented

sand monolith, in a dormant state, and germinate upon damage to the encapsulating precipitate, to
enable the degraddiocemento automatically heal damage through calcium carbonate precipitation.

To enable biocemented sand to4edtl, providedhatviable spores o suitable bacteriumre present,

would require a store of ¢hlcementation medium within the biocemented sand madfhiis research
explores the use additives €arrier materialsto facilitate the storage and release of cementation

medium withina biocementd sand matrixto promote selhealing.

The use of carrier materials to store and supply cementation medium is a new concept in respect of
studies on selhealingof biocementedand or soil structuresStudieson selthealingof cementitious
materials have utilised a variety of porous materials to immobilise bacteria and/or cementation medium.
Within cementitious materials, immobilisation hancipally been used to protect bacterial cells/

spores from the mechanical forces rée@ during the mixing stage of concrete or mortar production
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and from the highly alkaline environment withioncrete and mortaf hese carrier materials may also

be used as internal nutrient reserv@Bsindur et al. 2017)Reference to nutrients within this context
refers to the nutrients and precursor chemicals, otherwise known as the cementation medium, required
for MICP. Immobilisation has been reported to be an efficient approach for bdxziead sethealing

in cematitious material§Zhang et al. 2017b)

This research utilises MICP to produce biocement through ureolysis. Ureolysis increases the alkalinity
of fluid in soi/ sandpore spaces as a resnfithe degradation of urea to carbonate and ammonium, and
induces calcium carbonate precipitation. To enable long terrrhaaling, the bacteriased for
biocementationvill need to be able to sporulate to ensure its satwiithin thebiocemergd soil sand

matrix. Ureolytic Sporosarcina ureaandSporosarcina pasteunivere selected for use in this research

due to their spore forming ability.

1.2 Aim, Objectives and Scope of Research

1.2.1 Aims

Using a biomimetic approach, thisojct ained to enhancesandsandysoil structuresto improve
mechanical properties while also developing a material which can adapt to its envirahwetdp
immunity to damage and thus be more resilient, anehself when damaged or deteriorated. Tilk

improve the reliability, performance and sustainability of geotechnical structures.

1.2.2 Objectives

The following objectivesvereachieved:

1) Establisling possible mechanisms for the deliventlenutrients and precursor chemicals required
for self-healingvia MICP.

2) Ascertainng which of theidentifiedmechanisms may be suitable for ugthin sand soil systems,
to enable autonomic sdfiealing of geotechnical structures.

3) Selection of suitable bacteria to promote MICRNd furthermore selft-healing via MICP.
Investigation of the mechanical performance of biocemented sand columns produced via MICP
using different types of ureolytic bacteria and nutrieB&ablishing longerm viability of these
bacteriawithin a biocemented sand mat(ixithin time constraints of this research).

4) Optimisation of the cementation medium to improve MICP process efficiency and facilitate a high
rate of bacterial activity and thefficient chemical conversion across multiple consecutive MICP
treatments.

5) Determination of the effectf selectechdditives (carrier materials) on the strength of biocemented

sand colums and on the MICP process.
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6) Investigation of the seliealing response followg physical damage to biocemented sand columns

containing stores of nutrients and precursor chemicals immobilised by carrier materials.
1.2.3 Scope

The primary aim of this research project had been to further prior research dweaelf of
biocementedand to embed selfiealing capability within the biocemented material. The method of
injecting cementation medium, following damage to the biocemerdad structure had shown that
this material can be healed as strength gdalamage coulthe regained Montoya and Dejong 2013;
Botusharov&017) Pastapproackhswerebased owegetative cells of bacteria being pregdmdntoya

and Dejong 2013)rthe assumption that after drying a biocemented sarttriseweeks at 30C there
would only be spores of bacteria presehich could regenerate to enable dadfling(Botusharoa

2017) Selthealing resulting from regeneration of spores hahoaeverbeen proven

Prior to this research, autonomous $edfling had only been a subject of research in the content of
cementitious materials such as concrete and mortar. Thisiased area of research in relation to
biocementedieomaterialsA review of the literature in this area concerning cementitious materials and
selfhealing had given some insight into the -bessed mechanisms which enabled-kekiling of
concrete andnortar, and this provided a starting point for this doctoral project. This project focusses
on selthealing via MICRinitiated by ureolytic bacteria. The scope otherwise for exploring mechanisms
to enable a biocementg@otechnicaktructure to selheal autoomously were broader than could be
covered within the timeonstraintof this doctoral project. Taking into consideration the facilities and
resources availabléhe research undertaken concentrated on immobilisation as a mechanism for the
storage and gply of cementation medium within a biocementaddinmatix to enable selhealing. In
addition, alginatébasedhydrogel beads have been developed and tested as a means of encapsulating

cementation medium, this being the extent to which encapsulationlmindestigated in this project.

Since any additives within the biocementadigmatrix would likely impact on the properties of the
biocementednateria] and on the MICP process, teffecthas also been studied as part of this research.
The effect of the additives tested was found in some cases to have a significant impact on the shear
strength of biocemented sand and on the Mp@&itess efficiency. The significance of these findings

led to more focus on this aspect as the studies progrdssednvisaged that this research may assist

with furthering research into sefiealing MICP applied to other gawaterials such as stongelf

healing MICP SHMICP) has the potential to be used in a variety of civil and environmental

engineering applations.
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1.3 ThesisStructure

This thesis consists of ten chapters, the contents of chapters two through to ten are outlined below.

Chapter 2 A review has been undertaken of the literature relating tehsealing MICP, with a
focus on approaches to deliyasf nutrients and precursor chemicals for-$elfiling
of porous construction materials via MICP. The review also considers factors
affect MICP, and which would need to be taken into consideration in

experimental work undertaken

Chapter 3 The heoretical frameworls detailed, outlininghe research problem, approactee:
this and the use case for sdiealing microbially induced calcium carbone
precipitation (SHMICP). Potential applications of this process have b
considered Through a critical comparison of theementation medium suppl
mechanisms and evaluation of evidence obtained in research toedags, materials

were selected for investigation.

Chapter 4 The nethodology and materialsed in the studiasdertakeraredescribedFirstly,
this covers methods usedassess suitability of the selected bact@etail is given
of the selected immobilising and encapsulating carrier materials used in this re
and of the procedures developed for immodiltn The methodology foi
preparation of the sand columns and application of the MICP treatment prou
detailed This treatmentprocedure is updated in subsequent chapters base
findings, aexplainedvhere applicableThe geochemical and mineraicg) analysis
methods utilised have been summarised. The methodology applied to obt:
geotechnical parameters used to assess the material properties of the sanc

materials and biocemented columns is given.

Chapter 5 This chapter covers thegliminary testing undertaken to further refine the selec
of additives (carrier materials) to be used in subsequent column steiesdures
and outcomes of selected bactergporulation studies, along with grow
observations, are reported followlegldetails of the preliminary testing of the carr
materials. A series of batch tests are descrimetioutcomes reported which coy
the immobilisation and release of cementation mmedrom the carrier materials
This is followed by investigation ohe effects of the carrier materials on MICP
aqueous solutions -cooldimans@r eltiurdiynarr

perlite.
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Chapter 6

Chapter 7

Some of the content of this chapter has been publishéueipeer reviewetDP
Conference Series publicat i onas anhbpet
accesgpaperon dJse of carrier materials to immobilise and supply cemente
medium for microbially mediated seliealing of biocemeft This publication

followed an oral pesentation on thiswork &athe 64t h | nter ni
l nnovati ve Materi al s, Structur es-27¢
September 2019.

This chapter focusses on column studies uSlpgrosarcina ureaeand selectec
carriermaterialsincluding jute, hemp and expanded perli¢ this stageS. ureae
had been selected following on from a prior-$edfiling study at Cardiff University
The outcomes reported in this chapter informed changes to column

methodology, as emplogién Chapter Seveand thereafterFive column studies ar
reported in this chapter, the first four of which &eureaefollowed by an initial
study usings. pasteuriiDiffering approaches to bacteria fixing within columns w
tested in addition to #ects of incorporating the selected carrier matexiatkin the
sand columns Selfthealing responses welavestigatedusing the unconfinec
compression tesAt this stage columns had been dried following biocementatio
test for seklhealing due topresence ofbacterial sporesThe leaching rate o
immobilised cementation medium by the carrier materials during the MICP pr
over up to ten days wabsenedthrough measurement of calcium ions in colu

effluent

This chaptedetails column studies undertaken usBmprosarcina pasteurii,and
jute fibre additions.The effect ofjute fibres on the mechanical properties
biocemented sand and tire MICP process itself has been investigate@ddition
to unconfined compresg strength testing to explore sdiéaling response a more
in-depth geochemical analysis was implemented at this sthgechapter reports
on two studies undertaken, ngidiffering quantities of nutrients (Oxoid CM000
for the bacteria. At this stage testing,the unconfined compressiwarength of the
columns in the saturated state wasasuredand thereby testingndertakerfor self

healing responses duette presence afegetative bacteria.

Part of this chaptercoveringColumn Test 6P, has been published in the MDI
O0Mat er i ahbssabop¢gnaccesspapeoef f ect of Jut e

of MICP and Properties of Biocemen
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Chapter 8

Chapter 9

Chapter 10

Following on from testing of the immobilising carrier materials, this chapter cc
the production of testing of alginabased hydrogel beads, as a means
encapsulatingthe cementation medium constituents within bioceradntsand
columns Geahemical analysis was undertaken, in addition to unconf

compressive strength testing to assessheslfing capability.

This chapter explores the case fmrgmentation of the cementation medium w
ammonium chlorideand sodium bicarbot@a The effects on the MICP proce:
efficiency, for a multiple treatment MICP process, along with the effect on quz
of calcium carbonate precipitated amechanical properties of biocemented si

have been tested and reported.

The concludiag chapter brings together the key findings of the studies undert

Recommendations for improvements and for future research are given.
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CHAPTER TWO

2 LITERATURE REVIEW

2.1 Introduction

Prior to this doctoral study, the literature concerning healing of biocemented sands was limited to the
studies undertaken by Montoya and Dej¢8613) and Botusharov§2017) This project aimed to
develop abiocemented andbasedmaterial with built in capability to selieal. Seklhealing of
cementitious constrtion materials has attracted significant interest in recent years, with a variety of
mechanisms employed to embed $edaling capabilityThis review has been undertakeniritorm
possible approaches to the storage and supply of the cementadidiom for the selhealing
microbially induced calcium carbonate precipitatiSh{MICP) process in construction gematerials,

to enable long term autonomous gdetfaling of geotechnical structures.

To achieve this purpose, firstly, the state of thevat established in respect of dedfaling and MICP

in construction geonaterials, with a focus osand andsoil. This projectaimed tofurther research
previously undertaken in this area which demonstrated the conceptloéakfgof biocemented sand

As this is a relatively new field of research, in respect oftsdlingof geomaterials, research into
nutrientand precursor chemicahd bacteria delivery mechanisms for MICP has been reviewed for a
range of porous construction materials, in pardicgementitious materials. These mechanismew
thenassessed to establish suitability $andsoil and geotechnical applicatigres detailed in Chapter
Three.

To aid in fulfilling the purpose of this review as outlined above, a systematic procésehdsllowed.

This systematic literature review methodology originates from within the medical field, with the
PRISMA (preferred reporting items for systematic reviews and 1aedysesstatement providing the
guideline for the undertaking of systemataviews in healthcaréLiberati et al. 2009) Systematic
literature review methodology has also been developed for application in softwgireering
(Kitchenham 2004xnd applied to Engineering and Educatin genera(TorresAravena et al. 2018)
When adopting the systematic literature review process, aredguomponent of the review is the
reporting of the steps undertaken during this prog¢esstitute of Medicine (US) Committee on

Standards for Systematic Reviews of Comparative Effectiveness Researcha@dblypws
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2.2 Literature Review Process

From initial reading of papers relevant to shdaling microbially induced calcite precipitation in
porous construction materialsearch terms were identifieBigure 2-1 shows relationships between
these search termwith central themes among these highlighted in blue and yellbw themesvithin

the blue boxes are of direct relevance to this doctoral study, whilst those in yellow are outside of the
scqe in their context but may provide relevant insight into respect of cementation media delivery

mechanisms and assessment oflseling.

Crack
healing

Sustainable Compressive
Strength

Durability

Biocementation

Concrete/
Cementitious
Iaterials

Sands

Remediation —— Self-healing
DiEEeETEL ) Protection
Microbially
Soil Permeability MELEEY Limestone
Unconfined reduction Ealek
compressive carbonate
strength precipitation Ureolytic/ \
(MICP) Ureolysis/
2y Urease ) Restoration
soil activity Alginate
Shear stabilisation _
Strength Stiffness Bacteria
Encapsulation/
Microcapsules

Hydraulic
C;gg,ﬂ;? Bacillus Sporosarcina Hydrogels
sphaericus pasteurii

Figure 2-1. Search terms identified through initial reading ofexent literature.

Cementitious materials, although not in the scope of this proj@et, beeimcluded within this review

to establish all possible approachesdémentation mediurdelivery for MICP in porous construction
materials. This review encom@@s a range of construction geomaterials, including stone, however
experimental workvas planned tdocus on and sandy soillas a geomaterigin this project. The
central themes establishedRigure 2-1 have been used as keywords in database searches, to obtain
relevant papers for this revieBearches for literature were initially undedakusing theleb of
SciencgCore Collectiondatabase on 28 October 20Table2-1 summarises Web of Science search
outputs. This hdibbeen compared tase of theScopisdatabase i n  whhiecahl ionSge IAND Bact
yieldedone hundred and severtyreeresults. Five additional relevant papers were obtained from the
Scopus search, among which one additieeahentation mediurdelivery mechanism was identified.
Potentialdelivery mechanisms may have been missed if just one database wa3he&dopus
databasealso contained a greater number of articles published in &@d hence a greater quantity of

more recently published literature
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Table2-1. Web ofSciencesummary ofelevant researclarticles obtained from a search run on'28ct 2017.

SearchTerms Notes No. Articles
Selthealing 1 Takes into account variationsdiefinition of MICP, 13
Microbially where Calc* refers to calcitar calcium carbonate

Induced Calc* precipitationfor example.

Precipitation 1 A separate search fdBelf-healing Microbially

Induced Carbonate Precipitatiiiso produced 13
results.MICP and seklhealingproduced 8 results.

Yielded limited results, too specific

Selthealing AND 1 This ®arch also picked up all relevant papers four 143
Bacteria throughthe abovesearch
1 Results included variety ofcementation media
bacteria delivery mechanisms
1 An additional searchvasneeded to establighe state
of theart in self-healing MICP research applied to
geological materials
I Sixty-six relevant papers once inclusion/ exclusion

criteria applied

Self-healing AND 1 Some overlap wittheabovesearchotherwise a few 54

Soll additional relevant results and other results not
incorporating MICRbut could inform potential
applications for sefhealing in geotechnical

structures

MICP AND Soil 1 6 MI BND Soiloyieldedmoresearchresults than 144
OMi crobially | nduAN®&oli&C
1 One paper on healing of degraded MitC&ated
sand.Twenty-six other papers possibly relevant, in
particular to provide background knowledge.
Demonstrate lack of research in tation to self-

healing MICP insoils.
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The following inclusion criteria were applied when reviewing relevance of articiéis at least one

criterion applying for an article to be deemed relevant.

a) Application of MICP (to include ureolytic and nameolytic bacteria)
b) Research into or applicable to skHaling
c) Applicable to porous construction materials

Once relevant papers were identified, keywords from articles were again collated and relationships
between these and themes identified, as showigire2-2. This hal been used to inform the structure

of the thematic literature review and areas thasildcover and focus on. Following the initial literature
searchand reviewgemailalerts were set ufpr both Scopus and Web of Sciemtaabaseand uglates

added to the literature review during the course of this research up until March 2021.
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2.3 Self-healing Construction M aterials

Selftheal i ng, in the context of construction mater.i
at |l east one pr E\Mkerand Jokers 2041) Theadevelopment di selfealing
construction materials hdecused on cementitious materials to davéh little research undertaken

into the development of seffealingsand orsoil structuresSoil properties often need to be enhanced

to support infrastructure, to help meet the needs of a growing populEtamroya and Dejong 2013)
Microbially induced calcium carbonate precipitation (MICP) can improve the mechanical properties of
loose, saturated sand, by increasing titsngith and stiffness and by reducing its tendency to dilate
(Montoya and Dejong 2013 here is a need for a natural and more sustainable solution to improve soil
properties, allowing for infrastructure growth and mitigation against naturardsz Successful
application of sethealing microbially induced calcium carbonate precipitation can potentially reduce
infrastructure maintenance and repair costs and improve the durability, resilience and sustainability of

geotechnical structures.

The feasibility to incorporate the fundamental concepts behindhsealing into MICP installations has
previously been investigated, with numerous studies demonstrating the potential-luéatialj
cementitious materials, but only two, by Montoya and Dej¢2@13)andsubsequentiBotusharova

(2017) which explore haling of @andwhich has been cementeid MICP.In thesewo studieshealing

of biocement ha been achieved by injecting the nutrients and precursor chemicals (cementation
medium) required for MICP into degraded biocemdrd. enable a truly autonomowef-healing
process, the nutrients and precursor chemicals will need to be readily available within the biocement
matrix. Mechanisms developed to achieve-$aifiling healing within cementitious materials give some

insight into possible approaches to thealepment of a selfiealing biocement.

2.3.1 Mechanisms ofSelf-Healing

Selftheal i ng mechani sms can be divided into-two ca
heal ing and i mp o-bealithg(Ab-BabbasbandoHarbottle ZD1T¥is reskarch focuses

on biomediated sethealingas an autonomous proce€silcium carbonate precipitationan example

of a process which occurs naturallyadsologically controlled form of selhealing, and which can also

be biologically induced/ engineered through the autonomic process of MICP.

2.3.1.1 AutogenicHealing

Autogenic selhealing may occur due to ange of physical, chemical and mechanical processes,
among which calcium carbonate precipitation is reported to be the most significant factor influencing
selt-healing capabilitie@Viktor and Jonkers 2011 Examples of autogenic sdlealing in construction

materials include the swelling and hydration of cement pastes, precipitation of calcium carbonate
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crystals and blockage of flow paths in concrete by deposits of igsuaind cement fragments. Self
healing may also occur naturally in concrete through secondary hydration of unhydrated¢¢sment
et al. 2012) Natural selhealing has been observed in geotechnical structures, such asteahgbay
landfill liners (Aldaeef and Raydmni 2015)geotextile clay landfill linergParastar et al. 201,7¢arth
filled dams(Kakuturu and Reddi 2006&nd streambankdlidgley et al. 2013)

Compacted clay landfill linemnaybe subjected to chemical damage by leachate and also mechanical
damage, both of which can have an effect on the hydraulic conductivity of natural clay sail, in which
Heet al.(2015)reported that the presence of cracks led to-BoRbincrease in hydraulic conductivity.

He et al.(2015)found that desiccation cracks and bentonite content had the most significantreffect o

the hydraulic conductivity of compacted clay landfill liners, compared to chemical damage by acetic
acid orcalcium chloride CaCL). The selhealing ability of geosynthetic clay liners (GCL) results from

the swelling properties of bentonite and subsegclosure of holes in the GCL, whilst the low

permeability of bentonite also helps reduce leacfivigaya et al 2019)

Clayey soils can be subject to desiccation cracking as a result-dfyvend freezehaw cycles. These
desiccation cracks can threaten the stability of earth structures such as embankments, dams and levees
(Tabassum and Bheemasetti 20Z)bsequent saturation oathing can lead to partial closure of these
cracks, which become 4#onded, resulting in natural sdléaling (Aldaeef and Rayhani 2015)
Eigenbrod(2003)investigated the natural sdikaling capbilities of clay, by exposing clay soil to 3D
freezethaw cycles. Resulting changes in hydraulic conductivities were attributed to natuhalagdizlf
processes. The hydraulic conductivities of fractured clays are known to decrease with increasing stress
levels. Eigenbrod2003) suggested that wherd stress level nears the unconfined compressive
strength, soil will be forced into open joints, this has not however been experimentally proven.
Hydraulic conductivities of neplastic soils remained unchanged after being subjected to -fiteeme
cycles.Eigenbrod(2003) notes that the seliealing ofa fractured, highly plastic, fine grained soil is
largely dependent on its swelling potential, as demonstrated in tests using bentonite clays. Bentonite
has a strong selfealing capabilitfHe et al. 2015)owing to its montmorillonite contelfParastar et

al. 2017)

Core cracks in earth dams may be naturally-lse#fled through progressive erosigtakuturu and

Reddi 2006) Cracks and concentrated leaks can develop in the otherwise impervious core of an earth
dam as a result of tensile forces created by differential settlement, seismic activity or hydraulic
fracturing (Kakuturu and Reddi 2006roding streambanks have been observed to temporarily self
heal, through a process whereby failed bank materia¢gmothe bank toe from erosi(iidgley et al.

2013) Eroding material from a streambank can stem seepage, particularly sbithis cohesive,

restricting erosion until material protecting the base is removed by fluvial processes.
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Tabassum and Bheemas¢R920)investigated the effects of polydimethylsiloxane (PDMS) polymer
and platdike nanemontmorillonite (MMT) additions on cracking and healing behaviour ayey
soils. PDMS worked as an effective healing and sealing agent against desiccation cracks for both soils.

2.3.1.2 AutonomicHealing

Autonomic MICP may be introduced into a material through bioaugmentation or biostimulation,
through the addition of native apn-native bacteria, or stimulation of indigenous bacteria respectively.
Each approach requires the introduction of nutrients to feed the bacteria and precursor chemicals to
enable calcium carbonateegipitation which may vary dependent on the bactettiais selected or
naturally present within the soil. Bioaugmentati@searchhas typically involved injecting cultured
bacteriaand cementation mediumto sand(Harkes et al. 2010; van Paassen et al. 2010; Al Qabany
and Soga 2013; Montoya and Dejong 20X8sulting in biocementation, which mimics the natural
process of biomineralisation. Similar processes have been used for biostimi@atimnk et b 2011;

Gat et al. 2016; Dhami et al. 2017)

The effectiveness of biostimulation will be sgipecific and will be influenced by the nutrients and
bacteria already present within the soil. Biostimulation can be favoured at sites with high orgamc carb
contentDhami et al. 2017)ndigenous bacteria may also affectphecess of bioaugmentation, should

these bacteria compete with the bacteria introduced into the soil. Laboratory experiments undertaken to
investigate MICP haveftenused sterilisedaxdsamples, therefore little is known about the impact of
indigenous beteria on MICP Liu et al. (2019) suggest that the presence of the indigenous bacteria
decelerates the MICP process by competing Witlpasteuriifor nutrients. Similarly,S. pasteurii

activity has been found to be inhibited in the presefcellulomonas flavigenéarnati et al. 2020)

In comparison to naturally occurring processes, autonomic Mtéiilisation is not as constrained by

microclimate since it can be achieved within several ¢@hen et al. 2016)

Selfhealing MICP, as an autonomous process, has largely been applied to cementitious materials to
date, with limited research concerning geaterials such asand,soil and stone. Autonomic self

healing MICP has been achieved in cementitious materials through direct addition of bacteria and
cementation mediumwith limited success, and improved through encapsulating or immobilising
bacteria in carrier materials within the concré&ellowing crackpropagationtheself-healing process

is typically initiated by water entry Incorporatingsel-healing viaMICP within concrete has presented
challenges due to the high pH within concrete, mechanical forces during pairohglecreasing pore

sizes within concrete during curingll of whichmay damage or deactivate bacteria. This has led to

research into immobilisingnd encapsulating materials.
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2.4 Microbially Induced Calcium Carbonate Precipitation (MICP)

This research utilisesicrobially induced calcium carbonate precipitation to produce biocement
through ureolysisGrowing interest in sustainable methods of sopriaovement has led to increased
interest and research in the application of microbially induced calcium carbonate precipitation.
Microbially induced calcium carbonate precipitation, often abbreviated to MICCP or MICP, is-an eco
friendly and sustainabléiogeochemical process, which may be applied as a means of ground
improvementandwhich also has the potential to improve the properties of geotechnical structures.
MICP canbe usedmprove the mechanical properties of loose, saturated sand, by increasirenish

and stiffness and reducing its tendency to dilgtentoya and Dejong 2013)

MICP may be used as an alternative to the traditional Portland ceasad method of soil cementation
(Park SunefSik et al. 2014)The traditional method of cementing soil particles involves the mixing of
portland cement and $00 create a scitement. Soicement obtains its stability primarily by hydration

of cement and not by cohesion and internal frictiPortland Cement Assation 1995) For this
reasonsuch mixtures are susceptible to swelling, which is undesirable. In cotitestrength of an

MICP cemented soil is obtained by cohesion between the soil particles achieved via the calcium
carbonate bonds.

Microbially induced calcium carbonate precipitation has been utilised to produce biocement, biogrout
and surface biocoatisgMicrobial based surface treatments have been developed to protect ornamental
stone from deterioratioflLe MetayerLevrel et al. 1999; Dhami et al. 2014ICP has also been
investigated for use in contaminant sequestrafraijita et al. 2008and posigrouting of foundation
systemg(Lin et al. 2016) MICP has been studied for its potential use for a variety of applications,

including slope surface erosion contfdiang et al. 2019)

MICP may occur through a variety of metabolic pathways, including photosynthesis, ureolysis,
ammonification, denitrification (MIDP) and methane oxidati@hami et al. 2017)in addition to
sulphate reduction and iron reductifiErsan et al. 2015)The urease enzyme may also be extracted
from sources such @ise beans of theadk Beanplantand used directlfor biocementation vianzyme
induced carbonate precipitatioBICP), as emplogd by Hamdar2015) Ureolysis or urea hydrolysis

is the most efficient process among all MICP methods, as it has the potential to priadgeeamount

of calcite (CaC@) within a short period of timéMukherjee et al. 2019)he ureolyticpathway as
selected for this doctoral research projéetsbeen studied widely for engineering applications of
MICP.

Ureolysis increases the alkalinity of fluid in $@hndpore spaceas a result of the degradation of urea

to carbonate and ammonium, and induces calcite precipitation. The chemical process, as reported by
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De Beleg(2010) isoutlinedin Equationg2-1) to (2-6). Active ureolytic bacteria produce urease enzyme,
which catalyses the hydrolysis of urea, resulting in the production of carbamai€ Q) and
ammonia (NH), as pelEquation(2-1). Carbamate hydrolyses spontaneously to produce ammonia and
carbonic aciq2-2).

Simultaneously, in the presence of water, the ammonia and carbonic acid products equilibrate to
produce ammonium (NF), hydroxide (OH (2-3) and carbonate (Gf) ions(2-4). This results in a
pH increase and increased alkalinity of the reaction mediuroe 8arbonic is a weak acitlwill only

partially dissociate into ions, until equilibrium is reached.

0000 'O0O° 0060 0000 (2-1)
0’0600 000° 'O "O060L (2-2)
b0 ¢OOP ¢gh™O g O (2-3)
¢b'O 060 P 60 ¢00 (2-4)

The global reaction can be written as Bguation(2-5), summarising=quation(2-1) to Equation(2-4).
In the presence of calcium, in an alkaline environment, calcium carbonate is precipitated at nucleation
sites(Equation(2-6)).

6060 OGO b0 8§ (29

66 60 P BMED (26

The nucleation siteclude sand or othesoil participles and also the bacteria themselv€slcium
carbonateCaCQ) can depositatthsoilpar t i ¢l e s 6 ¢ ecanieating), coatal paaticldsc ont ac
(grairrcoating), or create a cementation badgptween soil grains (matrsupporting)Lin et al. 2020)

The calcium requéed for MICP can be provided from various sources such as calcium chloride)(CacCl
calcareous san(diu et al. 2018h)fly ash(Xu et al. 2019pr calcium chloride dihydrate (Ca2H;0),

with the latter often being preferred for biocementatbisand and soilln the presence of calcium

chloride (CaGl), crystals of calcium carbonate, often in the form of calcite, form inside the soil matrix
(Cheng et al. 2016)

The calcium carbonate precipitate binds soil particles together, creating what is referred to as a
biocementPrecipitation of calcium carbonate (Cagl@ads to pordilling, inter-paricle binding and
particle roughening; resulting in improved soil strength and stiffness and also reduced permeability
(Khodadadi et al. 2017Pue to the alkaline conditions produced during the procesB@P, the type

of bacteria used needs to be alkaliphilic, to enable the survival of vegetative cells.
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2.4.1 Ammonia Production

There is however one drawback of MI@R the ureolytic pathway, since for each carbonate ion
produced two ammonium ions are simudiansly producedBguation 23), which may result in
excessive environmental nitrogen loadidonkers et al. 2008) This would need to be managed to
avoid a negative effect on the environment wheed for geotechnical applicatioi$ie ammonium
ion (NH4*") is typically thenitrogen source preferred by plants, howeabove a certain threshdiH,*
becomes toxi¢Esteban et al2016) The highly toxic un-ionisedammonia(NHs) speciesproduced
during the MICP process is expected to be fully converted to ammonium, as per E(a}idixcess
ammonia has been reported to inhibit MICP. Steid65)found that free ammonia suppressed the
formation of ureas in growing bacterial culturegvang et al(2011)found that when usingilica gel

or polyurethanéo immobilisebacteria and nutrienthis imnobilising material alstrapped the excess
ammonia. After removing this ammonia and adding new, Wémg et al.(2011)reported that the
bacterial urease activity could completely recover.

Denitrification has been suggested as an alternative pathway for calcium carbonate precipitation, since
it does not result in production of toxic 4pyoducts. In addition, this process can also occur under
oxygen limited conditiongErsan et al. 2014)However, the main drawback with this approach is the

much slower rate of calcium carbonate precipitation.

2.4.2 Naturally Occurring MICP

MICP occurs as a natural process, which has been stimulated and engineered for use in industrial
applications.The biodeposition of minerals is a widespread phenomenon in the biological world and is
mediated by bacteria, fungi, protists, and plag8sifan and Berenjian 2019here are two pathways

by which bioprecipitation of minerals by prokaryotes can be achiebimdipgically controlled
mineralsation (BCM) and biologically induced minersdtion (BIM) (Seifan and Berenjian 2019)
Examples of biologically controlled mineralisatimclude shells, bones and teeth. MICP is an example

of biologically induced mineradation.

Indigenous bacteria are known to mediate calcium carbonate precipidatiogenically forming

natural biocalcin deposits on the surface of stones, and initiating biomineralisation in soils. There is
also evidence that microbes may have some influence on the production of calcium carbonate in cave
environments, contributing to the productiof speleothems such as stalact{gaskaret al. 2006;

Pacton et al. 201 3)espite these processes usually being considered entirely abi@gemérial strains

Bacillus thuringiensisand Bacillus pumilisextracted from stalactite samplaave been shown to
precipitate calcite in vitrdBaskar et al. 2006)demonstrating the possibility that microbes could
influence formation of speleothems. In instances of biologically controlled mineralisation, the organism

controls the process of precipitation to a high degree (De Muynck et al. 2010). This may not be the case
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for speleothems however, since there is not eneugtence to suggest bacteria have an extensive role
in their development, although biomineralisation may play more of a role in the production of
stromatolites. Naturally cemented sand stromatolites can be found in shallesatigty seavatersof
Westen Australia, these natural structures have inspireshgimeered approach to sand cementation.

The majority of carbonate minerals in modern marine sedinaatbiogeniqTurchyn et al. 2021)
Biogenic carbonates may be formed of skeletal remains of ocean organisms or formed by organisms as
a result of enzymic muction. An example of the latter is the formation of the fanéfisra shell.

Calcium carbonate is one of the most abundant biological minerals formed by living org@tiiamd

Ratner 2008) There are three polymorphs of anhydrous calcium carbonate, these being vaterite,
aragonite and calcite, with aragonite and calcite being the most thermodynamically stable and most
common in naturgNi and Ratner 2008)The formation ofthesecrystalline calcium carbonate
polymorpts often occurs via a nanoparticulamorphous calcium carbonateGC) precurso(Weiner

et al. 2005; RodrigueBlanco et al. 2011)Vaterite is a rare CaG@olymorph which may bdound in

natureas biogenic minerdlGussone et al. 2011)

It has been proposed that these biogenic carbosatésas forasare formed as a result of a two or
three stage solid state proc€dacob et al. 2017)with metastableACC being formednitially and
undergoingstructural rearrangement to form calcitigectly (two-stage) or calcite via metastable
vateritephase(threestage).RodriguezBlanco et al(2011)alsoreported observations of a tvetage
crystallisation pathway frorACC to calcite, driven by dehydration to form vaterite followed by surface
controlled dissolution and reprecipitation to form calaiedepicted ifrigure 2-3.

STAGE1 STAGE 2 o
) Dehydration - ‘Surface-controlled dissolution and'
aggregation reprecipitation

crystallization

Vaterite Calcite

Figure 2-3. ACC to Calcite mechanis(RodriguezBlanco et al. 2011)

Precipitation of carbonates can be controlled by kinetic procemséy equilibrium behaviour
Carbonate minerals may also precipitate abiotically within marine environiemthyn et al. 2021)
this being an example of equilibrium behaviour gausy carbonate precipitatioGeawater typically
has a calcium ion (G corcentrationof between @ and 11mM (Erez 2003)Microbial respiration is
a key factor in carbonate precipitation in anoxic marine environments, since oxidation of organic carbon

results in alkalinity in théorm of bicarbonate@Os* ) ions(Turchyn et al. 2021)ncreasing the pH of
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seawater increasdghe s> concentration. The resulting supersaturation results in the precipitation of

calcium carbonate.

Microbially mediated soil stabilisation maglso occur naturally, dependent on environmental
conditions. Certain microbes can form a crust to @éljuprotect the surface of soil from erosion and
reduce airborne dust particles in dry areas. Filamentous cyanobacteria and fungal hyphae are two such

examples, which have been reported to bind soil particles tog€then et al. 2016)

2.4.3 Evaluation of MICP

Biocementesgand andoils my be subjected to a variety of analyses to agsassrial properties such

asstrength and stiffness, and to quantify and analyse the calcium carbonate precipitated.

2.4.3.1 Unconfined Compressive Strength

The unconfined compression test has been bgeanumber of researchers test the unconfined
compressive strength (UCS) of biocementaodgvan Paassen et al. 2010; Al Qabany and Soga 2013;
Botusharova 2017; Mahawish et al. 2019b; Mujah.e2@19; Mukherjee et al. 2019; Xiao et al. 2019;

Zhao et al. 2020and biocemented sandy qiMukherjee et al. 2019} oading rates of typically..0

mm/min (Mujah et al. 2019)to 1.14 mm/min(Al Qabany and Soga 2018ave been applied.
Botusharovg2017)utilised unconfined compression testing of cemented and healed column specimens

to demonstrate the ability of the biocemented sand tdsalf Bausharovg2017)found thacemented

and healed specimens responded in a brittle manner, with peak strengths obtained for healed specimens
being over and alve the residual strength from the initial stre®in curves obtained for cemented

specimens.

The British Standard®8S 13/7-7:1990)statet hat t he unconfined compressi
saturated, noi i s sur ed c(Briish Standaeds Iestitutibns18a9his does therefore lead to
some uncertainty regarding reliability of this testing method for biocementedd@lIpreparation of

the test specimeprior to unconfined compressive strength (UCS) testiilg have an effect on
strengths obtainedyith most testing reported being conducted on saturated speciféabany and
Soga (2013) and Botusharov42017) conducted teston ovendried biocemented sand columns
Botusharova dried test specimens aP@PAl Qabany and Soga note the UCS test was conducted on
oven dried specimens bdbd not give the drying temperatwised If a sample is only partially dried,
capillary affects due to partial dryingill alter strength. When drying at low temperatures there will
likely be some moisture retention due to the relative humidity withidtyieg apparatusZzhao et al.
(2020) reported significantstrength difference$or biocemented specimer{@corporating carbon

fibres) whertested in dry and saturated stasessshown irFigure2-4.
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Figure 2-4. Unconfined compressive strengthdS and splitting tensile strength (T&st results comparing
strengths of specimens tested in saturated and dry g#ies et al. 2020)

2.4.3.2 ShearSrength

A less tested propertyf biocementedandis shear strengtfriaxial testing has been used to measure
undrainedshear strength of biocementeand (Montoya and Dejong 2013Montoya and Dejong
(2013)reported that following monotonic shearing and two injectafrcementation media over 24 h
shear strength was restored to O0es Shearstieragthfl vy t he
biocemented sandas measured by Cheshomi et{2018)using the direct shear test. To use the direct

shear test, the soil specimens needed to be produced in moulds measuring 6 x 6 x 3ioto toefit
testapparatus. Specimepsepared for the direct shear tdstrefore needed to be treated via surface
percolation by spraying cementation solution onto the soil surfaseppposed to injection. Use of

triaxial apparatus requires the samples to be peepumithin thetriaxial testing split mould and

cementation treatments applied while the specimen is under confining stress.

Phillips et al(2013)noted that a disadvantage of studying laboratory strains is thebialocomplexity
of real world environments and that injection of bacteria may result ifnaorogeneous distribution

of the microbes.

2.4.3.3 Stiffness

Shear waverelocity (Vs) can be used tmeasurestiffness ofbiocementedand(Montoya and Dejong
2013)and can be applied for insitu testifgan Paassen et al. 2010hrough measement of shear
wave velocity,Montoya and Dejong2013)were able to quantify healing responses of biocemented
sand following degradatiorTwo pore volumes of cementation solutiarere injected into columns
every 3 to 6 h until the shear wave velocity)(®f the specimen reached 650 m/s, to achieve the desired
biocementationlt was found that after shearing and resultingl&crease to 480 milsatthis returred

to 650 m/s within 24 h following two injections of the cementation medium.
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2.4.3.4 CalciumCarbonatePredpitation

Various methods of indirect and direct measurement of calcium carbonate precipitation have been
utilised. Calcium carbonate precipitate can be measured using acid wéBhifige et al. 2019;
Mukherjee et al. 2019glso referred to Pipers methddhe @lcimeter apparaty8ernard/ Eijkelkamp)

can be used to measure the calcium carbooat¢ent oftest specimengCheshomi et al. 2018;
Kalantary et al2019) The calcimeter apparatus measures the carbon dioxide released when 4 M HCI

is added to a sample, with this measurement being used to calculate the calcium carbonate percentage
of the sample StocksFischer etal. (1999) usal the EDTA titration method to measure calcium
precipitatedBotusharovd2017)applied the mass loss on ignitiorethod, to directly measure calcium
carbonate precipitated by measuring massresslting fromheatingof biocemented sangamples to

950°C.

2.4.3.5 Mineralogy

Scanning electron microscopy (SEM) danused to examine the mineralogypmfcementednaterials

SEM is however inconclusive for discriminating among calcium carbonate polymorphs since the
morphology of each calcium carbonate polymorph is not unigNieand Ratner 2008)SEM
observation is therefore oftemmbined with Xray diffraction (XRD) to verify the presence of calcium
carbonateand to identify the types of calcium carbonate polymorph pres&hte mechanical
performance of MICHtabilised soils largely depends on the microstructure of the precipitated«CaCO
crystals, which are affected by various chemical, environmental, and physmalgpargMujah et al.

2019) The factors which affect MICP are considered further in Section 2.5.

The different polymorphs of calcium carbonate have different physical properties including solubility
density and hardness that could significantly affect materighé&ading propertieéSeifan et al. 2016)

The crystal precipitation pattern has been shown to influence the flow properties of porous media
(Cheng et al. 2016)Calcite, aragonite and vaterite are the main polymorphs of calcium carbonate.
Calcite is the most thermodynamically stable and leastbkolpolymorph of calcium carbonate
(Burbank et al. 2011)Calcite has a higher bonding strength than aragfiémg et al. 2015)

2.5 Factors Affecting Microbially Induced Calcium Carbonate Precipitation

There are several factors which impapbn MICP, in respect acimount and rate of calcium carbonate
precipitated and material properties of the biocemented material. Tdetses would need to be
considered and controllexs appropriatén order to investigate effects of additivas biocementation
and biocemented aterial propertiesin the soil subsurface these factors include pH, temperature,
hydrostatic pressure and dissolved s@isha et al. 2018Y his sectioralsoinforms potential further

research required to enhance the MICP process, in addition to limitations. Further explavatitivew
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required to understand and exploit the conditions wtichd enhance lorterm selfhealing in MICP

installations.

Calcium carbonat precipitation is reported to be largely governed by four key factors: calcium
concentration, the concentration of dissolved inorganic carbon, pH and the availability of nucleation
sites(De Muynck et al. 2010; Ersan et 2D15) A review of research undertakesoncerningMICP

has highlighted the importance of environmental conditions such as temperature, oxygen availability
and the type of soil used, in addition to bactejmeciesand the types and concentrations offrients

and precursor chemicalgthin the cementation medised

2.5.1 Water Availability

Water is a requirement for MICP, as shown by the equations which outline the chemical process of
MICP, Equations(2-1) to (2-6). Wanget al. (2014c)advise that free water is essential to obtain a
significant amount of seliealing. Hence MICP woulde expected toease when the material becomes
dehydratedWater can also be a source of oxygen for the bacteria in the form of dissolved oxygen.
Microbes are found naturally where there is sufficient availability of space, nutrients andBestes

et al. 2018) Water availability can also affect the types of calcium carbonate polymorph present.
Conversion of thermodynamically unstable vateritstatlecalcite is a relatively fast process, and can
happen in around4 h, but will only occur in the presence of wgurbank et al. 2011)

2.5.2 Temperature

The temperature of the environment is one of the key factors governing efficiency of the MICP process
(Gowthaman et al. 2019a)empgerature has been reported to have an effect on dreasdyticactivity
and also calcium carbonate crystal formation and quardignce, he temperature under which the
material is biocemented has an effect on the stréKgthet al. 2018)When reporting on theffect of
temperature on MICBNnd the optimum temperature conditions for M]@®Rearchertendto focus on
either bacterialgrowth or ureask ureolytic activity. The optimumtemperature reported bgim et
al.(2018) when usingS. pasteurii(and also forStaphylococcus saprophytigusas 30°C, based on
amount of calcium carbonate precipitatetith testing undertaken between ZDand 50C. However,
Peng and Li2019)reported that ureolytic activity, when usiSgpasteuriidecreased more quickly at
higher temperatures up to 30 compared to lower temperatures, with greatmtities of precipitation
of calcium carbonate at the lowest temperature tested, this bef@(48 shown irFigure2-5). Peng
and Liu(2019)reported that at0 °C the amount otalcium carbonaterecipitation had been 3%
higher than that at 3. FurthermorelPeng and Li{2019)foundthe biocement produced at 4D had
thehighest strength (UCSWhich was likely due to thebservedncrease in size of calcium carbonate

crystalsprecipitatedwith decreasing temperature.
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Figure 2-5. Quantity of calcium carbonate precipitated over time within 200 mm x 47 mm dia. sand columns
inoculated with S. pasteurii and treated with a (1.0 M) uf@b M) calcium chloride mediufPeng and Liu
2019)

It has beemeported that there is little difference in microbial activity and growth within tR€26 30

°C range, with the rate of hydrolysis being marginally higher atG30compared to 26C, and
temperature increases above®80not leading to a further increase in the rate of urea decomposition
(Ng et al. 2012)

Xiao et al.(2021)reporta peak inS. pasteuriiurease activity (mNnin) dightly above30 °C anda
significant decline at 40C. At this temperature however bacterial growtiti continue toincrease
thus showing a lack of correlation between badtgriawth and urease activigt higher temperatures
Deng and Wang2018) report increases in optical density (€& of bacterial solutions with
temperature, within the & to 35°C range of their tests. Cheng et(@016)found that the optimum
crystal precipitation pattern was produced at a low urease concentration and temperattCendfe2b
using an isolate®@acillus sp. Gowthaman et al2019a)found that urease activity dafysinibacillus
xylanilyticuspeaked at 28C and then significantly reduced at 30 to roughly the level observed at
15°C, with negligible urease activity and bacterial cell growth observed& 46d above.

It would appear thathe keyparameteto be taken into consideration when considering temperat
effectsis the urease activityof the selected bacteriuand also effect on crystal precipitatidPast
research suggests urease activity governs the MICP process and that this decreases at highe

temperaturedespite increased bacterial growth and cell density.

2.5.3 pH

In addition to temperature, phill impact upon MICP, thextent of whichwill be dependent upon the
bacteriaselectedThe pH level is alsan indicator of MICPsince MICP results ialkaline conditions

A high pH may cause some bacteria to become inactive, exceptions to this being alkaliphilic bacteria
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which can survive in a higher pH environment. Wang e{212) found that when usin@acillus
sphaericugo promote MICRthe amount of urea decomposed decreased frovh @ba neutral pH 7
environment to less than% when the pH was 12.5, this being representative of the alkalinity in
concrete. A pH of 9.1 resulted in negligible reduction in urea decompoBled urease activity of
Sporosarcina ureabas been reported to be stable over a pH range of 7.75 tdoathas been found

to rapidly lose activity at higher or lower pH valudécCoy et al. 1992)Deng and Wan¢2018)found

that pH had lessffect onS. pasteuribacterial growth than temperatu@owthaman et ak2019a)
reported tht when usind.ysinibacillus xylanilyticuso facilitate MICP, the highest urease activity was

measured within the pHi78 range.

2.5.4 OxygenSupply

Most MICP processes are induced by aerobic bacteiia aufficient oxygen supplypeingnecessary
for the efect of increasing bactefibiomass(Li et al. 2018) S. pasteurigrows more actively in the
presence of oxygefbe Muynck et al. 2010)and at a higher ra{@chal et al.2009) Oxygen uptake
has been usday researcheras a measure of microbial activity aaglarindication of efficiency of the
MICP processMortensen et ali2011)found that an anoxic environmeritichot appear tdinderS.
pasteuriiurease activitysuggesting thaavailability of oxygen desnot appear to have an effect on
urea hydrolysisThis finding is supported by Wang et @017) who report that oxygen essential for
the growth of bacteria but not for urdacompositionLong-term ureolytic activity in any significant
amount without the application of oxygen is however questi@viadtin et al. 2012)

2.5.5 Material Type

Most research concerning MICP applied to geotechnical structures has been conductsandsorg
sandy soil. In comparisgonly afew studies have been undertaken which apply MICP tediamed
soils such as clay and Hltee et al. 2013; Xu et al. 201®entonite(Guo et al. 2018; Vail et al. 2019)
sand and kaolin clagun et al. 2019pr larger grained soils including graxend mixturegJiang and
Soga 2017) These examples show that where fine grained soils have Istedied they have usually
been mixed with larger grained soilhere isalsosome potential for MICRisingS. pasteurito help
mitigate against bentonite cracki@uo et al. 2018)Hasriana et a{2018)found that the CBR value

of clay soil could be increased via MICP usBagillussubtilis and bacteria additions up t&& In the
studies conducted by Lee et @013) the soil used was a silty residual soil extracted from a site in
Kuala Lumpurwith 32 % of particlesin the range of 50 um to 40@m andthe remainder varying

between clay fraction andré@m in diameter.

The type of soil, its pore throatze, and the size of the bacteria need to be taken into consideration
when selecting bacteria for MICP treatm@xg et al. 2012)The bacteriare typicallyl um to 3um,

whereas pores in concrete are mostly smaller tHapu®, which can lead to crushing of the bacteria
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(Wang etal. 2015) Rebata_anda(2007)reportedhat the optimum grain size for soils in which MICP
would be viable is 50 um to 4Q@m, and that bacterial activityould notbe abletake place in very

fine soils suclas clayMICP may also not be viable for biocementation of very coarse soil, given the
amount of precipitate that would be required to bridge gaps between very coarse soil partieles. Self
healing experiments in cementitious materials have demonstratede®alCP process can be used to
heal cracks of up.97mmwide (Wang et al. 2014c)

Studies have been undertaken which support the view that MICP may be less suitable for fine grained
soils. Jiang et a(2017)reported that when using a mixture of sand and clay with a small gap ratio (fine
sand and clay mixture) that insignificant soil improvement was achieved, due to an inefficiency in
carbonation precipitationuding MICP, compared to using coarser samples with a larger gap ratio.
Volumetric contraction was reduced by MICP however, regardless of grain size. MICP was found to
be effective in sil{Xu et al. 2016) however the filling of pore spaces at the edge of the sample with
calcium carbonate, with littlprecipitateobserved in the centreuggested flow of treatment solution
bacterial movementvas restrictedSun et al.(2019) found that Kaolin clay when added tarsl

inhibited urease activity & pasteurii.

2.5.6 Bacterial Strain

Under suitable conditions most bacteria are able to induce calcium carbonate prec{patuynck

et al. 2010) Bacteria usetbr MICP are required to be able to catalyse the hydrolysis of urea, and are
usually urease positive bacteria, inchglistrains ofBacillus, Sporosarcina, Sporolactobacillus,
ClostridiumandDesulfotomaculuniNg et al. 2012)Ureolytic bacteria are commonly found in soils of
varying type and minerology and in a variety of environmébitemi et al. 2017)Thebacteria species

and the metabolic pathway employed MICP control the amount of dissolved organic carbehich

largely governs the type ofilcium carbonaterystals formedDhami et al. 2017)

Preferred bacteritor MICP via the ureolytic pathwalgave a high urease activity. Aerobic bacteria are
preferable, since they release £@m cell respirationS. pasteurihas commonly been ustat studies

on cementation of granular soil via MIG8tocksFischer et al. 1999; Whiffin et al. 2004; van Paassen
2009; Montoya and Dejong 2013; Gomez et al. 2015; Dhami et al..284 3) sporulating bacterium,
S. pasteuriihas also been usad research into selfiealing via MICP in cementitious materials
(Harbottle et al. 2013; Bhaskar et al. 2017; Bundur et al. 2Q1rBase positiv&porosarcina pasteurii
(formerly Bacillus pasteuriji is acommon alkaliphilic soil bacterium with high urease\dttiand is
tolerant to a wide pH range. Stodischer et al(1999)reported urease activitf S. pasteuribetween

pH 6 and 10, with the optimum environméotind to beslightly alkaline.S. pasteurinowever failed

to sporulate under test conditions during research undertaken by BotusfziybwpFor this reason,

ureolytic Sporosarcina ureawas usedy Botusharovg2017) with S. pasteurireferred to ag non
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sporulating controlS. ureaesporulatedunder the same test conditions, however the rate of calcium
carbonate precipitation catalysed waschslower than folS. Pasteuriitherefore ideally an alternative
sporulating bacterium needs to be identified for use in further research intdesaihg within
geotechnicaktructures.Both S. pasteuriiand S. ureaewill express urease, regardless of ammonia
compound concentratiorfBurbank et al. 2011 Bacteria are often used in spore fornséif-healing

MICP applications. These spores enable bacteria to remain dormaaxtémdedperiods. When
exposed to suitable environmental conditions, the spores become active, returning to a vegetative state

and can then resume metabolic activif@andur et al. 2017)

Sporosarcina ureadas seldom been used in studies on-lsedfling constructionmaterials. When
compared t@porosarcina ureaeBhaskar et al2017)found thatSporosarcina pasteuriise resulted
in a greater healingfficiency. Another bacteria strain which has been used in a number-b&aétig
MICP studies id.ysinibacillus sphaericufformerly Bacillus sphaericus(Wang et al. 2011; Wang et
al. 2012; Cheng et al. 2013; Wang et al. 2014c; Wang et al. 2abdbythe Bacillus spp such as
Bacillus cereugPan et al. 2019ther strains of bacteria which have been tieeMICP, to a lesser
extent, includeBacillus subtilis(Khaliq and Ehsan 2015Bacillus cohnii(Zhang et al. 2017bjand
Bacillus mucilaginougChen and Qian 2016pome studies have usedivabacteria, sourceddm a
variety of locations including alkaline lake s@Wiktor and Jonkers 20119nd soda lake sediment
(Palin et al. 2016)

Observation of the width ofracks healed in concrete and mortar may give some indication of the
calcium carbonate precipitation inducing efficiency of different strains of bacteria. In this respect
promising results have been obtained wihacillus sphaericus which when contained iin
diatomaceous eartfWang et al. 2012)hydrogel(Wang et al. 2014bdnd melamine based capsules
(Wang et al. 2014dnducedsufficient calciumcarbonategrecipitation tdfil| cracks of 0.17nm, 0.5

mm and 0.9T™m respectively, aftdwenty eightdaysof curing This may provide a suitable alternative

to S.pasteuriifor use on future experiments on seffalinggeotechnicastructures. The only apparent
downside to usin®. sphaericuss that research undertaken by Wang ef24l12)suggests it may not

be alkaliphilic, which may nohoweverbe an issue for geotechnical applications. When used in
cementitious materials, bacteria must also be able to remain viable at a high pH, above 8.5, and at high

calcium concentrations.

As the focus for this research project will be on loeign selfhealing the bacteria will need toe able

to survive for a log period, for the service life of the structure at least. Bacteria are able to survive for
a long period of time in soils, up to 200 ¥&chlegel 1993)Research undertaken by Botusharova
(2017)demonstrated that bacte(@ssumed to be in spore forogn survive within diocementedand

matrix for up tosix months At present the longerm survival of bacteria withihiocementedsand or

soil cannot be guaranteed and will require further investigation.
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Addition of bacteria in concrete not only affects gedfling, but also has an influenceaampressive
strength(Khaliq and Ehsan 2015pDifferent types of bacteria have been shown to d#fering effects

on compressive strength of concrete, and also the rate of calcium carbonate precipitation and therefore
the amount of calcium carbonate and-éeléling observed.

The rate of precipitation of calcium carbonate is dependent mainly amtibkbacteria concentration,
bacteria growth rate and metabolic activity of the bacteria (Bs@n et al. 2015)The concentration
of bacteria, determined through measuretr&f optical density at 60@m, should be at least 40
cells/ml or cfu (colony forming units), toobtain a considerable amount of calcium carbonate

precipitation(Tziviloglou et al. 2016)

2.5.7 Cementation Medium

To enableSH-MICP, nutrients and precursor chemgaterequired to provide an energy source for

the bacteriandto promote calcium carbonate precipitation respectively. These nutrients and precursor
chemicals may also collectively be referred to as the cementation medium. An adequate supply of
nutrientswill help tosustain the bacteria for long enough to support walaiarbonatgrecipitation

and achieve the desired levelswil improvement.

Precursor chemicatequired for MICRvia ureolysisjnclude a calcium source, such as calcium lactate

or calciumchloride along with a nitrogen sourcétypically urea)for the bacterialn addition, the
selected bacteria will require specific nutrients for growtbastextract is often useih the growth
medium for bacteria, and occasionadgded to theementatbtn medium While nutrients are not an
essential component of the cementation medium for MI@RBstyextract has been found to improve
calcium carbonate precipitation, in addition to improving spore yield and viai@iigng et al. 2017a)

Wang et al(2014c)reported that yeast extract has the effect of delaying hydration and decreasing the
degree of hydration if the dosage is higher than 984 cement by mass, since organic compounds

may be easily absorbed onto theface of mineal particles.

Of particular interesfor this research ahe concentrations of nutrientnd precursor chemicalsed

in the cementation madtin for biocementation. The concentration of the cementatiediumsolution
has been found to alter the pealesgth of biocemented soil but have little effect on stiffriksg et
al. 2013) Deng and Wand2018) found thatunconfined compressive strengitcreased as the
(equimolarureaCaCb) cementabn medium concentration increased from Bl.% 10 M, witha1.5

M concentratiorresulting in a UCS decreas¥asuhara et al(2012) similarly experimented with
cementation mediwvith calcium chloride concentration®f 0.5M to 15 M (while keeping thaurea
concentration fixed at 0.M), with results as shown iRigure 2-6. These results agree with the
aforementioned studigsy Deng and Wan¢2018)in that theyshowthatMICP becomes inhibited at

Caconcentration higher thanQM.
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Figure 2-6. Relationship between initial Ca concentration of the cementation media and the consumed Ca

concentrations following/ICP, adaptedfrom Yasuhara et a(2012)

Similarly, Jiang et al(2019)reported that atquimolarurea and calcium chlorid®ncentrations above

1.0 M the calcium chlorideoncentratiorappeared to have an inhibiting effect on the MICP process.
Mahawish et al. (2019a) reported obtaining the maximum unconfined compressive strength for
biocemented sand when using a 1.@alcium chloride and urezementation mediunfl Qabany et

al. (2012)found that calcium carbonate precipitation was ambterselyaffected by the cementation
medium concentration for input concentrations up.@M. Subsequently, when Al Qabany and Soga
(2013)studied the effect of using 0.25, 0.5 andN.@oncentrations of urea and calcium chloridey
reported thathe lower concentrations resulted in a more gradugfiorm decrease in permeability and
stronger sampledhile a 1.0 M cementation medium appears to be prefecmucentrationsof
reagents usedary across published studjes selection of which are summarisedTiable 2-2.

Mukherjee et al(2019)used &@.5 M ureaCaCk cementation mediurfor example

Chen et al.(2016) investigated he effects of varyingooth calcium ion concentration and urea
concentration and found that the compressive strendtfoeémented sand increased with increasing
C&* concentratioup to45 mM (with urea content fixed at 80 g(L.33M)). It is noted thatn excess

of urea hd been used for this studpt higher Ca&2* concentrations the strength decreased, with this
result suggesting thdiigher calcium ionconcentrations inhibited urease activity. Chen e{24116)
found that ompressive strengtbf biocemented sand algacreased with ioreasing urea addition, up
to a concentration of 8@/L, with compressive strength reducirtg almost zero when using a
concentration of 10@/L. It is suggested that thisduction in compressive strengtbcurred due to an

increase in gaseous MENd CQ products with increasing urea, which led to swelling of the §ahdn
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et al. 2016)High concentrations of urea are therefore not recommended. Che(28i&)suggest 20

g/L urea may bedequate for engineering applicatiohee et al.(2013)reported that high reagent
concentrations (i.e. 1.0 M) are not favourable for MICP as urea deigradativity could be retarded.
Calcium ion and urea concentratidmave also been suggested to affect the crystalline morphology of
calcium carbonatéXu et al. 2016)

The selected calcium source will also have an effect on MP@R et al(2019)found that when calcium
chloride was compared to calcium nitrate and calcium acetate as calcium amseadsalcium nitrate
resulted in the highest shearing strengthdiocemented sandollowed by calcium chloride and
calcium acetate. The calcium carbonate deposition amount was however lowest for calcium nitrate and

highest for calcium acetate, with the average valuesnghgtween approximate®4 g and 27.5 g.

The standard ureealcium cementation medium used for biocementatiagy also be augmented with
additional reagents and nutrienfsrelatively small number of biocementation studies have included
nutrients withinthe cementation mediurand quantities of nutrients vary where uskang et al(2019)

used 6 gL of nutrient wothin their cementation mediawhereas StockBischer et al{1999)used 3 g/L

(Bacto) nutrient brothDhami et al.(2017) conducted MICP experiments vitro using nutrient
augmented cementatiomedia (with 1 g/L or 10 g/L yeast extracllhey repord that under low
nutrient conditionscalcium carbonate precipitation followed the extra polymeric substances (EPS)
route, as has been observed in the formation of natural MICP such as stromitifliesias observed

to be more effective under high nutrient conditions. Nutrient concentration was also observed to have
an impact on calcium carbonate crystal formation, with larger calcite crystals being produced in high

nutrient conditions and smallerystals in low nutrient conditions.

For some studiesncluding one of the first studies in this area by Stdeksher et al(1999) the
cementation medium has been augmented aitmonium chloride (NECI), as also included in the
cementation solution used by Montoya and Dej2@3) In addition,some studietclude a small
amount of sodium bicarbona{dlaHCQ) in the cementation mediu typically 2.12 dL (Stocks
Fischer et al. 1999; Al Qabany and Soga 200&h thisreportedlybeingusedfor stabilisation of the
pH of thecementatiorsolution before injection(Al Qabany and Soga 2013)he reason for including

ammonium chloride within the cementation mediura hathoweverbeen clear.

The retention time betwedhe cementation medium additions/ biocementation treatraadtaumber

of treatments also needs to be consideretiwill be dependent upon the concentration of the reagents
used any augmentation of ¢hstandard ureealcium cementation medium and the selected bacterium
When using a 0.5 Mreacalcium cementation medium containing calcium chloride and 3 g/L nutrients
and an isolate@sychrobacillusp. bacteriumGowthaman et a(2019b)appliedtentreatmentswith 24

h intervds. Van Paassen et §2010)used a equimolarsolutioncontainingl.0 M calcium chloride
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and urea mixed with tap watand no added nutrients, for biocementation of sand \&irmasteurii

with ten treatments of this cementation medium applied over sixteen days

The rate of application of cementation mediigmalso reported to have an effect on biocementation
(Lee et al. 2013)Cheng and Cor&Ruwisch(2012)suggest that a slow rate of application of cementation
solution enables adequate mixing of theteéaa and nutrientécementation medium)The rate and
pressure of injectionf cementation mediurthas been reported to have an impact on the precipitation
of calcium carbonate, with stiffness and peak strength reported to maidadecreasing cementation
reagent flow pressur@heng et al. 2016}-or biocementation treatments appligging the injection
processnto sand columnghe rate has typically equated to approximately thogevolumesper hour
(Harkes et al. 2010; Montoya and Dejong 2018rkes etl. (2010)did however find that at this rate

21 % ofbacteria introduced into columns were lost (based on optical density measurement of effluent).
On this basis the rate used by Cui et(2017)seems quite high, since they use the same rate of 10
mL/min as Montoya and Dejon@013) but for much smaller columns, with column dimensions and

injection rates given ifable2-2.

Table2-2 belowsummarises the concentrations of precursor chemicals within the cementatian medi
used for lakbased studies on biocementation of sand via MW@Rere multiple experiments have been
carried out theconcentrations stated correspond with those that led to the greatest material property
enhancement3he quantity of cementation medium (CM) used will be dependent upon the compaction
of the @andand the capzty of the void spaces, this is therefore difiii to compare across the variety

of studies in this area and is not always clearly stated since numerous applicattMsacd often
applied to biocement sampl&s achieve desired levels of biocementatian excess of cementation
medium mayalsobe ugd to ensure that any unreacted reagents from the prior treatment are fully

flushed from the columns.
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Table2-2. Concentrations of cementation maedéagentaused inpublishedsand column MICP experiments

Bacterium/ Urease =~ Sand Column Treatment Cementation Media  Inoculant Pumping Rate Quantity of Reference
Source Size Delivery Reagent/ nutrients (direction) Cementation Media
and Conc.
S.pasteurii 39.1 mm Injection CaCk500 mM 40 % pore vol. 5 mL/min (bacteria) One pore volume every (Cuiet al 2017)
diameter, 80 Urea 500 mM bacterial solution 10 mL/min (CM) 12h
mm height (downwards)
Naturally sourced. 45 mm Injection CaCk1000 mM 50 % pore vol. Rate not given One pore volume every (Cheng et al. 2016)
Bacillus sp. diameter, 180 Urea 1000 mM bacterial solution (downwards) 24 h
mm height
S. pasteurii 72 mm Injection Urea 333 mM One pore vol 10 mL/min (upwards) Two pore volumes (Montoya and
diameter, 144 NH4CI 374 mM bacteria suspended every 36 h. Dejong 2013;
mm height CaCk50 mM in CM minus Montoya and
*NaHCGQO3 25.2 mM calcium DeJong 2015)
*Nutrient broth 3 g/L
Urease enzyme (020 50 mm Injection CaCk1000 mM Urease powder 5 mL/min (upwards) 100 ml at 2 hintervals, (Yasuhara et al.
83242, Kishida diameter, 100 Urea 1000 mM premixed with sand four to eight times 2012)
Chemical Co. Ltd.) mm height (Optimum)
S. pasteurii 66 mm Injection CaCk1000 mM 14 % pore vol. 3.7 mL/min to 11 1.2 times pore volume  (Harkes et al. 2010)

diameter, 180
mm height

Urea 1000 mM

bacterial suspension mL/min (downwards)

(undiluted)

(one injection to test

bacterial fixation)

* Reagent/ nutrients added later 2015 study.
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2.6 CementationMedium Delivery

This research has in part, in the early stages, been informed by approaches to development of self
healing @mentitious materialgjiven the novelty of thisystem fobiocementedieomaterials such as
sand andoil. Also considered are the processes which have been uastduebiocemeration since

an aim of this research had beermobed sethealing capabilityithin the biocemented material

Laboratorystudies orthe biocementation afandvia MICP have often utilised an injection process as
a means of delivering theementation medi These injection processes typically involve two stages
injection of a bacterial inoculaifbioaugmentaon) or bacterial stimulating medium (lBtmulatior)
followed by the injection of cementation mediu@ementation medium has been showbde@ffective

for fixing of the bacteria within a bioaugmented sysigtarkes et al. 2010Yhis initial injection of
cementation medium malsobe replaced with a 0.@85solution of calcium chloride for the puoses

of bacteria fixing(Harkes et al. 2010)To achieve a desired level of biocementatiprecursor
chemicalgand nutrients if included)aveoftenneeded to be injectedto the soil multiple timesver
severd days or weekd$o enable sufficient cementation of theil andto achieve desired material
properties.Besides injection, leernative approaches to cementation medium delivery in soil have
includedsurface percolatioiCheng and CorfRuwisch 2012; Cheng and CeRliwisch 2014)and
premixing(Yasuhara et al. 2012)lealing MICPtreatmers for biocemented sartidve been delivered

through injectiors (Montoya andDejong 2013; Botusharova 2017)

Studiesconcerning sethealingof cementitiousnaterialshave utilised a variety of mechanismstore

and supplythe cementation mediurand bacterido promote healing ofracks via MICP,including
immobilisation andencapsulation. A review has been undertaken of these studies to inform possible
appoachego enable selhealing via MICRwithin geotechnical structureResearch in the area of self
healing construction materials has focussed on concrete tdCdateree is the most used construction
material worldwide, owing to its strength, durability, and relatively low ¢tmtkers and Schlangen
2007) Concrete is susceptible to cracking, due toglkatively low tensile strength, which can reduce

the service life and durability of concrete and make it susceptible to chemical attack following ingress
of aggressive substances such as chloride and sulphate ions. The environment within concret has pos
challenges concerning research into bactédsled selhealing systems in concrete. The high
alkalinity within concrete is likely to deactivate incorporated bacterial spores, which may in addition
get damaged or crushed entirely during the concrexingniprocess. This has led to research into
encapsulation and immobilisation of bactereand also the encapsulation and immobilisation of

nutrients and precursor chemicalghin cementitious materials.

A variety of what are often referred to as carciempoundsmaterialshave beentilisedin selfhealing

research applied to concrete, to increase viability of bacteria survival ainealifig efficiencyKhaliq
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and Ehsan 2015)These carrier compounds can have positive and negative effects on the material

properties of concrete, dependent on materials and quantities used.

2.6.1 Direct Application

Researclundertalen to date on the biocementation of sand and soiMW@P has utilised a direct
application approach for the delivery of nutrieatsl precursor chemicalfhese chemicalsave been
applied directly to soils in solution through injection, surface percolation and premixing. These
approachesiowever arenot autonomous. MICRreatmentsfor stone have been limited to surface

application, also referred to as leposition.

2.6.1.1 Injection

The provision of reagents directly by infeon requiregoften repeated) externatervention. Harbottle

et al.(2014)reported that the mediumas partially replaced several times, on a weekly basis, to provide
a continued source of nutrients. Common problems encountered when injeatiegtation mediato

soil (and also sandiclude clogging of pores near the injection point and uneven distnibof bacteria

and calcitgBurbank et al. 2011)

The limited research into healin§biocementedand andoil viaMICP to date has utilised a two stage
injection/ treatmentprocess to supplipacteria, folbwed bynutrients(where includedand precursor
chemicals(Montoya and Dejong 2013; Harbottle et al. 20Bdtusharova 2017Montoya and Dejong
(2013)introducedSporosarcina pasteurliacteria into a 72nm diameter pluviated triaxial specimen
during an initial injection with bacteria suspended in a solution containing cementation solution
reagents minus calcium chlorid&his initial injectionexcluded calcium chloride to prevent calcite
precipitation during inoculation. While this omission of calcium chloride will have prevented
precipitation, it may also have adversely affected bacterial fixing within the cokimsesolutions
containing acalcium source hae been showrno be particularly effective for fixingpacteria to sand
(Harkes et al. 2010)The stuiks undertaken bfBotusharova2017) usel PBS to form a bacterial
suspensiorninto which sand was wet pluviated to form the colunwish this suspension completely
filling the column pore spaceshiswas followed by an injection of cementation medium. Harkes et
(2010)found that when the initial injection consisting of a suspension of bacteria entirely filled the sand
column poresonly 14% of the optical densifOD) was retained upon injection of & 5nM CaC}
fixation solution Thiscompares to 9% bacterial retention (as determined through OD measurement)
when the bacterial suspensionddjust 17 % of theolumnpore volume andrasfollowed by injection

of one and a half pore volumestbg fixation solutionHarkes et al. 2010Hence the approach taken

by Botusharovg2017)may have resulted in significeloss of the bacterial inoculant from colurrais

this early stage
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Supply of cementation medium for MICP via injection has typically involved pumping tldgume
upwards through the base of sand coluniM®ntoya and Dejong 2013; Botusharova 20br)
alternativelysuppying the cementation mediumsingthe downflow injection method Cheng et al.

2016) The cementation medium introduced into a column following a subsequent treatment will be
heavier than the solution (effluent) contained within the column pore spaces. The upwards injection
proces combined with theeffect of gravity therefore helps ensure that all of the effluent within the
columns is displaced as the column is injected tuad this effluent is entirely replacesith the

cementation medium.

2.6.1.2 SurfacePercolation

Surface percaition is the most straightforward and economical approackeimentation medium

delivery, in respect of the process used. Surface percolation has been developed for use in MICP
applications for the isitu stabilisation of and by biocementatioffCheng and CorfRuwisch 2012;

Cheng and CordRuwisch 2014)Compared to injection, surface percolation has the advantage of not
disturbing the soil when used for-gitu applications. The surface percolationgess may be applied

to unsaturated sand, whereas injection processes have required the sand samples to be saturated, to
enable flow of bacteriand cementation medtarough the soil matrix. The bactdrsuspension and
cementatioormediumare transportethrough the soil by gravity and capillary forces.

The surface percolation process involves supplying badtedaolutiornto the surfacef the material
(by spraying or pouring¥ollowed byapplication ofcementation mediurm the same manneCheng
and CordRuwisch(2012)applied this approachytirst suppying bacteriato the top of columni a
solution anounting to 50% of thewater retention capacityf the sand columndgollowed bythe same
volume of cementation solution containing urea and calcium chloride. Folld&ihgncubation 100
% of thewaterretention capacity of the sd of cementation medium waddedo the top of the column

For both injection and percolation there is a possibility of bacteria washout at high flow rates. The
process becomes more complex with depth, sincénfmeasing length of colunsrmore layers of
bacteria anccementation medium are need@heng and CorfRuwisch 2012) This technique is

particularly suited to porous granular soils with a high permeal@ingng and CordRuwisch 2014)

2.6.1.3 Surface Application

Surface application dfiocementation treatmehtis been explored as a means of protecting calcareous
building stone, in particular limestoliiee MetayerLevrel et al. 1999and to a lesser extent sandstone
(Richardson et al. 2014Microbes play a key role in mineral growth and rock weathé€Bagha et al.

2018) Although this area is not a focus of this project it is an area with the potential for further research.

In sedimentarystonesuch as sandstone and limestaéhe binding material is principallgalcium
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carbonatgRichardson et al. 2014naking MICP a particularly suitable application for protection, and

potentially also repair.

Richardson et al2014)demonstrated the vialiyi of cementation of sand samples, as a precursor to
studies on stone, their studies were not dissimilar to the experimeolgng surface percolation. Le
MetayerLevrel et al.(1999)tested the effectiveness of MICP surface treatment by spraying nutrient
(cementation)nedium mixed with bacteria directly onto the surface of limestone, to fdrmcalcin
protective crust. It iseportedhat, following insitu treatment to a limestone church tower, after 85y

the external aspect remained unaltdiesiMetayerLevrel et al. 1999)

2.6.2 Admixtures and Premixing

Early studie®n selfhealing viaMICP in cementitious materials incorporated bacteriacamgientation
mediainto test specimens as an admixture, whereby a mixture of bacterial spores and calcium lactate
were added directly to the cement mix, replacing part of the makeup (daders et al. 2008}t is

noted that the bacterial spores are able to withstand high mechanical forossydoeliable for up to

200 yrs under dry conditior($chlegel 293). In thisparticularstudy there had been an observed loss

of viability of the incorporated bacterial spores, linked with a decreassmentmatrix pore diameter

sizes. It is suggested that the sporeseccrushed in aged specimens. Jonkers €2@08)suggest

using encapsulation or immobilisation as way of protecting spores from being crushed. Although not
noted in this paper, thadhly alkaline environment within concrete majsoimpact uporbacterial

viability and hencehe MICP procesglependent upatie bacteria selected and their pH tolerance.

Similarly, thepremixing proces$as beentilised for bio-grouting in soils, whesby calcium carbonate
precipitateactsas a cementing materi@fasuhara et al. 2012This process has been developed as a
more environmentallyriendly alternative to chemical grouting. Yasuhara et(2012) used urease
enzyme as opposed to bacteria, in addition to urea and calcium chloride as reagents in the grout. It is
suggestedy Yasuhara et al(2012)that the rate and magnitude of calcium carbonate precipitation
would be controlled by the amounts of these reagents used. The unconfined compression strength of
lab samples ranged from 4RPato 1.6MPa, with a reduction in permeability achieved. Although using
urease enzyme directly simplifies the process by eliminating the need for bacterial culture it also makes
this particular methogbotentially unsuitable for use in seffealing applicatins unless the urease
enzyme could also be stored within the biocement. The viability of urease in thetong however

unknown.

2.6.3 Immobilisation

A variety of porous materiglalso referred to as carrier materialsye been used to immobilise bacteria

and cementation media withoementitious materialdor the purposes of enabling skkalingvia
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MICP. These carrier materials may be used as internal nutrient resgiBoidur et al. 2017)
Immobilisation has been reported to be an efficient approach for baotsea selhealing in
cementitious material§Zhang et al. 2017b)mmobilised bacterial sporeas this contextwill be
activated by contact with water.

2.6.3.1 ExpandedVaterials Clay, Perlite and Shale

A variety of expanded materials have been utilised as caratarials to embed sefffealing capability
within concrete and mortawiktor and Jonker$2011)immobilised a mixture of calcium lactate and
bacterial spores in expanded clay particldse chemical process of calcium carbonate formation by
bacterial activity, where calcium lactgteaGH100s) is used as the precursor, is presented in Equation
(2-7) as reportedby Jonkerset al.(2008) as cited in Khalig and Ehs§2015)

#A( o/ O#HAI uv#/l v(/ @27

Wiktor and Jonker§2011)obtaired kacterial spores from alkaline lake seihich wergound to have

a 98.7% homology talkali resistanBacillus alkalinitrilicus Vegetative cells were deactivated by
heating to 80C, so that only spores remained. Expanded clay, in the folighbfveight aggregate of

Liapor R of 24 mm diameter, were impregnated twice under a vacuum with calcium lactate and yeast
extract followed by a bacterial spore suspension. The resulting calcium lactate content of the clay
particles was six percent by wéit. Afterfifty -six days of curing, cracks of between 0.05 anurh

were induced in Portland cement mortar specimens. The specimentherdmmersed in tap water,
allowing for free diffusion of oxygen and carbon dioxide through the vatenterface.The MICP

process uses oxygen, therefore oxygen uptake was measured to quantify calcium carbonate
precipitation. Aftera hundrediays of immersion in tap water observed cracks of up torAmévere

filled with calcium carbonate in bactetirmsed specimensmpared to 0.18m in control specimens
without bacteria. Taresults of thistudy also shoedthat selfhealing occurs to a small extent naturally

in cementitious materials and can be significantly enhanced by MICP to heal wider cracks. Calcite and
aragaite forms of calcium carbonate precipitates were identified under ESEM observation. Wiktor and
Jonkers(2011) repored that afterjust twenty-eight daysof incubation crack healing beliaur was

similar for both control and bactesimsed specimenandwith increasing incubation crack healing in
bacteriabased specimens increased in comparison to the control. No permeability measurements or

strength tests were undertaken.

Zhang et al(2017b)conducted experiments to compare expanded clay particles to expanded perlite,
for immobilising bacteria for crack sdifealing in concrete. Zhang et §2017b)refer to perlite
immobilisation as a relatively lowost approach compared to immobilisation using graphite-nano
platelets, polyurethane or silica gel or apsulation using melamidesed microcapsules. Perlite is

found extensively in volcanic rockBacillus cohniiwas used in this study. It is noted that both
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vegetative cells and sporegere immobilised. The perlite was impregnated with bacteria urder
vaauum, and following oven drying a solution of calcium lactate and yeast extract was sprayed onto the
surface of the particle#t is possible however that MICP may already be occurring at this stage since
within the carrier materials since all constituamiguired are immobilised together.

Unlike studies undertaken by Wiktor and Jonk@@&11) Zhang et al(2017b)did not immobilise the
precursor chemical (and nutrientg)der a vacuum. Instead, to previd sprayegbn calcium lactate
andnutrients being dissolveoly water in the concrete, tlvarrier materialsvere sprayed with a geo
polymer coating consisting of a solution of metakaolin and sodium silicate. Following,auenkgs of

0.1 to 0.8mm were induced in the Portland cement concrete specimens. Cr&ck8min were fully
healed in concrete containing bacteria immobilised in perlite, compared to cracks ohr.4%
concrete with bacteria immobilised in expanded clay. These values were obtainedeftgreight
days of healing, suggestinige selecteddxteria,Bacillus cohnij had enabled faster healing than the
bacteria used byiktor and Jonker§2011) Calcite crystals were observed to have been formed within

cracks.

Expanded clayarticles are also referred to as Ceram§lteen and Qia2016)utilised Ceramsite as

an immobilising carrier materidbr Bacillus mucilaginousacteria, calcium nitrate and nutrieits
concrete to enable sdiealing, achiewmg similar results to Wiktor and JonkgZ011)andZhang et al.
(2017b)with cracks of width 0.5 mm healed. This healing was achieved in 28 days, as opposed to after
100 days in the study bWiktor and Jonker§2011) with a faster rate of healing likely facilitated by

the selected bacteria and alsodupplying nutrients for the bacteria which the studyWiktor and
Jonkerg2011)neglects.

Expanded shale also fits into the lightweight aggregate category. Bundy2éta)conducted MICP
research using expanded shale aggregate with an absorption capacity %f 24tR partctles sizes

ranging between 60Am and 4.75mm. Expanded shale aggregates were submergek&yeast

extract mediunin a sealed container at 25 for 24h to immobilisethis medium In this study bacteria

were added in solution as part of the mixing water for the concrete. This may have rendered the study
less affective compared to those whereby bacteria were also encapsulated, given the known issues
concerning crushing of unproteck bacterial cells in cementitious materials during the mixing and
curing stages. Mechanical forces during mixing can damage badéaiay et al. 2014b)n addition

to this bacteria can become squeezed when pores in concre@ntgetously smalle(Wang et al.

2014b) Compressive strength of bacteria inoculated mortavedte days was identical to the control

and less than BIPa higher than the control @tenty-eightdays, calcium carbonate predgtion is not

noted.
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2.6.3.2 Diatomaceous Earth

Anotherimmobilising carrieris siliceous diatomaceous earth (DE), with a particle size of typically 10
to 200um, whichWanget al.(2012)used to immobilisdacillus sphaericusDiatomaceus earth is

highly porous and lightweight, consisting of fossilised remains of diatoms, it is resistant to heat and
chemical actiorfwang et al. 2012)Diatomaceous earth contains surface pores, these ranged from 0.1

to 0.5um and some particles were also found to have hollow inner structures.

Wang et al(2012)reported that theptimum concentration of diatomaceous earth for immobilisation
was 60% by weight per volume of bacterial suspension. lis gtudy the bacteria only were
immobilised. Yeasturea and caitrate were added to the concrete mix, after firstly being dissolved in
water. Crack widths of up to 0.57m were healed, which is somewhat smaller tharreported widths

of cracks healeth the aforementioned studies incorporating immobilising matetidsever, it was
reported that after unloadinthe remaining crack widths ranged from 0.15 to v, therefore 0.17

mm was the maximum crack width healing that could be obsdrete, it is apparent that quantifying
selfhealing in terms of widths of cracks healed is not a reliable or suitable comparator across the studies
reviewed since reported widths of cracks befoealing variedt was notedby Wang et al(2012)that

use of diatomaceous earth led to difficulties during casting of specimens, due to its high specific surface
area and resulting high absorbency. If DE is more ti4y weight of the cement by mass the mortar
paste becomes dry and workability decreases significAMéyng et al. 2012)

2.6.3.3 Zeolite

In addition to perlite, anothevolcanic mineral which has been used in researclorporating
immobilisation is Zeolite, a highly porous hydrated alsiticate mineral with pore sizes between 0.1

and 0.3nm, which is alsausedfor ammonium remova{Guida et al. 2020)Bhaskar et al(2017)
immobilised Sporosarcina ureaand Sporosacina pasteuriiin Zeolite (Clinoptilolitg, with particle

sizes ranging from 0.4@m to 1.4mm. A 30 ml bacteria solution (£Ccells/ml) was mixed with 18

zeolite in falcon tubes. These tubes were shaken for one hour gird@6 immobilise thévacteria in

the zeolite. Since the size of most bacteria is 1 pon3 the reported sizes of the pore spaces in the
Zeolite would be too small for the bacteria, therefore it is likely the bacteria would have been adsorbed
onto the rough surface of the zégmlCementation mediummonsisting of calcium lactate, urea and yeast
extract were added to part of the concrete mixing wagrppposed to being immobilisedith
concentrations of 2, 2% and 0.246 respectively of the cement mass. PVA fibres wereadsied to

one test specimen. Both bacteria sporulated, possibly helped by the addition of manganese to the growth

medium, which Bhaskar et §2017)reported stimulated formation of bacterial spores substantially.

When testing selhealing effectsBhaskar et al(2017) found that water absorption was shown to

decrease with specimen age, morda@aspecimens containing the zeolite immobilised bacthiaa
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for specimens without bacteri@he specimens containing PVA fibres and immobiliSpdrosarcina

pasteuriihad the higheépercentage reduction (90.43) of primary sorptivity afteeightmonths, this

was compared to specimens without fibres which had &@.83uction in primary sorptivity, showing

that inclusion ofPVA fibres hal some effect oomaterialenhancementt was found most healing

occurredin the firstfour months, with little change after. It is noted cracks of up ton@m were

completely filledin specimens containing. Pasteuricompared to cracks @&.07mm for specimens
containingS.ureae howeveriti s n 6 t cl ear i f t hese were the maxir
specimens These cracks are nonetheless relatively n
sufficient evidence of seliealing Since Zeolite is a pozzolan it may also influenaderial properties

of concrete.

2.6.3.4 Lightweight Aggregate and Graphite Nanoplatelets

Khalig and Ehsai2015)immobilisedB. subtilisin Lightweight aggregate (LWA) and graphite nano
platelets (GNP). LWA were soaked in bactesialution for 24 h prior to mixing into concret&NP

was also soaked with bacterial solution before adding to the concrete mix, superplasticiser was required
in this mix to ensure more uniform distribution of GNRalcium lactate waadded apart of tre cement

mix. Selthealing efficiency was tested by conducting compressive strength tests and observing healing
of cracks up to Inm width.It wasreported by Khalig and Ehs@&2015)that the small particle size of

GNP results in it acting like a filler material and helps ensure its uniform distribution within the
concretegenabling bacteria to be readily availablecrack sigs. LWA was less uniformly distributed

in comparison. Aftetwenty-eightdays the maximum crack healing was OBt and 0.6Imm for

GNP and LWA specimens respectively, compared to u3i7in specimens with bacteria incorporated
directly in solution in wateadded to the concrete mix. GNP specimens showed maximum healing in
cracked samples a&evendays, compared téourteendays after curing for LWA. It is suggested
continued hydration reactions in concrete put pressure on GNP patrticles which are westkbjdwed

to multi axial loading, resulting in damage to bacteria cells, and therefore LWA provides better
protection for bacteria in concrete. Compressive strength increases v@érari29.8% respectively

for LWA and GNP specimens, compared to the mdr#pecimens. Seliealing is noted to be a cause

of compressive strength increase. Compared to concrete aggthgagmaller particle size of LWA

and GNP makes concrete denser, resulting in a compressive strength increase. However, the influence
of theproperties of the carrier materials themselves is not reported, with regards to the properties of the

concrete.

SierraBeltran et al(2014)used ightweight aggregatf.25 to 2 mmjo immobilise botlcementation
medium €alcium lactate and yeast extract) atkhli resistanBacillusbacteriaspores. Sierrd8eltran

et al.(2014)alsoreported that this resulted amincrease of compressive strength when compared to

57



controls containingho LWA, bacteria or cementation medium. Sadaling via MICP could not

however be verifieth this studygiven kck of observed calcium carbonate precipitate.

2.6.3.5 Fibres

Prior to this doctoral study, research hamt previously been undertaken into the use of fibres as a
carrier material fotheprecursor chemical®r bacteriato enable sefhealing in cementitioumnaterias

or biocementedand andsoil. Of particular interest in this research are natural fibres, as a novel and
sustainable approach to the letegm storage andupply of nutrientsand precursor chemicdiar self
healingvia M1 CP . Nat ur al ybres ar e r(Rghmantetead 2007Phisb e st r
property may result in these materials being particularly suited as carriers for MICP, as the carriers are
required to be highly absorbent. Lesost natural lignocellulosic fibres such as coir, jute amigteave

been usedor soil stabilisation purposegPrasanna and Mendes 2020 are highly absorbent. Coir,

the outer fibrous coveringf a matured coconut huskas considered at tresageto be the most suitable

for longterm selfhealing MICP applications, since due to its high lignin content it degrades much more

slowly than other natural fibréglejazi et al. 2012)

Natural fibres, in addition to being potent@mentation mediumeservoirs, will further enhance the
properties of thdiocementednaterial While research has been undertaken intauge of natural and
synthetic fibres to improve engineering properties of satural fibreshadnot at tle onset of this study
beenincorporatedvithin soil biocementation systemBhe inclusion osyntheticPVA fibres (0.1 mm

in diameter and 12 miength) in MICP treated sand has been reported to have the effect of reducing
brittleness of the bieemented sand and enhancing the MICP proogdsidging pores in the sand
(Choi et al. 2016)Addition of polypropylenefibres has been found to increase shear strength of
cementedusing portland cemengandgKutanaé and Choobbasti 2015)Fibres have also been used

to enhance material properties of MK@Rated concrete. PVA fibres, when used in addition to
immobilisation of bacteria in zeolite, resulted in a greateptivity reduction in concrete than use of

immobilised zeolite alon@Bhaskar et al. 2017)

2.6.4 Encapsulation

Encapsulation techniques have been shown to be effective in ceousnmaterialéor enabling sek
healing via MICP. Capsulegrovide protection for the bacteria against the mechanical processes
involved inconcreteproduction which may otherwise render the bacteria ineffective through crushing.
Encapsulation materialgtilised within concrete and mortar have included hydrogels, glass and

ceramics.
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2.6.4.1 Silica Gel and Polyurethanéoam inGlassCapsules

Immobilisation and encapsulation have also been combined. Wang (@041) immobilised B.
Sphaericudacteria in silica gel and polyurethane foam, before encapsulating these matg/liads

tubes of 40nm length and & m diameterCementation medium consisting of urea and calcium nitrate
was encapsulated separately in glass tubes attached to those containing immobilisedJibchayiz.

is porous, biologically inert, and has glgroperties of mechanical, thermal and photochemical stability
(Wang et al. 2011) It was found that bactetiactivity decreased when immobilised in silica gel,
attributed to a retarding effect of the silica gel on the diffusion of (&g et al. 2011)and the
possibility that ammonia may be trapped within the gel and could not escape. Likewise, the process in
the immobilised PU was slower compared to usinginumobilised bacteria and nutrients, with only

30% of ureabeing decomposed, compared to%0n silica and 786 with free cells.

Wang et al(2011)reported thattsengthregain following specimen fracture and subsequent healing
was attributed mostly to polyurethacentent since calcium carbonate precipitaitwithin the PU foam
was limited. Calcium carbonate was able to precipitate more in silica gel; however, stegagiiwas
less than B%. Overal] use of PU and silica gel asnmobilising carrier materialgappeared to have
resulted inminimal positive results and combined with the complexity of this method it would be
deemed an unsuitable option to consider for nsmils Glass encapsulation of reagents would not be
practical for geotechnical applications, furthermore ghassld not be a desirable materialuse sine

it is not biodegradable.

2.6.4.2 MelamineBasedMicro Capsules

Wang, Soens, et a{2014) used melamindased capsules, of approximatehb 2im diameter to
encapsulatBacillus sphaericubacteriaCementation mediuroonsisting ofyeast, urea and Qatrate

was added directly to the concrete mix. The microcapsules Veened toresistant to high pH and
sensitive to humidity and bame flexible in conditions of high humidity and brittle in low humidity
environments. This ensutéhe capsulesidnd t b r e ahe caharetei mixipg processit were
easily broken when the concrete cradk The bacteria were encapsulated using a-pohdensation
reaction based micrencapsulation process, with the final product being an emulsion consisting of
microcapsules and watd'wenty-eightdays after castingracks of between 0.068m and Imm were

induced in the concrete specimens. The maximum crack width healed was.97

Wang et al.(2014c)reported that thenelaminebasedmnicrocapsules led to a decseain compressive
strength of 184 to 34% of concrete comprising of% to 5% microcapsules respectively, afteenty

eight daysWater absorption however decreased. A mercury intrusion porosimetry test indicated a slight
increase in porosity in specime containing microcapsules. The microcapsules resulted in large pores

within the concrete matrix. Microcapsules ruptured under tensile force. Althbxegbhementation
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medium wasiot encapsulated along with bacteria, Wang2il14c)repat that this would be the best
option since it would facilitate spore germination under suitable conditions but this had not been
possible due to technical difficulties concerning encapsulating water soluble agents into microcapsules.
The maximum crack witl healed in this study was greater theportedfor other methods of bacteria

andcementation medidelivery.

2.6.4.3 Alginatebased hydrogel

Recent studies by Harbottle et @013) Wang et al(2015)and Palin et ali2016)have investigated

the use okodiumalginate as alow cost biopolymefPalin et al. 2016)to producecalciumalginae
hydrogelbeadsHarbottle et al(2013)andPalin et al.(2016)utilised sodium alginate to encapsulate
cementation reages along wittSporosarcina pasteuriind bacteria of thBacillusgenusespectively.

Wang et al(2015)encapsulate8acillus sphaericudacteria onlySodium #ginate is avatersoluble
anionic polysaccharide, extracted from cell walls of brown algae, and when combined with calcium

becomes insoluble in watéiVang et al. 2015)

The cementation medium encapsulated by Harbottle @Gl 3)consisted of Oxoid CM0001 nutrient
broth, ureasodium bicarbonate and ammonium chlorifleolution containing sodium alginate along
with these reagents and bacterial cells pigetted in 10 pl aliquots inta calcium chloride(CaCkb)
solution This calcium chloride solution acted a gelling agent, with the calcium source also becoming
encapsulatedlong with the bacteria and other cementation medium constiagetitecalcium alginate
beads were formedrRalin et al.(2016) mixed bacterial spores with a sodium alginate solution, along
with magnesium acetate yeast extradgth bead$ormed by pumping this solution frombacm height
into a calcium acetatgelling solution Autoclaving was not useid either stdy for sterilisation since
this would result in depolymerisation of the algin@®alin et al. 2016)therefore test conditions were
not entirely sterile. Tests undertaken by Palin ef28l16)showed that MICP occurred in thé® test
conditions, this test was a proof of concept and not applied to or within concrete. Palif2@1a).
focus on applications in lowemperature saline marine environmehtarbottle et al(2013)tested the
effectiveness of the calcium algindteadsor enabling sethealing of cracks in mortar, in addition to
establising optimum concentrations of sodium alginate and calcium chldfthést the beads were
shown to form a bond in fractured mortar specimétasbottle et al(2013)report thatthe effect on
mechanical performance was relatively weak. Harbottle €2@il.3)found that theptimal combination

of alginate and CagWwas found to be 2.% and 3% respectivelyPalin et al(2016)had used a lower

1.5% (w/v) sodium alginateoncentratiorand 6.4 g/L calcium acetate gelling solution.

To produce a stronger carrjeand micresized beadswang et al(2015) modified sodium alginate,
chemically and with UV polymerisatioto create covalently bonded modified algindibe $eets of

hydrogelresulting from this procesg&jcorporating bacterisspores, were freeze dried and ground to
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form fine powders, with particles sizes of 20 um to & Urea and yeast extract were addeectly

to the cement mix to provide the required precursor chemicalbatdrial nutrientfor selfhealing

via MICP, with the calcium sourceontained with the modified alginate hydrogel. The addition of 0.5
% and 1% by mass of cement of the hydrogehs reported byVang et al.(2015)to resultin a
compressive strength decrease of 26.2nd 23.4% respectivelyand tensile strength decrease of 15.6
% and 30% respectively.

Hydrogels, including alginate gels, have a high water absorption and retention capacity, water can be
absorbed, retained and gradually released to support bacterial gbtiaitg et al. 2015)This would
make this type of carrier suitable for applications in environments which may experience prolonged dry
conditions, or that may be water scarce. Moisture uptake of hydregelsfound toincrease with

increasing relative humiditfWang et al. 2015)

2.6.4.4 Synthetic Hydrogel

Compared to alginateasedydragelsthat can be produced with simpledahsed proceduresynthetic
hydrogels may be a costly approach given the process involved in producing the hydrogels. The
hydrogels used by Wang et §014b)were developed by the Polymer Chemistry and Biomaterials
Group of Ghent University (PBNMUGent). These hydrogels were synthesised based on commercial
Pluronic F127, which is a trblock copolymer of polyethylene oxide and polypropylene oxide. To form

the hydrogel capsules, powdeneghgentyyeast extract, urea and calcium nitraded addeda the
polymer solution, followed by a suspension contairdgngres, then the initiator. Immediate degassing
after prevented germination of spores, since water was present the MICP process would be initiated if
the solution came into contact with oxygendrygel sheetaerethen formed and cut into small pieces.
Calcium carbonate was observed to form inside and on the surface of the hydrogel, after being placed
in autoclaved distilled water. When using hydrogels in concrete, part of the crack healing &ppear

due to the swelling of the hydrogel itself, since Wabg@l. (2014b)report that the maximum crack

width healed was 0..nm using hydrogels containing bacteria and @ when using hydrogels

without bacteria inside.

In a seond paper on hydrogels, Waegal.(2014a)yeporedthat hydrogel microcapsules used resulted

in an unacceptable decrease in compresstiangth of the concrete specimen by abou¥b0n this

study the hydrogel sheets were freeze dried and ground into a powder, and contained only bacteria, with
the cementation medium reageriising added in solution to the concrete mix. The same amount of
healing was observed however in respect of crack width healed in concrete, compared to the previous
study. The demonstrated that the process was just as effective witlcaheentation medium

immobilised.Super absorbent polymersgrealsoutilised by Kuaetc al.(2019)
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2.6.5 Groundwater

It is possible that in some locationsogndwater may provide the Icaum source required for
biocementation. There have been limited studies into the use of groundwater as a source of nutrients for
MICP (Cheng et al. 2016)Investigation has been undertaken itite use of MICP to remove
contaminants in groundwat@Fujita et al. 2008)which provides some insight into tpetential for
groundwateto enable MICP In the study by Fujita et a{2008) food-grade molasses, adacteral

nutrient sourceand urea, were added to groundwater samiptes the Eastern Snake River Plain
Aquifer in ldahoto promote calcium carbonate precipitatidinis resulted in aloudy suspension of

calcite beingobserved. This studgad shown that suitdée urease positive bacteria had been present

within the groundwater tested, along with a sufficient calcium source.

Groundwater as a suppbf nutrients and precursor chemicatgy be of particular relevance and
interest in respect of mitigating liguefamn damage, since seisriitduced liquefaction generally
occurs in loose granular soil below the ground water {&uebank et al. 2011Biostimulation studies
conducted by Gat et a2016) used cementation media based on artificial groundwater, which was
representative of the compositionlos r ael 6 s coast al a2@lumM), BgSQ@nd cont
mM), NaHCQ (2.56 mM), NaCl (14.35 mM), Cagr.43 mM) and KCI (0.32 mM)Gat et al(2016)
suspended0g samples osand in 100nL of this cementation mediumwith urea addedn addition to

urea, samples were prepaxeith combinations of sources organic carboaddedncluding molasses,
yeast extract and Nigllt is noted that the sand in the area studied is nutrient poor, Vaith @rbon
cont ent %@wiw). I thiS stutly urea hydrolysis was not observed without addition of a source
of organic carbon. Thistudy, along with work by Fujita et 42008) demonstrates the sispecific

nature with regards to partial research into groundwater as a sourceimentation mediurior MICP.

Biomineralisation processes associated with the formation of speleothems may also provide some
insight into the suitability of groundwater as a sowteautrients and precursor chemicals for MICP
Seepage of water saturated with carbonates in the right conditions, dependent on metabolic activity of

indigenous bacteria, will lead to deposition of calcium carbonate, &jpation @-8).
66 ¢O60 P 6MGO6LOGL OO0 2-8

Within the Sahastradhara caves, studie@Baskar et al. 2006Wwaterseeping into the cave saturated
with carbonates ltha higher partial pressure of @an the cave air, resulting in degassing o CO
from water to air. This decreabdhe solubility and saturation of calcium carbonate, leading to
deposition. This exampldemonstrates the ability of groundwater to act as a safrgeecursor
chemicalsprovided it contains an adequate carfizacterial nutrientyource, which will be very much

dependent on the location acldemicalsalready present in overlying soil.
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2.6.6 Summary and Conclusions

Table2-3, Table2-4 andTable2-5 summarise the differegementation medium (and bacteda)ivery
options for biocementimin and sekhealing via MCP in porous construction material$here is
insufficient data available to fully compare the effectiveness of each immobilisati@measulation
technique. Data reported literature regarding delivery mechanisfos cemenation media/ reagents
(and also bacteria) aret fully comparable due to different approachetetd specimepreparation,
use of different bacterand reagenf@ndthe differentests undertaken to determine changes to material
propertiesAmong the esearch undertaken and reviewed concerninghgelling wthin cementitious
materials the reagents used to promotelsediling differ and may include calciulactatealoneas a
precursor chemicalor a combination of urea and calcium nitrate, with nutsiefor bacteria

occasionally added.

Incorporation of bacteria and reagents for-beléling into cementation materials as an admixture has
been reported to be ineffecti¢@onkers and Schlangen 20G8)d to lead to compressive strength
decrease. Direct application procedures such as injection, percolation and premixing of cementation
regents intathe material to be cementsoil have been effective foachieving biocementation via
MICP. Furthermore, e injection process for cementation medium delivery has been utilised to show
that biocementedasidsmay seltheal in principlg§Montoya and Dejong 2013; Botusharova 20THis

proceshoweveralong withthe other direct application methodsgures external intervention.

A variety of techniques to immobilise bacteria and cementation reagents have been tested by researchers
investigating sethealing systems in cementitious materiéitsrespect of immobilising cementation
medium, hese methods includeacuum assisted immobilisan (Wiktor and Jonkers 20113praying

reagents onto the surface of carriéhang et al. 2017band soaking the carrier materials in
cementation mediurfor 24 h(Bundur et al. 2017)n the context of cementitious materjasad where
immobilisation has been utilisethe most significant crack healin§0.81 mmwas achieved when the
cementation medium reagdalcium lactatejvasadded directly to the concrete mix and bacteaa w
immobilisedby GNP(Khalig and Ehsan 2015} similar crack healing of 0.79 mm was achieved when
bacteria wasmmobilised in expanded perlite sprayed with reagents and coated wibotyaoer

(Zhang et al. 2017bAs previously mentioned, crack healing width is raiags a reliable comparator

however since the reported widths of cracks prior to healing vary.

Encapsulation has also been used as a way of containing cementation reagents and bacteria within
cementitious materials for sdiealing. The most significantack healing, of 0.97 mm width, has been

reported to result from using melamine microcapsules to contain bacteria and cementation reagents
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added to the mortar miWang et al. 2014c)Encapsulation of reagents and bacteria in hydrogel

capsules has been reported to result in cracks of 0.5 mm width being (Weéafeglet al. 2014b)

The use of immobilising carrier materials has not been reported to have adverse effects on material
properties of the tested materidfscomparisopanoftenreporteddisadvantage of using microcapsules

to store cementation medium (and bacteria) for-eéiling is theneasuredlecrease in compressive
strength ofthe cemenitious material due to the capsuleghis decrease in compressive strength has
been reported with as low as 1 % of concrete consistimgtzmine microcapsul€g/ang et al. 2014c¢)

Wang et al(2015)reported thaéncapsulation usingpdium alginate hydrogel resulted in a decrease in
both compressive and tensile strengths when just @5 t¥e hydrogel by mass of cement was used.
Similarly, use of synthetic hydrogel as an @psulating material resulted in compressive strength

decrease of concref@/ang et al. 2014a)

To enable a porous construction material to-seHl, whilst also improving material properties such as
compressive strength, the immobilisation approach to cementation medium storage would appear to be
the most suitable basegan the aforementionestudes of selfhealingcementitious materials. Within
cementitious materials, the bacteria aftenimmobilised or encapsulated to protect the bacterial cells

or spores from the highlglkaline environment within concrete and from damage during the mixing
process. It was therefore not deemed necessary at this stage to immobilise or encapsulate bacterial cells
or spores within biocemesd geomaterials
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Table2-3. Direct applicationmethodgor cementation mediuwteliveryfor healing of porous construction materials via MICP.

Delivery Process Application Bacterial Strength after Healing Permeability Limitations/ Findings References
Mechanism Strain
Surface Surface sprayed with bacterial Limestone  Carbonatogenic Decreased surficial Process most effective on (Le Metayer
Application  suspensiorthen sprayed daily/ bacterial strains permeability, while previously cleaned stone. Levrel et al.
(Bio- every two days with nutrient (Unnamed) retaining Regeneration is mentioned but 1999)
deposition)  (cementation)nedium, to create permeability for tests relate to surface protectiol
surface calcareous coating gas only, as opposed to $eiealing
Injection Bacteria injected followed by ~ Sand Sporosarcina Shear strength fully _ Results indicated MICP (Montoya and
cementation solutian pasteurii recovered cemented sands can be healed Dejong 2013)
original stiffness and peak
shearing strength, following
degradation
Surface Cementation solutioapplied to  Sand Bacillus (Cheng and
Percolation the top of sand columns and sphaericus Cord-Ruwisch
allowed to percolate by gravity 2012)(Cheng
and capillary forces and Cord
Ruwisch 2014)
Premixing Urease, urea, and calcium Sand Direct use of Uses enzyme urease in place ¢ (Yasuhara et
(Grouting)  chloride are used as reagents urease enzyme bacteria. Results indicated tha: al. 2012)
contained in the grout high CaQz-urea concentration
relative to amount of urease me
inhibit urease activity.
Admixtures Cement paste admixture, Cement Bacillus cohnii  Calcium acetate and yeas _ Substantial decrease in numbe (Jonkers and
incorporating bacterial spores  stone and B. extract additions reduced of viable bacteria cells with Schlangen
ard calcium lactate specimens  pseudofirmus compressive strength to specimen age 2008)

half that of contral
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Table2-4. Immobilisationmethodgor cementation mediustorage andleliveryfor healing of porous construction materials via MICP.

Delivery Processand Reagents  Application Particle Bacterial Strength after Permeability Crack Limitations/ References
Mechanism size (Pore Strain Healing Width Findings
size) Healed
(Curing
duration)
Diatomaceous DE used to immobilise  Concrete Typically, Bacillus _ 0.17mm Diatomaceous earth  (Wang et al.
Earth (DE) bacteria, with yeast 10to 200 sphaericus (28 days)  (DE) was found to 2012)
extract, urea and calciun pm (0.1 to have a protective
nitrate added to cement 0.5 pm) effect for the bacteria
slurry. in a highpH cement
environment. DE is
highly porous and
lightweight
Expanded Calcium lactate and Concrete - Bacterial spores - - 0.46mm Bacteria active severa (Wiktor and
Clay Particles  bacterial spores from alkaline (100 days) months after testing.  Jonkers
embedded in expanded lake soil, with Free water an essentii 2011)
clay particles 98.7% component for
homology to significant amount of
Bacillus self-healing
alkalinitrilicus
Ceramsite Bacteria nutrientsand Concrete (5 um to Bacillus Increase in 5.3 x10°%to 0.5mm (28 (Chen and
(Expanded calcium nitrate 100 pm) mucilaginous  flexural strength ~ 9.5x10° m/s days) Qian 2016)
Clay) immobilisedby (control)
ceramsite 0.8x10"m/s

(immobilised)
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Expanded Expanded shale Concrete 600 um to Sporosarcina _ Suggests method is  (Bundur et
Shale aggregatesubmerged 4.75 mm  pasteurii particularly suited to  al. 2017)
Aggregates ureayeast extract mixes with a low
medium in a sealed waterto-cementitious
container at 25C for 24 ratio
h, with bacteria added in
mixing water for the
concrete
Lightweight LWA impregnated with  Concrete _ B. cohnii, Average _ Observed amounts of (Sierra
Aggregate calcium lactate and yeas (originally compressive calcium carbonate Beltran et
(LWA) extract solution, isolated from strength at 7, 28, precipitat al2014)
followed by bacteria. alkaline soil and 56 days highe substantiallydiffer
samples) with LWA from control
containing bacteris specimens, it is
than contrommix. suggested this is due
Slight decrease in to limited nutrients
flexural strength supplied.
Test specimens were
also reinforced with
PVA fibres
Graphite GNP soaked with Concrete Bacillis subtilis  Increase of 9.8% 0.81mm When compared to (Khalig and
Nanoplatelets  bacterial solution before in compressive (28 days)  LWA immobilisation, Ehsan

(GNP)

adding toconcrete mix.
Calcium lactate added

directly to concrete mix

strength,
compared to 12%
when bacteria
immobilisedby
LWA.

specimens containing 2015)
GNP showed less
compressive strength

increase
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Zeolite Zeolite immobilised Cement 0.42mm Sporosarcina  Increase in 0.1mm (6 Compressive strength (Bhaskar et
bacteria added to mix of mortar to 1.4mm ureaeand compressive months) increased dependent al. 2017)
cement, sand, and (0.3t0 0.1 Sporosarcina  strength on bacteria type,
cementatiorsolution nm) pasteurii greatest with
containingcalcium Sporosarcina
lactate, urea and yeast pasteurii Water
extract uptake decreased

compared to control

specimens
Expanded EP impregnated with Concrete 2to4mm Bacillus cohnii  _ 0.79mm EP contained large (Zhang et
Perlite (EP) bacterial spores under a (28 days)  cavities up to 100mm al. 2017b)

vacuum sprayed with
calcium lactate and yeas
extract and coated with
geopolymer

in size, allowed
bacterial contact with
sufficient water and
oxygen
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Table2-5. Encapsulatiormethodgor cementation mediustorage andleliveryfor healing of porous construction materials via MICP.

Delivery Processand Reagents Application  Bacterial Capsule  Strength after Permeability Crack Limitations/ Findings  References
Mechanism Strain Size Healing Width

Healed

(Curing

duration)
Glass tubes Glass tubes containing  Concrete B. 40 mm 50% to 80% 10%m/s (control) Bacterial activity (Wang et
containing silica  immobilised bacteria Sphaericus  length, regainwith 10°to 10" m/s decreased after being al. 2011)
gel immobilised  attached to tubes diameter bacteria (silica gel immobilised in silica
bacteria/ containing calcium nitrate 3mm immobilised in immobilised) gel/ PU, compared to
Polyurethane and urea and embedded tube PU, this was 3x10"* to 6x10 nonimmobilised
(PU) foam into concrete. Tubes attributed mostly '*m/s (PU) bacteria. Bacteria
immobilised release contents when to the PU itself immobilised into silica
bacteria ruptured following gel had higher

cracking of concrete.

ureolytic activity. As
pH increased from 6.5

to 7 more urea was

Sodium Alginate
Hydrogel Beads

Solution containing Portland
sodium alginate, bacteria cement
Oxoid CM0001 nutrient

broth, urea, sodium

mortar
(surface)
bicarbonate and
ammoniumpipetted into a

calcium chloridesolution

Added to concrete during

mixing process

Sporosarcina  _

pasteurii

Flexural strength _

regain of up to 3
% with 3%

alginate

decomposed
Requires moisture. (Harbottle
Lack of adhesion and et al. 2013)

bacterial activity on
dry surfaces.

Alginate gel can
support active bacteria

for several weeks
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Modified Bacterial spores Concrete Sporosarcina 20 to 100 For 0.5 to 1.0% _ Addition of AM-H (Wang et
Alginate-Based  encapsulated into ANH, pasteurii pm AM-H tensile causes some strength al. 2015)
Hydrogel (AM - freeze dried and grinded, strength decrease reduction, it is
H) then added teoncrete as of 15.6 to 30%, suggested this can be
a powderUrea and yeast compressive reduced in concrete by
extract added directly to strength adding more cement
the cement mix. decreased 16.2 tc and by better particle
23.4%. packing and use of les:
water.
AM-H has a good
water absorption and
moisture uptake
capacity and protects
bactera during
concrete mixing
Synthetic Bacterial sporesyeast Concrete Bacillus _ Average 0.5mm Swollen hydrogels act (Wang et
Hydrogel extract, urea and calcium sphaericus decrease of 68 (28 days) as water reservoirs for al. 2014b)
Capsules nitrateencapsulated into after crack continuous crack
hydrogels, mixed as a healing healing, allowing
powder into concrete MICP to continue
without continuous
water supply.
Water permeability of
material significantly
reduced
Melamine-based Poly-condensation Portland Bacillus 2-5 um Negligible effect 10°to 10°m/s 0.97mm Decrease in tensile (Wang et
microcapsules reactionbased cement sphaericus on tensile (Control) (28 days)  strength if >3% al. 2014c)
microencapsulation mortar strength. microcapsules.
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process.
Microencapsulated
bacteriawith yeast, urea
and Canitrate added
directly to the concrete
mix. Breakage of
capsules required to

activateSH process

Compressive

2.0x107 to

strength decrease 2.0x10° m/s (5

due to

microcapsules

%

microcapsules)

Decreased compressiv
strength with
increasing
microcapsule addition.
Capsuleshave
impermeable shells, ar
flexible at high
humidity and brittle in
low humidity.

71



CHAPTER THREE

3 THEORETICAL FRAMEWORK

3.1 SeltHealingMicrobially InducedCalcium Carbonate Precipitation (SH-
MICP)

This chapterexamines the use caand potential for selfiealing MICP(SH-MICP) in the context of
geotechnical engineerinBesearch into the concept of seéaling in construction materials to date has
primarily focussed on cementitious materials. The developmesdlfliealingsand orsoil structures,

for potential use in geotenttal applicationss in its infancy. Tl process is intended to be biomimetic

in that it mimics sethealing responses observed naturally within soils, as detailetapter Two,

Section 24. This is an area of significant importance, considering tisé @binfrastructure projects,

and therefore possible savings that could be achieved through the ability of geotechnical structures to
selfheal in response to damage, enhancing their durability and sustainability and minimising

environmental impact.

Theaim of selfhealing MICP(SH-MICP) is that it should enable a material to detect and respond to
damage or deterioration automatically. Sedfling, in the context of construction materials, is defined

as the, 6parti al or ompenrat y r @fc(@onkem 001§ iid dadtodall e a s t
research has focussed on strength recov@efhealing MICP could improve the resilience of
geotechnicaktructuresthrough embeddedutonomousealingcapability, ad therebyenabling the
restoration ofjeotechnical propertied the biocemented materfallowing failure. SelfhealingMICP

has been demomated to work in principle, through lab tests undertaken by Montoya and Dejong
(2013) and Botusharovg2017) These studies had only demonstrated healghgmposed tself

healing since intervention had been required by means of injection of cementation ntediahieve

thehealingresponses reported

Selthealing MICP, in the context of geological materials, primarily refers to the process by which
degiaded MICP bonds are healed byimitiating the biogeochemical process of MICP to restore the
initial properties of the cemented material, such as stiffness, compressive strength, bearing capacity or
permeability.Figure 3-1 depicts the cycle obiocement deterioration arftealingvia MICP, as an
overview of this processSystem mputs requiredor healingare water(external input)aong with
nutrientsand precursor chemicalmiernal inpuj. This will result in MICP provided environmental
conditions are adequate and ttisre aresuitable bacteripresent (vegetative cells or spores) in the

biocementednaterialto catalyg the production of calciumadbonate. The healing process will be an
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autonomous one (sdfifealing) if the nutrients and precursor chemicals required for the MICP process
are already stored within the soil matrix. Healing could otherwise be achievextetfinal intervention

to supplythe cementation medium via injection or surface percolation, this would however require
monitoring of the structure to know when this intervention may be ne&tlegrocess of seliealing

MICP, as covered by thidoctoralstudy,is initiated by thepresence of watethis being a trigger for

the process and a mechanism by which the biocemented soil matrix can-dmnsel§ to initiate a

response to damage.

SOIL MATRIX
Cemented
Soil
Nutrients &
MICP _ Damage

Precursor Bacteria
Chemicals

Cracked/

Loose il

/wmerx

Figure 3-1. Healing MICPprocess- systenoverview

3.1.1 Embedding Self-Healing Capability

This research focusenthedevelopment of biocementesdndmaterial with sekhealing capabilityln
prior research studiesnimobilisation or encapsulation have been used to embebesgdihg capacity
within mortar and concreteas summarised in Chapter Tw8ection 2.6 This resarch focusses
primarily on immobilisation as a novel approach to enablinglsedfing of biocemertl sandsin

addition to a study usinghalginatehydrogel method of encapsulation.

Within a biocementedandstructure, immobilisation using suitable ¢armaterials, or encapsulation,
would be used as a means of storing the nutrients and precursor chemicals requiretidatisgliia
MICP. It is envisaged that the approach to incorporation of thehealing MICP process intosand

or soil structurewould most likelyinvolve premixing and therefore it would be most suitable for new
geotechnicastructures. It may also be possible to introduce thehgglfing MICPsysteminto existing

structures andlsoinsitu for ground improvemenia deep mixingThe SH-MICP process may also be
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suitable teenablehealing of geotechnical structures which have not been previously been cemented by
MICP, however the focus of this research is on embeddinghseling capability withinthe
biocementednaterial

It is possible that merocapsules, due to their size, could be injected into $uibduction of
microcapsules was deemed beyond the scope of this research project owing to limitations in respect of

facilities and equipment

3.1.2 Activation of Self-Healing MICP

The response to methods of encapsulated/ immobilised cementation media delivery would require
investigation, since this is unknowngeomaterialslt had been assumed that the-$eléling process

would be initiated once requirements for MICP are metigiog the supply of bacteria, nutrients and
precursor chemicals are adequate, and nucleation sites are available (cracks/fissures etc.). With the
exception of glass and melamine microcapsules, the immobilising and encapsulating materials covered
in Chapte Two are porous and will allow water entiglowing deterioration of calcium carbonate
precipitate to enable initiation of SHICP. The glass and melami@sed microcapsules would
require movement of tH@ocemented materiéb initiate SHMICP throughcapsule fracture.

Following damage/ deterioration to the biocemeisand oisoil matrix water willhave a route to enter

via microcrackandwill fill void space$ resulting in the release mhmobilisednutrientsand precursor
chemicaldrom the cariier materials This process is depicted Figure3-2, within whichCM denotes

the cementation medium of nutrients of precursor chemicals used for MICP. Once the immobilising
carriermaterials, or hydrogel beads, become saturated and surrounded by water they are expected to
release the CM into the surrounding flu@nce gecific nutrients are sensed spores will germinate,
followed by water uptake enabling bactemaitgrowth(Luu et al. 2015) This is the mechanism by

which the biocement augmented with encapsdlatamobilisedcementation mediuris proposed to

beable to detect damage and gwdfal. The selfhealing process will therefore be reliant upon hydration.

Once water re@nters via cracks the dormant bacterial spatitshecome metabolically active.

The approach taken in this study is aater activated seliealing MICP process(i.e., desaturated
conditions to be maintained prior to activatidh)s expected that thitgow of waterwill initiate further
MICP for selfhealing. A alternativeapproach cod be a pH activateg@rocesshowever,it was
consideedthis would be difficult to implement given tlohanges in pH during biocement production.
Once soil is desaturatethe MICP processwill cease, and stores @ementation mediunwill be

retained for futureself-healing.
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Figure 3-2. Slf-healingMICP process covering formation of biocement and activation ehselling response
following damageand water entry into the system

3.2 Requirements ofthe SH-MICP Processand Limiting Factors

3.2.1 Sporulation of Bacteria

Bacteriawhich are not only capable of catalysing production of calcium carhdnaterhich can also
sporulate are essential for hSHMICP process to be viahl& o enable longerm selthealing of a
biocementedmaterial the viability of bacteria can be ensured by inoculation f tmaterialwith

bacteria in the form of sporgbioaugmentation). Alternativelysuitable native bacteria may be
biostimulated Spores have a tough outer keratin coating and are resistant to heat and chemicals. As
spores the bacteria can remain viable for extended permfdéme. Bacterial spores @rable to
withstand deleterious conditions and can germinate and form vegetative cells when conditions for

growth become favourab({®#Vang et al. 2014b)

Experimentsconductedto explore the selfiealing capability of MICRreatedsandundertaken by
Botusharovd2017)subjected bact@l cells to a sporulation medium prior to injection of bacteria into
the @nd to ensure the presence of sporgds likely however thatthese spores would become
vegetativeduring the production of the biocemeand it had been assumed there wouldfmres only

after three weeks of drying at 30. Similar research undertaken by Montoya and De{@Ad3)into

the selfhealing of biocemented sand, relied upon the initially injected bacteria cells remaining
sufficiently active to induce further MICiBllowing damage. The latter approach would not guarantee
long-term selthealing without the injection of additional bacteria. It is possible that within a

geotechnical structure there will always be the presence of vegetative bacterial cells/ spores.
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To indue sporulation, bacteria cells are subjected to unfavourable conditions such as raised temperature
or the use of a sporulation inducing medium. Seifan €2@1.8)heated bacteria cells in saline solution

to 80°C for 10 min to induce sporulation. A similar process was utilised by Luo and(2Da6)to

produce spores by heating bacteria in liquid suspension in a water batfCato8B®0 min.Berg and
Sanding(1970)reportedthat ashort exposure to heat of 85 for 10 min has been reported &pidly

activate sporesSpores may also be activated by a high or low(Berg and Sandine 1970yeast

extract has been reported to stimulate spore formation, and to be an essential ingredient within
cementation media for the germination of sp@fasviloglou et al. 2016)Bacteria of the genwacillus

can form spags which can remain dormant and viable for over 8@rs(Schlegel 1993)Spore
formation is otherwise generally induced by starvation of one or more nui{@sttew 2013) This

latter approach as selected athe most viableapproach for spore production in this reseafidie
otherwise high temperature exposureported to induce sporulation would not occur in the natural
environmentThe method of spore productiona nutrient starvatiowas teted in addition to use of a

sporulating medium, as reported in Chapter Five, Section 4.1.

Future spore activatiowill be required for the selfiealing MICP process to be effective following
damage to the biocementedaterial Transformation of the bamtal sporeinto a vegetative cell
involves three stagésactivation, germination and outgrowth, with higher temperatures being optimal
for the activation stag¢herefore its questionable how effective this process may be in low temperature

environments

Following activation, pores will germinate due to exposure to agents which include specific nutrients,
with nutrient germinants being the most likely in the natural environremtients are expected to be
released from the carrier materials followiwgter ingressThe germination process is followed by
outgrowth which transforms the germinated spore to a vegetati&etthw 2014)Other germination

acents include high pressure. The rate and extent of germination can be greatly increased by the
application of activation treatments such as sublethal (&&dtov 2014) Bacteria spores have been

observed to germinate following water ingress into cracks in cor@elizan and Jonkers 2015)

3.2.2 Storageand Supply of CementationMedium

To embedself-healing capability into a biocementsand orsoil, there will need to be sufficient stores

of nutrients for the bacteria and precursor chemicals to enable the MICP process. Methods of storage
include immobilisationand encapsulationThis doctoralstudy has focussed on immobilisatiamd
explored suitable materialalso referred to as carrier materiéds,the immobilisation of nutrients and
precursor chemicalsncluding the use obrganicnatural fibresand carriermaterials The possible
immobilisation mechanisms are summarise#igure3-3. Encapsulation within hydrogekln also be

considered form of immobilisatior(Figure3-3 (c)).
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Binding to a carriesurface ~ Entrapment in a porous matri Entrapment within a hydrogel

(Adsorption) (Absorption) (Encapsulation)
(a) (b) (c)

Figure 3-3. Immobilisation mechanisms of carrier materialsinding to a carrier surfac€a), entrapment in a
porous matrix (bjandentrapment within a hydroget)

In addition to immobilisation of the cementation medium, it is atssible that the bacterizlls and
the extracellularurease enzyme may be similarly immobilised by the carrier matdPialeus carrier

materials are likely to immobilise via both adsorption and absorption.

3.2.3 Limiting Factors

As covered in théiterature review, there are several factors which will impact on théealing MICP
process which needed to be taken into consideration/ contralledng the lakbased research
undertakenIn additionto spores vegetative cell®f suitable bacteriand a supply ohutrients and
precursor chemicalsheenvironmental conditions will need to be favourable to enable théaaling
MICP procesgo take placdollowing the onset of damage deterioration. Environmental conditions
which affectthe MICP processare detailed irChapter Two, SectioR.5.

3.2.3.1 WaterAvailability

TheSHMICP processleveloped as part of this doctoral stindg beemlesigned to be water activated.
Sufficient water must be available to enattie regeneration of bacterial spoesglto facilitate the
MICP process.

3.2.3.2 OxygenAvailability

Although ureolytic activity does not depend on oxygen, microbial growth and urease production could
be limited by &ailability of an electron acceptor. The oxygen requirement may depend upon the

bacteria selectedS. pasteuriicannot anaerobically synthesize urease without presence of oxygen

(Phillips et al. 2013)Absence of oxygen hadsobeen reported to affect sporulation capatitpbas

et al. 2014)

3.2.3.3 Soil Particle Sze and Particle size distribution

It has been reported thaadierial activity canndike place in v fine soilsdue to the sizes of the pore

spaces being smaller than the bacteFtae optimunparticle sze of soil (or sand)to be subjected to
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MICP treatmenis 0.05mm to 0.4mm (RebataLanda 2007)which asshown inFigure3-4 covers a
relatively small range across the classification of sdiléine sand or silty sand would therefore be
preferableThis will also place limitations on potential applications. A gegeatnount ohutrientsand
precursor chemicalsould be required to increase stiffness and strength in coarsetchi&lge gaps
between particles and fill pore spackspracticethe soil matrixmay contain a mix of soil types and
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Figure 3-4. Optimum patrticle size for MICP in relation to soil classification.
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3.2.4 Assumptions

Many studiefocussing on bacterbased selhealing in cementitious materials,addition tathe prior
study on healing of biocemented sand by Botusha(@047) have assumed that the shk#aling
observed or measurésl due to thepresence of bacteriagpores It has not beeproven without any
uncertaintythat thisself-healing is due to spores and not the presence of vegetative bacteribhills.
spore forming abilityand longterm viability of the selected bacterfas beemtested further within the

time constraints of this resear@s reported in Chapter Fivdection 5.1 and Chapter Six, Section 6.4.

3.3 Potential Applications of SHMICP

The SH-MICP methodology is proposed principally for new structures since the incorporation of the
carrier materials will need to be via premixing or deep mixing processedafiérewould be less

feasible due to the high castthis procedure.

The development of selfealing MICP has promising potential for a wide variety of applications within
geotechnical engineering, for the consolidation and protection of stone andecuocfaces, repair of
defects such as miciwracks and for the cementation and consolidation of loose particles if\/¢ailg

et al. 2014c) Selfhealing is of particular interest where environmental conditions can lead to
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continuo or repeated damage and deterioration, such as areas prone to earthquakes or vibrations from
transport for exampland for applications where inspection may be difficult/ costly such as dam cores
and foundations.

Engineering geonaterials such as sandpilsand stone are subject to physicathemical and
biologically mediated damage. Current maintenance techniques are limited, disruptive and costly. The
current passive approach to repair of structures typically consists of monitebegtion and repair,

with repairs being undertaken aftdefects have been detect@fang et al. 2012)This approach
typically involves applying healing agents to the surface of a material and may also include injection of
healing agents. Such an approach will still be necessasmntedy more extensive damage, such as
large cracks. To ensure a timely approach to repair small or deep cracks and failures MICP could be

used. An active approach would involve gdedfaling of the material from the inside.

MICP has the potential to enhanmaterial properties resulting in increased strength and reduced
permeability. To add to this, embedding dedfaling capability into a biocement could help achieve the

following:

Reduced intervention for repairs and maintenance
Reduced monitoring requdd

Reduced risk of failure

Increased performance of structure and longer service life

Increased durability

=A =4 =4 4 -4 =4

Improved resilience

Geotechnical structures have been considered where it may be possible to implemenhéadirsg|f
MICP system and where this may be benefidddo considered are limitations with respect to this

processand alternative approaches.

3.3.1 SeepageControl Within Dam Cores

Suitable applicationfor SHMICP may bethose requiring seepage control or flow control, such as an
embankment darnore This application has been considered as potentially the most suitable for the
selfhealing MICP sgtem developed in this researdte use of MICP haalreadybeen proposed as a
method to reduce permeability of the core material for ddrttiams and for seepage contr(Clara
Saracho and Haigh 2019)he sel-healing MICPsystemmay be effective within eardfill dam cores,

to help mitigate against seepage erosion, piping and swlesg dam failureFor this particular
application, the selfiealing capability would bembeddedhrough premixingf immobilised nutrients

and precursor chemicdtgo the dam cormaterial. The dam core once constructeythen be injected

with bactera and cementation medium treatmentfuttherreduce permeability of the core material.
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Self-healing capability would then be reliant on spores fornhatigwing this processAlternatively,
immobilisedbacteriain spore form,in addition toimmobilised ementation mediunmcould bepre-
mixed with the dam core material to embed-beléling This latter approach may be effectifehe
dam core material alreadydaufficienty permeability and did not require biocementation treatment

It is expected thahe selthealing process would be initiated once micro cracks form within the dam

core and permeability increases resulting in water filling these cr@&cksking in earth dam cores

cannot be completely prevented, dams are therefore designed to help ensure that cracks close up as soon
as possible, to prevent leaks and erosion of the(B@aieuturu and Reddi 2006l has been suggested

some autogenic seffealing mayalreadyoccur in dam core@Reddi and Kakuturu 2004%elf-healing

capability of thedam core could birtherimproved through thacorporation ofmicrobially induced
self-healing capability Embedded SHMICP capability would help toi) further mitigate against

seepage and piping within the embankment dacii) promote selhealing upon microcracks forming

or an increase in permeability leading to water seeping into the damAcyrevater entryinto core

materialwould be expected to activate the - SHCP process.

Thedam corewith theembedde®H-MICP system would be combidevith controlled drainage within
theembankmentlamstructure Current practice involves the use of a dstveam filter, as depicted in
Figure3-5.

Impervious core

Upstream pervious zone ,
Downstream pervious zone

Downstream filter

Figure 3-5. Cross section of an eardfill dam, showing core cracks (Aextending from interior to downstream

side of the core; Bextending across the cqoredapted from Kakuturu and Red@006)

To biocement theore of the danthe core materialould need to be suitable for treatment with MICP,
such as a sarsllt or sandclay material. MICP may be used to reduce permeability of material sourced

at the site of the dam which may be otherwisemed unsuitabl&arth dam core material may consist
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of clay, sanetlay mixtures, and sarsllt mixtures and to a lesser extent gravel. MICP has been explored
for its potential to controbeepagenduced internal erosion in sarday mixtures, using sarkaolin
mixtures of different particle siz¢3iang et al. 2017gnd gravelsand mixture¢Jiang and Soga 2017)
Carbonate precipiteon has beeriound to be effective in increasing erosion resistance by coating fine
particles directly and bridging gaps between coarse par(iisy and Soga 2017his improvement

was greater in samples with a higher gap ratio, the gap ratio being defined as the ratio of the minimum
particle size of the coarse fraction and the maximum particle size of the fine fraction on the particle
distribution curve, thus demetrating the influence of soil pore sizglang and Soga 2017past
researchy Rebatad_anda(2007)had suggested that MICP may not be suitable for fine grained, soil
however tlesemorerecentstudes suggest that ihay be effectve for biocementation ofine-grained
soilswhere these fingrained soils suchssilt are mixed with a coarser soil such as samdhe study

by Jiang and Sog@017)the well graded soil mixture willkely have provided sufficient pore space

to mitigate against crushing of the bacteria tnfhcilitate the MICP process.

3.3.2 Foundation Repair

The MICP process can be used to heal degraded calcite borigsh@asng(Montoya and Dejong

2013) restoring properties of construction materials, such as stiffness and peak strength of sand.
Earthquakes are an example of a natural hazard which could cause damageetodnited soil and
reduce bearing capacity of foundations. This particular apigiicatould present challenges with
regards to repair, which the enabling of dedhling capabilities would overcome. Montoya and Dejong
(2013) simulated earthquake motions while undertaking research intsdlibealing of MICP
cemented sand, to demonstrabe tcapability of sethealing MICP to repair bieemented and
following earthquake damage. In this study repeated injections of cementation media were required to
achieve sethealing. In practice this proceduraaybe difficult to apply in hard to acceaseas such as
foundations beneath buildings and could be improved upon by ensuring an adequate andrient

precursoichemicalsupply was already present in the soil to enablehs=lfing.

3.3.3 SlopeStabili sation

Slope stabilisation may be improved throdgalingof localised damage within the soil slogech as
micro-cracks via MICP. Evidence suggests that rairfi@tuced shallow landslides are preceded by a
series of localised internal failures within the soil maiixd that micro cracks within theilscontribute
to these failures, witlandslides tenidg to be triggered in the most damaged areas of a hillglgqe
et al. 2015) Antecedent damage caused by rainfall events can destabilise. $kadall-induced

landslides fail in an abrupt manner, and are difficufiredict(Fan et al. 205).

The water initiated selfiealing MICP system would in this case be unsuitable however since slope

material would also need to have sufficient permeability for drainage to help prevenifpoil@xcess
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pore water pressures that could also leafitare. This continudlregularflow of water would over
time lead to washout of immobilised cementation medium from the M&P hasrecently been
investigated for surficial stabilisation of slope g@iowthaman et al. 2019bfurrent approaches to
slope stabilisatio include Portland cement mixing (Sedement)and use ofGeosyntheticsThis
applicationwould require a different approach to embedding-keliling than has been the focus of
this researchlhe flow of water through the slope would necessitate storage of the CM foeabifg
within an impermeable capsulé&n otherwisesuitable biebased approach could include use of

vegetatiorsinceplant roots which may initiatsoil stabilisation througtegrowth following breakage

3.3.4 Landfill Lining Repair

Compacted clay landfill linemnaybe subjected to chemical damage by leachate and also mechanical
damage Since MICP has been deemed unsuitable for clay soils this poses a challenge in respect of
embedding an MICP based sh#aling system which may not in this case be suitablepHta# landfill

leachate may impact on microbial activity in respect of Mig#plicationin this environment.
Compacted clay landfill liners have been observed to have some capacity for nattinabléedf
(Aldaeef and Rayhani 2015)

3.3.5 Land SubsidenceRemediation

Self-healing MICP could also be used to control water flow and heal soil following subsidence damage.
Land subglence can alter chemical and physical properties of the soil, particularly at depthsmp to 1

(Shi et al. 2017)Subsidence, due tnderground coal mining, and cracks in the ground can lead to
vertical leakage of water and nutrients from §8Hhi et al. 2017)Sh et al.(2017)reported thatail in

the West China Aeolian Sand area was mostly composed of medium and fine sand; however, land
subsidence has resulted in a decrease in fine sand particles and increase in medium and coarse sand and
leaching of nutrients into deeper layers. Wat@rd erosion has also caused deterioraiticthis study

It is suggested that the higher porosity @ thpsoil layer, up to 26m in this study, promoted growth

and metabolism of microrganisms.

3.3.6 Preservation and Restoratiorof Ornamental Stone

Bacterially induced calcium carbonate precipitation has been proposed as an environmentally friendly
way to praect decayed ornamental staiiie Muynck et al. 2010hrough biedeposition. Carbonate
stones such as limestone grarticularly susceptible to weatherirfPe Belie 2010) Weathering
increases the porosity of stor®&se Muynck et al. 201Q)leading to further damage through water and
chemical ingress. The application of sedaling MICP could enable stone to heal and repair upon water
ingress.Applications to stone structures were not considered further in this pagebis had been

deemed beyond the scope of this research.
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3.3.7 Assessindgsuitability for Geotechnical Applications

Assessment of selected geotechraqailications, and the suitability sélf-healing MICPfor theseare

summarised inTable 3-1. This table compares the earfill embankment dam application with

foundations, slopes and landfill lining. The latter examptmis wherebio-based selhealing is likely

to be an unsuitable approach.

Table3-1. Assessment &HMICP process suitability for selectegedechnical applications

Geotechnical

Earth -fill

Foundation

Slope

Landfill/

Structure Embankment Dam Reservoir lining

Material Core of clayey silt/ Various soil types Various soil types Compactedlay
sandy clay/ sandy silt

MICP Suitability Dependent on soil Dependent on soil Dependent on soil Not suited to very
type and grading type and grading type and grading fine soils

In-situ CM and Not suitable Direct application by Direct application by Not suitable

Bacteria Delivery injection/ Injection of injection or surface

Options microcapsules percolation/ Injection
of microcapsules
Pre-mixing CM Immobilised or Immobilised or Immobilised or Immobilised or

and Bacteria encapsulate€M and encapsulate€M and encapsulate€M and encapsulate@€M

delivery options. bacteria bacteria bacteria and bacteria
Effect of MICP Reduced permeability Enhanced foundation Increased resistance Reduced
of corematerial and  bearingcapacity to erosiorand permeability,

increased resistance cementatiorof loose  preventon of

erosion material leaching

PossibleDamage/ Core cracksseepage Degraded calcite Antecedent damage, Cracks in lining

Deterioration erosion bonds local internal failures

in soil

Cause ofDamage/ Hydraulic fracturing  Seismic activity Freezethaw/ daily Freezethaw/ daily

Deterioration seismic activity differential thermal cycles/ thermal cycles/

settlementexpanding excessive rainfall/ desiccation/

and contracting soil  inadequate drainage/ differential

seismic activity settlement
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SH-MICP Water flow Water flow, Movement causing  Water flow
Initiation movement causing  capsule fracture

capsule fracture

SH-MICP Heal small cracks in  Repair degraded Heal small cracks, Heal small cracks
response to core calcite bonds cement loose materia in lining
damage
Effect of SH- Prevent concentrated Bearing capacity Help prevent Prevent leaching of
MICP leaks through core/  regain progressive failures  contaminants
piping leading to that could lead to a
internal erosion landslide

3.4 Selection ofCarrier Materials for Investigation

Having established several possible systems for the delivery of cementation medium, as detailed in
ChapterTwo, Section 2.6a desk study was undertaken to comparsdlaad aidh the selection of the

most promising systems for further exploratioas surmarised inTable 3-2. The desk study
summarised iMTable3-2 considers the supply options for cementationiomagcovering methods and
materials used in selfealing studies on concrete and mortar, in addition to the direct application and

premixing methods utilised in prior studies on biocementatioand s

As the approach in this doctoral study concerningraanous sethealing of biocemented sand is
novel, prior approaches in other construction materials have been considered. In addition, the use of
organic natural fibres as carriers has been propasednovel approach for immobilising cementation
medium.Natural fibres had not previously been combined withd orsoil biocementation systems.

The effect of these additives on mechanical properties of biocemsanedorsoil and on the MICP
process itself was at this stage unknown. Alongside testing dfiealihg responses, tleéfects of the

carrier materials on biocementation and material properties of biocemented sand were also explored in
this researcisince immobilisatiomnd encapsulatiaechnologies have only been used in cementitious
materialgo date their behaviour within soil systems is unknowiitle has beemeported on ta effects

of carrier materials themselvegher than the negative impact of capsules on compressive strength in
concreteFor large scale implementation to be achievediaranaterials used will need to be relatively

low cost, easy to source, locally available if possible and have a high absorption capacity.

Following the analysis summarised Bwble 3-2, the advantages and disadvantages of the most
promising candidates for the carrier materaisoutlined inTable3-3. The selected materials covered

carriers with the ability to adsorb and absorb, in addition to an encapsulating hydrogel. Following this
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further analysis, the selected carrier materialshisrdtudy were organic diatomaceous earth, inorganic
expanded perlite, and organic natural fibres as immobilising mateRedéiminary experiments
undertakerto test the effectiveness of the sedelimmobilising materials are detailed in Chapter Five.

Experimentation was also undertaken to develop andmwigkinatebasechydrogel for encapsulation
of cementation medium, as reported in Chafight
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Table3-2. Immobilising and encapsulating materidlgvaluation for further investigation
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Table3-3. Advantages and disadvantages of selected immobilising and encapsulating materials

Carrier

Advantages

Disadvantages Applications

Diatomaceous
Earth (DE)

Moderate CaC®
precipitation reported in
studies on concrete. Widt
ranging particle size to
suit different applications,
although typically 10 to
200pm.

Any

Zeolite

Use as immobilising
material found to have
increased compressive
strength of cona@te.
Widely availablei
natural and synthetic

zeolites.

Reported to become more Any
alkaline in wateMumpton
1999) Could inhibit MICP.
Minimal CaCQ

precipitation observed in
concrete 0.1mm cracks

healed.

Expanded
Perlite (EP)

Healing of 0.78nm
width cracksn concrete
demonstrated.

Requires heat treatment,  Available in a variety of

adding to cost of material. grades, therefore suitable for

use with all soil types.

Fibres

Reduces brittleness of
bio-cemented sand,
enhances MICP process
by bridging pores in the
sand(Choi et al. 2016)

Increases shear strength

of cemented sand.

Any

Alginate Gels

Swollen hydrogels act as
water reservoirs for
continuous crack healing.
allowing MICP to
continue without
continuous water supply
(Wang et al. 2015)

May be less viable for large Since water is retained, could
scale applications due to  be most suitable for water
production process. scarce environments. May be
Negative impact on less suited to applications suc
compressive strength as foundations as could lead
reportedWang et al.

2015)

decrease in bearing capacity,

based on previous research.
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CHAPTER FOUR

4 METHODOLOGY AND MATERIALS

4.1 Bacteria

4.1.1 Selection of SuitableBacteria

The bioaugmented approach was adopted for the MICP studies undeBjpdimsarcina pasteurdand
Sporosarcina ureagvere selected for use in this reseam@$ ureolytic and potentially sporulating,
bacteriaknown toinduce calcium carbonate precipitatidBultures were produced using media as
specified inTable4-1 andTable4-2. Sporosarcina ureae/as obtained from the National Collection of
Industrid and Marine Bacteria, UK (NCIMB 9251, ACDP Group 1) as a frems culture For work
undertaken at the University of Cardiff, UKphated culture oSporosarcina Pasteurivas provided

by the University of Bath; who obtained the original stock cujtii®M 33, from the Leibniz Institute
DSMZ i German collection of microorganisms and cell cultufespasteuriioriginating from the
American Type Culture Collection (ATCC 11859) was used for column studies conducted at Arizona

State Universityasreportedn Chapters Seven to Nine of this thesis.

4.1.2 Culture of Bacteria

Bacterial altures were initially grown on agar plates inoculated from stock cultures, this ensured that
pure cultures were used in experiments. Cultures were grown onBentani (LB) medim, as
recommended by Bianca Reeksting, 081T2University of Bath All culture media weremended

with 20 g/Lurea(Tobler et al. 2011)Thisculturemedium comprised per litre of deionised water; 10 g
tryptone, 5 g yeast extract, 10 g sodium chlorideg Hyar powder and 20 g urea. The ir@dium
without urea was sterilised by autoclaving at 32Tor 15 min. A urea solution was then added to this
medium aseptically using a 0.2 um syringe filter. The medium was then allowed to 868C before
pouring onto 8 mm diameter petri dishe$p minimise condensation on plates dhdnsealed using
parafilm. The plates welieaoculated using the streak plating process, to enable individual colonies to
be isolated, anéhverted during incubation and storage, to prevent contamination by condensati
dripping onto the surface of the ag&ollowingincubation at 30C for 48 h pure single colonies from

the plates were used to inoculate a liquid broth medimincubation temperature of 3G, has been
reported as the optimum f@&. pasteuriigrowth (Kim et al. 2018; Xiao et al. 2021and use of this
temperature for incudiion of S. ureaefollows on fromwork by Botusharové2017 and Zhang et al.

(1997) Platecultureswere stored at 4C.
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Liquid broth cultures were grown for use in experimental studies. An overnight liquid broth culture was
initially producedusing the bacterigrown on the agaplates for use as amoculant for further liquid

broth cultures. Inoculation with a liquid broth culture allowed greater control in respect of the quantity
of bacteria added to eaélask of growth mediumComponents used for the growth media for the
specified bacteria are as listedliable4-1 andTable4-2. The liquidgrowthmediumusedfor culturing

S ureae as used by Botusharoy2017) consisted of 5 g peptone, 3 g meat extract and 20 g urea per
litre of tap water or deionised water as specified. Tap water provided additional nutrients for bacteria
growth and facilitated faster growth compared to use of deionised water. Theagliowid medium for

S Pasteurij as used by Botusharoy2017) consisted of 13 @xoid CM0001nutrient broth and 26
ureaper litre of water, with deionised water used to produce cultures for columns studies as a control
The liquidgrowthmedium without urea was autoclaved at 32¥or 15 min, to which a urea smion

was added using a 0.2 um syringe filtelask openings wereovered with foil prior to autoclaving,

with this foil briefly removed when adding the urea and placed back on the flask after.

To produce the liquid broth inoculant, the growth medium wapared as above, them close
proximity to a Bunsen burnga single bacterial colony was taken from the agar plate using a sterilised
inoculation loop and placed into the liq@wth mediunto inoculate thisThe foil covering the flask
opening was removed prior to inoculation and replaced after.liquid growth mediuminoculated

with S. ureaewas then aerobically incubaté8tuat Orbital Incubator S160Q UK) at 30°C and 150
rpmovernightfor approximately 12 h, after which timdade exponential stage of bacterial growth was
achievedtorresponding to anptical densityat a wavelength of 600 nm (@dg of 0.9(10" cells/ mL).

The same procedure had been followed when USimgasteurias an inoculant at Cardiff University

For the studies undertaken at Arizona State UniversitySthmasteuriplate cultures and liquid broth
cultures were grown attamperature of 23C. This lower temperature had been used in the absence of
an incubatoand corresponded to the constadm temperature of the laboratonywhich all studies
were undertakenA spectrophotometefHitachi U-1900 UV-VIS, Tokyo, JapanHach DR 6000,
Colorado, USAwas used to measure optical densitye flasks of liquid broth inoculant wepeepared

in triplicate with fresh cultures prepared for each experimental study.

Multiples of liquid broth cultures were produced as required for experintgptsally using250 mL
Erlenmeyer(conical)flasks to contain 50 mL of liquid broth culturEhe liquid growth nedium was
prepared as described above, followed by inoculation of each 50 mL of this growth mediukrQvith
pL of the aforementionediquid broth inoculant. These flasks wetenincubated at 2°C or 30 °C,
dependent on the location of the stushgertaken, and shakenl&0 rpm, to produce cultures with an
optical density at a wavelength of 600 nm @Pof approximately0.9-1.2 (10-10° cells/m). Use of
250 mL conical flasks, containing 5L solution, ensured that there would be sufficiemfasie area

at the liquidair interface for oxygen uptakaseptic technique was used throughetien working with
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bacterial cultures, to mitigate agaisintamination. Bacteria @ve cultured in sterile growth meali

The benchtop was cleaned with bleach 70% ethanol solution befornd afteuse. A0.2 umsyringe

filter was used when adding the urea solution to the flasks contajromgh medium since the urea
could not be autoclaved. A Bunsen burner was used to sterilise the air in the vidingyairk area,

with urea and bactellignoculantadded to flasks in close proximity to the Bunsen burfierfurther

help prevent contaminants entering flaskgrowth medium, after removal of the foil covering, the
tops of the flasks welfteamed using the Bunsen burner prior to addition of the urea solution and bacteria.
While doing this the foil covering of the flasks was held to prevent it touching thetogoikhe
sterilisation processes used for grewthmedium onstituentsand for other chemicals in this research
are as given ifTable4-3, or as otherwiséescribedn the studiesindertakenFor some chemicals the

sterilisation process had been dependent upon the concetiatidiguantitieased.

Table4-1. Culture, cementation, and sporulation mediatdse withS. ueae.

Medium Chemical Quantity (g/L)
Culture Medium Peptongfrom casein) 5
Meat extract 3
Urea (NH(CO)NHy) 20
Cementation Oxoid CM00O1nutrient broth 3
Medium (standard) Urea (NH(CO)NH,) 20
Ammoniumchloride (NHCI) 10
Sodiumbicarbonate 2.12
Calciumchloridedihydrate (CaGl2H,0) 7.35
Concentrated HCI Adjust to pH 6 (prior to
adding CaCl2H;0)
Sporulation Yeast extract 2
Medium Peptone 3
Glucose 4

Dipotassium hydrogen phosphatef#Q,) 1

Ammoniumchloride (NHCI) 3.238
Calciumchloride dihydrate (CaCGl2H,0) 0.13
Magnesium Sulphate (MgS@H.0) 0.92
Manganese Sulphate (MnSGH0) 0.112

Iron (1) Sulphate (FeS£rH,O) 0.001

zZinc (I) Sulphate (ZnS©7H;0) 0.018

Copper (1) Sulphate (CuSGH,0) 0.018

Sodium Hydroxide (NaOH) Adjust pH to 90
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Table4-2. Culture, cementation and sporulation mediadse withS. pasteurii

Medium Chemical Quantity (g/L)
Culture Medium Oxoid CM00O1nutrient broth 13
Urea (NH(CO)NH,) 20
Cementation Oxoid CM00O1nutrient broth 3to6
Medium Urea (NH(CO)NH) 40
Ammoniumchloride (NHCI) 20
Sodiumbicarbonate 2.12
Calciumchloride dihydrate (CaGl2H,0) 73.51
Concentrated HCI Adjust pH to 6 (prior to
adding CaCGl2H.0)
Sporulation Peptone from casein 15
Medium Peptone from soy meébigma Aldrich)
Sodiumchloride (NaCl)
Urea(NH2(CO)NHy) 20
Manganese sulphate (Mn&8.0) 0.01

Sodiumhydroxide (NaOH)

Adjust pH to 7.3

Table4-3. Sterilisation procedures for chemicalsed.

Chemical

Sterilisation Notes

process

Ammonium Chloride

Syringe filtered Dependent ouantity and

autoclaved concentration.
Calcium Chloride/ Calcium Syringe filtered Calciummay precipitate outf in high
Chloride Dihydrate autoclaved congentration.
Copper (Il) Sulphate Autoclaved

Dipotassium hydrogen phosphate Autoclaved

Glucose Autoclaved
Iron (1) Sulphate Autoclaved
Magnesium Sulphate Autoclaved
Manganese Sulphate Autoclaved
Meat Extract Autoclaved
Oxoid CM0001 Nutrient broth Autoclaved

Peptone (From casein and soya) Autoclaved

Sodium Bicarbonate
Sodium Chloride

Syringe filtered

Autoclaved
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Urea Syringe filtered
Zinc (II) Sulphate Autoclaved

4.1.3 Bacterial Cell Harvesting

Liquid brothcultures were pelletised using a centrifuge at 3206r 20 min (Varifuge 3.0 Heraeus),
or 5000 rpm(Bhaskar et al. 2017pr 20 min for the studies undertaken in the Uge Supernatant was
thendrained andhe bacteriatells washed with phosphate buffered saline (PBS) as neBP&Riwas

then added to replace the supernatamtreate a bacterial suspension

4.1.4 Bacteria MaintenanceProtocol

For storage, glycerol stocks were produced at the commencement of this research and renewed every
six months to ensure viabilityfor work undertaken at Cardiff UniversityA sterile 80% glycerol

solution (Koh 2013)was prepared by diluting glycerol in deionised water and then autoclaving.
Working aseptically, 50QL of this solution was added to a sterile snap top tube, followedOyL

of an overnight(12 h)liquid broth culture, which was then mixed gently using the pipetté by

drawing the liquid in and out of the pipette tip. Mixing helps prevent crystallisation when frozen, these
solutions were not vortexed as this mayndge the bacteliaells. These glycerol stocks were stored
at-20°C. The glycerol stockerere used tinoculate agar plateby inserting a sterilénoculation loop

into the glycerol stock and using this to streak the agar. @atee a snap tube of glycerol stock had

been opened this was then discarded after autoclammsg).stock management proto@soensured

that there was a 0 ma stoshouldl costhnunation oaotharipriokdeing oecurt o g o

At a later stage of researdior work undertaken at Arizona State Universitgep solid/ stab cultures
were produced and stored atGland renewed evethireemonths.Stab culturesf S. pasteuriwere

found to remain viable farp to fivemonths These stab cultures were then used to inoculate agar plates,
by inserting a sterile inoculation loop deep into the stab culture and using this to streak tRégpliage.

4-1 depicts the process for producing the liquid broth cultures from the glycerol or stab stock culture.
The agar plates inoculated with glycerol or stab stock cultures were stdrégifatiowing a periodof
incubation. These plate cultures would usually be viable for up teesiks. Single colonies from these
agar plates were used to produce triplicates of liquid broth cultures in RYlenmeyer flasks, to
ensure pure cultures. These overnight liquid broth cultures would then be used to inpowidte
medium to producéhe liquid broth cultures grown for use in experiments. New agar glateking
cultures)were produced using thdygerol or stab cultures evefgur to six weeks or as required.
Repeated culturing from the liquid broth cultures was avoided since repeated culturing can result in

phenotypic or genetic changes over time and also there would be a greater possibifitsrofraation.
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iquid broth culture OR,
of 0.9 to 1.2 (late
exponential stationery)

Experimental
use

Overnight liquid broth

culture (late exponential) Inoculant

Inoculant/ Working culture

Storage/ primary culture

Figure 4-1. Bacterid maintenancend culturingprocess

4.1.5 Inducing Sporulation of Bacteria

To induce sporulation &.ureaeandS. pasteurij sporulation media as detailedTliable4-1 andTable

4-2 were preparedaccording to Macdonald and MacdondtP62) and Bhaskar et al(2017)
respectively. Gemicalconstituentswere sterilisedas perTable4-3 or as otherwise described in the
experimental method§he Macdonaléind Macdonald1962)medium is an alkali medium enhanced
with manganese, similar to the Jonketsal. (2008) medium. The addition of manganese enhances

sporulation.

Overnight cultures 08. pasteuriendS. ureaevere grown, in 50nL of the respectiveulture med,

to achieve growth within the exponential phase. TwmbkQ@entrifuge tubes were half filled froeach

50 mL liquid broth culture. These tubes were centrifuged for 20 min at 3200 RCF. The supernatant was
discarded and replaced with phosphate buffered saline (PBS) to wash the cells and remove metabolic
waste and any metabolism -pyoducts, this solutio was centrifuged again for 20 min. The PBS
consisted of & Sodiumchloride NaCl (J.T. Baker), 1.42 Sodium Phosphate Dibasic & Qi (EMD

Millipore) and 0.24g Potassium Phosphate Monobasic.R8; (Sigma Aldrich) per litre of deionised

water, adjusted to pH 7.2 witoncentrate¢HCl and autoclaved. The bacterial cells were then added to
flasks containing 50 mLof sporulation media. The bacterial cells were subjected to the respective

sporulation mdia for 24 h, in a 36C shakingincubator att50 rpm.

To determine the presence of spores, the Schaeffer and Fulton spore staining procedure was followed,
based upon directions specified within the product information for the 04551 Schaeffer andgeutton s
stain kit (Sigma Aldrich 2013)and methodology as reported by Schaeffer and F({t683) As a
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variation to the reported methodolodlye slides were gently washed in a water bath of tap water after
staining, since rinsing under running tap water was found to remove cells and spores from the
microscope slides. The steaming was achieved through heating iapgedyx 100 mL of water in a

250mL beaker over a heat plate with the microscope slide resting across the top of the beaker. Steaming
is required to force stain into spores since the keratin coating of spores is stain resistant. The waste
liquid was disposed of appropriately. Followigsgining the microscope sides were observed under a
light microscopg(Nikon Eclipse LV100)at 80x magnification. Spores may be observed on the end,

middle or between these areas of a bacteria cell.

4.1.6 Bacterial Cell Counting
4.1.6.1 Direct

Viable bacterial cell counts can be determined directly usingtdralardplate counting methqdas

detailed by Pakpour and Horgé2021) The standardlate counting method was used to i) verify the
concentration of bacterial cells in liquid broth cultures and ii) to determine tmberuof viable

bacterial cells in selected biocement samples, and subsequently as an indicator of the presence of spores.

To quantify cells in a liquid broth culture, 1Lnof culture is transferred to a tube containingl9 oha
sterile buffer (either PBSr 0.9% NacCl in deionisedvater). The sample and buffer are then mixed to
disperse the cells/ sporegthout usinga vortex mixer since this may kill cells. This results in a sample
with a dilution of 1/1@ of the liquid broth culture. 1 is then taken from this dilution and transferred
to a second tube containing 9 ml of the sterile buffer to create a dilutiorf"I.0@& original sample.
These steps were repeated to give a series of serial dilutions as depiGtraed-2.

1.0mL

1.0mL 1.0mL 1.0mL 1.0mL

9.0mL 9.0 mL 9.0 mL 9.0 mL 9.0mL

1:10 1:100 1:1000 1:10,000 / 1:100,000

LN o b b N N
0.1mL 0.1mL 0.1mL 0.1mL 0.1mL

Figure 4-2. Serial dilution process, adapted from OpenS&XL6)
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When teting a solid sample, 1 g of the sample is taken and the contents of the tubepma@d® nh
with the sterile buffer, the process above is then followed to make the serial dilutions.

The diluted samples were thplated For S. ureaecontaining samplesgar plates were prepared using

Luria Bertani (L-B) agar amended with 2§JL urea, with the urea solution added using a syringe filter
after autoclave sterilisation of the LB agar solutidhis was poured onto sterile (usually 90 mm
diameter) petri disheglose to a Bunsen burner, once the agar mixture had cool&@ Bsing a

pipette and sterilised pipette tip, 10D of the dilution was pipetted onto the agar and spread out using

a sterile plate spreader. This was repeated fenat twdurtherconsecutive dilutions. Predictions were

made regarding the most suitable dilutions to plate. The plates were then sealed using parafilm and
incubated fod8 h until individual colonies of the bacteria were clearly visible. It was assumed that
when testing for presence of spores in biocement samplesetwt colony had grown from an

individual sporeColonies were counted on plates contairiliigy to three hundredolonies.

The same process had been usedsfgpasteuriicontaining samples, witthe plates produced using
BBL Brain Heart Infusion (BHI) agar adjusted to pH 8, autoclaved and amended with 75 mM urea. BHI
agar had been used followiggidance from Charles Graddy6/04/20University of California Davis,
asthey had found this agar tme most effective for achieving reliable plate counting resultssfor
pasteurii Growth had otherwise been variable when plating dilutions contaipgsteurionto LB

agar plates.

To improve the reliability othis procesgthe plate spreading meith@an be replaced by the plate pour
method. Using this method, the 100 pl sample from the serial dilutions is mixed with warm agar (45

50 °C) and then poured onto a sterile plate. This process helps to ensure a more even mixing of the
bacteria and elimetes potential contamination from the plate spreader while working under aseptic

conditions.An alternative to plate counting is use of a haemocytometer.

4.1.6.2 Indirect

This method requires the use of a spectrophotometer (Hitad®00 U\-VIS, Tokyo, Japah Hach

DR 6000, Colorado, USK\to measure the turbidity of a sample of bacteria within a suspension. This
is a fast and reliable method for estimation of cell couft® optical density (OD) of bacteria
suspended within a liquid broth (liquid brathlture) was measured at a wavelength of 600 nmyd§pD
Thismeasuremerdan be correlated to thacterialcell concentratiorfY) according to the relationship
obtained byRamachandran et d2001) as petfEquation(4-1).

® B wp twd O B (4-1)
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Alternatively, the spectrophotometer measurement can be correlated to the bacterial cell count by using
the plate counting method as outlined abdves is considered to give the most accurate estimate of
bacterial celconcentration within a suspension, since this will be affected by the bacteria selected and
constituents of the growth medium.

4.1.7 Urease Activity

Urease activity (mM urea hydrolysed/ min) is calculated as per the relationship derived by Whiffin

(2004)in Equation(4-2), based on a conductivity assay.
L2 Ny Ve , N e, w e T ooy "r,,,‘?‘q“Y.,, N7, v
Yi Q@iod Q0 Qe @ w od smommwoa?&jf’oﬂﬂau PR PY WYY (42

To measure the electrical conductiv(§C) of a culture; 9 mL of a sterile 1.1 M urea solution was
transferred to a steril®0 mL polypropylene tube along with 1 mL of the liquid broth culture and this
solution mixed before then inserting tB€ probe Electrical conductivity was measured over five
minutes to obtain the averageeaseactivity per minute, as per Harkesabt(2010) This process was
repeatedhreetimes for each sample tested and an average taken from the three results.

4.1.8 Specific Urease Activity

Specific urease activity (mM urea hydrolysedh/ ODeog) is defined by Whiffi(2004)as the amount
of urease activity per biomass, as peu&tpn(4-3).

7Yi 'Qoo)wﬂ) QL Q0 W

Yi QORI 0 e *3)

4,2 Sand

Fine silica sand, sourced locally where possible, was selected for use in the biocementation experiments.
For the preliminary studies undertaken at Cardiff Universityjndustrial kiln dried silica sandas

used. For the following columns studies comgudieat Cardiff University, a fineGarside Sandgee
drainingwashed Fine Silica Sand (WFSS) from Aggregate Industrieselasted Thissand igpale in

colour and mined in Leighton Buzzard, Bedfordshire from within the Lower Greensand of the

Cretaceous period and has sub angular to rounded grains.

Later studies completed at Arizona State University used F60 and F65 sand. Properties of the sands as

reported by thenanufacturers and tested in the laboratory are given in the respective studies.
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4.3 Immobilising Additives (Carrier Materials )

4.3.1 Diatomaceous Earth

Diatomaceougarth (Figure 4-3), also known as fossil flour and by its tradename Celite (a registered
trademark of Imerys Filtration Minerals Inc.) is a fine, silty, crystalline silicate material composed of
fossilised sea creatures known as diatoifise individual diatoms can bseen inFigure 4-4.
Diatomaceous earth has an average bulk density of 256 (fgéxicon Corporation 2018Yhe Celite

S. (SiOy) product used in this research, purchased from Sigma Aldrich, is dried and untreated
diatomaceous earth and is typically used as filter aid.

Figure 4-3. Photograph of sample dfatomaceougarth (Celite S).

The chemical composition of CeliteiS asgivenin Table4-4 (Sigma Aldrich 2017)

Table4-4. Chemical composition andgperties of Celite SSigma Aldrich 2017)

Chemical % by mass
Al,03 4.1

CaO 0.4

Fe.03 1.6

MgO 0.2

Naz0 + K20 1.4

P20Os 0.3

SO 90.2

TiO; 0.2

Loss on ignition at 906C  3.2-10.0
pH ~7 (25°C, 10% in aqg. suspensiol
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Celite (diatomaceous earttparticles are intricate, complex shapas shown irFigure 4-4, these
particles offer a more tortuous path to the flow of the flukdgure 4-4 shows diatomaceous earth as
observed using a scanning electron microscope andbag@nification.

EHT=15.00 kV SE2 Pixel Size =179.7 nm
WD =103 mm 150K X Aperture Size = 30.00 um

Figure 4-4. SEM image of diatomaceous eaathl 50 magnification

4.3.2 Expanded Perlite

Perlite is volcanic mineral, formed from a magma flow of pure alumina silicate glass. Expanded Perlite
is marketed as having excellent adsorption propdifiapre Minerals 2018Both diatomaceous earth

and expanded perlite are primarily silibased materials.

The Alfa Aesar Harborlite 800 product used in this rese@fadure 4-5), purchased from Fisher
Scientific, is an untreated perlite in a fine powdered form. This product is marketed as a filter aid. Perlite
is an amorphous alumina silicate material, the typicahtbal analysis of Harborlite is as pEable

4-5 (Harborlite Corporation 2008Harborlite products have a low bulk density, high void volume and
porosity, neutral pH, and are hydrophilic and relatively itigarborlite Corporation 2008)

Figure 4-5. Photograph of sample ekpandedperlite (Harborlite 800.
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Harborlite 800 has a DO6Arcy per mealumlUltrafpne o f
expanded perlite with a nominal particle size of 10 tpm8has a bulk density when compacted of 150
to 200 kg/mi (Hoben Internatinal 2018) Harborlite(2008)report the wet density of Harborlite 800 as
0.16 g/cm.

Table4-5. Typicalchemicalanalysis of Harborlite (all grades)

Chemical % by mass
SiO; 76.8

Al 203 12.8

K20 5.3

NaO 3.7

Fe:O3 0.6

CaO 0.5

Loss on ignition at 900C <1.0
pH 7.0

The crystallinestructure ofHarborlite 800, as observed using a scanning electron microscope and a

magnification of 100K, is as shown ifrigure4-6.

EHT =16.00 KV SE2 Pixel Size =269.5 nm mEARTH
jonar

wHOCEAN
Figure 4-6. SEM image of Expanded Perl{tdarborlite 800) at 1008 magnification

WD =103 mm 100K X Aperture Size =30.00 ym
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4.3.3 Natural Fibres

Of the natural fibre; hemp, jute and cofFigure4-7 andFigure4-8) were selectetbr investigation for

suitability as carrier materials.

Hemp fibres

Figure 4-8. Photograph of coir fibresised in experiments.

The internal microstructures demp, coir and jute fibres, as observed and reportédamyot et al.
(2013) Fedelis et al(2013)and Hamad et a{2017)are shown irFigure4-9.
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Figure 4-9. Internal microstructures of hemp (darrot et al. (2013) coir (b), Fidelis et al. (2013), jute
(c)Fidelis et al (2013, (d), Hamadet al. (2017).

Prior to use, the fibresere washed thoroughly using a sieve and deionised water. All carrier materials
were initially sterilised by autoclaving at 12C for 15 min, then dried fat leas®4 h at 9CC. Drying

at 105°C for this periodwas observed to result in a significamatrkening of the coir fibres. This was

likely due to degradation of lignin. Lignocellulosic fibres, which include coir and jute, thermally
degrade through dehydration, depolymerization, and oxidation when hgatekiel et al. 2011)
Studies by Varma et al. (1986) Ezekiel et al. (2011) and Siakeng et al. (2018) suggest minimal effects
of temperature on mechanigabperties of coir fibre up to around 280, with degradation occurring

after due to depolymerisation. However, lignin has been reported to undergo thermal degradation at
temperatures as low as 100 (Yang et al. 2007)A similar study by Gassan et §001)on jute
reported that temperatures up to @ only slightly affect jute fibre properties, for studies of 2 h
duration, with gjnificant effects at a higher temperature. The time of exposure to heat is reported to
effect mechanical properties, as reported by Ezekiel €2Gl1)who studied a range of durations from

10 to 30 min. For this reaspthe oven temperature for drying was reduced t6®fbr preliminary
investigation and later to 56C, applied for allcarrier materials for consistencylhe primary
constituents gjfute, coir, and hemplibres, as reported by Rowell and St(lL@98) Banerjeg2012)and

Liu et al.(2017)respectively, are shown ifable4-6. The range reported by Liu et &017)is based

on a review of sewdeen papers which report the chemical composition of hemp, nine of which note
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that the hemp fibres may also contain 17 % pectin. Rowell and Sto(998)note that in addition to
the three principal constituents, as giverTable 4-6, jute contains minor constituents such as fats,

waxes, inorganic matter and nitrogenous matter, amounting to up to 2 % of jute.

Table4-6. Reported hemical ompositiors of coir, juteand hemgibres.

Fibre Cellulose  Hemicellulose Lignin Reference
(%) (%) (%)
Jute 5863 21-24 12-14  Rowell and Stouf1998)
Coir 3243 0.150.25 4045  Banerjeg2012)
Hemp 5391 4-18 1-21 Liu et al.(2017)

As perTable4-6, and reportedy Banerje€2012) coir has a significant lignin content, which is likely

why the darkening of fibres was observed after being subjected to temperatures exceetihfpd 00

24 h. When the oven temperature weduced to 90C, the fibre colour was only very slightly darker

than the untreated fibremd no significant darkening was seen when dried &C5®rior to oven

drying, arny change in colour will have resulted from the autoclaving process, this was observed to have
less of an effect on the coir fibre than heating at®@for a long period. The extent of delignification

has been reported to be dependent on the duratiorathdpeEzekie(2011)reported that the ultimate
tensile strength of Jute fibres heated to 9G@or 20 min was grater than the untreated fibre, after
heating for 30 min this strength was reduced to below that of the untreated fibre. On this basis the
autoclaving for 15 min is not likely to have a detrimental effect on jute fibres. Jute is reported to swell
in water yp to 22%, which is indicative of its capacity to absorb deenentatioormedia.Masoodi and

Pillai (2012) report some initial swelling of Jute fibore$he low fibre percentage used in the
biocemented sancblumnwould potentially minimise the effects any swellingon the biocemented
matrix. Delignification has been reported to increase thigaciy for swelling by up to almost 20

when lignin content is reduced to 0 Z8Rowell and Stout 1998)

Fibres for use in the colunstudies were hand cut to approximately 6 mm length. Samples of 20 fibres
were taken to obtain an average for the length

4.4 Production of CementationMedium

The basic constituents of the cementation medium required for the ureolytic MICP process are urea and
a calcium source. Calcium chloride dihydrate was selected as the calcium source for this research, as
commonly used for MICP experiments involving biocetagon of sand. The calcium chloride

dihydrate concentration used varied according to the bacteria selected, typical urease activity of the

bacteria, and purpose of the experiments. The cementation medium produced for biocementation of
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sand usings. ureagas pefTable4-1, to provide the necessary nutrients and precursor chemicals for
the MICP process, was adapted from Stef€issher et al(1999) The cemention medium used to
biocement sand usirfg. pasteuriis as given infable4-2, or as detailed in the experimental methods.
Media prepared were closepbl 7.0. From samples tested across four column experiments, the pH of
the augmented medium (with ammonium chloride and sodium bicarbonate) us&d pateuriivas

6.95 £ 0.035 based on an average of four measurements across columns studies.

4.5 Immobilisation of CementationM edium

4.5.1 Expanded Perlite and Diatomaceous Earth

Before use, the expended perlite (EP) and diatomaceous earth (DE) powders were autoclaved at 120
for 15 min and oven dried at 106, for sterilisation. The EP/DE was then transferrestedle 50 mL
centrifuge tubes in the required quantities (up to 2 g in each tube) in triplicates. The tubes were weighed
before filling. The EP was then submerged in concentrated cementation medium within the tubes. The
tubes were vibrated for 10 s at@m using a vortex mixer, to ensure thorough dispersal of the powders

in the medium, and then left to soak for 24 h. Similar methodology is applied for the immobilisation of
cementation medium as usedByndur et al(2017)to immobilise cementation medium in expanded

shale aggrgates.

After 24 h, the tubes were centrifuged at 3200 rcBfbmin and the waste medium drained. The tubes

were then transferred to a 30 oven with lids removed and dried for at least 48 h until the mass was
constant. This process was repeated as desired to apply a second loading of cementation medium. This
process resulted in granules of cementation medium (CM) loaded EP and DE forrdinglike the

fibres these granules could still be easily separated after repeated loadings. The EP in particular was
observed to selfiggregate following immobilisation of the cementation medium. Granules of CM
loaded EP are shown Figure4-10. To separate out these granules, an autoclave sterilised pestle and
mortar was used in close proximity to a Bunsen burner, with light pressure applied to avoid crushing

the grantes. The granules were then transferred back into the tubes ready for column assembly.
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Figure 4-10. Photograph of expanded perlitéollowing immobilisation of cementation medium, drying and
separation ofjranules using a pestle and mortar.

4.5.2 Fibres - Soaking M ethod of CM Immobilisation

Fibres were added sierile ® mL centrifuge tubes i0.5 g orl g quantitiess requiredin triplicate.
Concentrated cementation medium was added to eachiddblly submerge the fibresvith 25 mL
cementation required to fully submerge 1 g of fibfebpwed by vortexing for 10 sec to separate the
fibres.Vortexing wasalsofound to increase the immobilisation capacity. In addition, cutting the fibres

to shorter lendts, of approximatelyé6 mm, increased the amounteagmentation mediunmmobilised

after soaking for 24 h, when comparing to preliminary testing resultsfifires were left to soak for

24 h at approximately 2%C in a dark cupboard, since light exposure affects the strength of natural
fibres. The tubes were then centrifuged at 3&9Gor 20 to 30 min (with some change in duration
dependent on the test undertakan{l the excess medium draing@dbes were then feinverted for 2

h to help ensure all medium not immobilised was drained. Fibres for use in column studies were then
transferred onto gauze to aid to aid drying and separation once dry, some clumping was observed when
applying the soaking method, as candeen irFigure4-11. Fibres were thedried for 48 h (at 50C

or as specified).

Figure 4-11. Photograph showing tiplicate set of hemp fibres, after they have been soaked in concentrated
cementation medium, transferred to gauze and dried, prior to mixing with sand for use in column studies.
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Once dried, thesBbres were then separated by hand prior to mixing witidsas shown ifrigure
4-12. The fibres were mixed with the sand by haiotlowing addition of a small amount of cementation
medium (1to 5% of sand and fibre mass) to aid mixing.

Figure 4-12. Photograph showing jute fibres, after they have been loaded with concentratedatéme
medium, dried and then separated by hand.

4.5.3 Fibres - Spraying Method of CM Immobilisation

A spraying procedure was developedntore efficientlyimmobilise the concentrated cementation
medium within the natural fibres. Fibres were sprayed and dnie# only since repeating this
procedure caused the fibres to become brittle and break while being separated prior to mixing with sand.
Fibres were sprayed by hand, using a @ll0spray dispenser. For eachlumn, 1g of sterilefibres
were spread out owlt a sterile 15 x 15 cm metal gauze laid omeweighing boat to capture waste
medium, as shown ifrigure 4-13. The gauze was wrapped in foil and autoclaved prior to use
Approximately one hundred spray actuatiobs (L) of the concentrateddementation mediurwere
sprayed onteeach set of 1g fibreim close proximity of a Bunsen burner. The dispensing bottle was
weighed before and after each set of fibres were sptayadnitor the amount of cementation medium
used The gauze and sprayed fibres were then transferred to a sterile airtight cantdinevered for

24 h to allow the fibres to soak up tbementation mediurbefore transferring to a 5 oven for

drying.
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Figure 4-13. Photograph showing 1 g of jute fibres resting on gauze, aftertttesfhave been sprayed with
concentrated cementation medium.

Oncedried andemoved from the overthe CM loadedfibres were immediately transferred to sterile
50 mL polypropylene tubes and weighed after coqlisigice the fibres are hygroscopic and siart
absorb moisture once exposed to @ilme weight of the empty tubes had previously been recdoded
enable the masses of the immobilised cementation medium to be obtained.

Hand spraying and then leaving the fibres in a sealed confain2d4 hwas found to be the most
effective method of immobilising the cementation nueai This methodhelped prevent clumping of
fibres, making them easier to separate and mix with the saddesulted in less waste of the
concentrated cementation medium. Spraying @aee more consistent results in respect of the
guantities of cementation medium immobilised, in comparison to soaking. The efficiency of this
processouldbe further improvedby using a vacuum, however enabling a sterile environment would

have proved difficult. It would also be possible to scale up this process.

4.6 Encapsulation of Cementation Medium inAlginate-Based Hydrogel

Methods of production of alginateased hydrogdbeals were explored, as a meansromobilising
cementation mediumCalcium dginate hydrogel beads can be produced following a relatively
straightforward process in the laboratorjo maximise storageementation medium wouldeally

need to be incorporated into thlginatebasedhydrogel beadthrough powder additions. This however
presented dilenges in respect of producing beads containing concentrated cementation medium which
would also be sterile. Differemiethodsvere exploredor incorporating the cementation medium into

the alginatebasedhydrogel beadsThe methodology detailed in Chep Four for the production of
alginate gel beads immobilising cementation medium was developed for uss. witbae Similar
methodology has been undertaken to produce beads for us&.vg#steurii as reported in Chapter
Eight
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4.6.1 Synthesisusingan AqueousM edium Solution, for use with S. ureae

Alginate gels were initially produced in accordance with the process and concentratioagenfts
reported byHarbottle et al(2013) This formed the basis of further exploration to produce concentrated
cementation mediuratores encapsulated bglciumalginate. A solution containing sodium alginate
(2.8 % w/w) and cementation medh was prepared. The calcium source is derived from a calcium
chloride gelling solution and hence calcium content of gel beads mayGalojum chloride replaces

the sodium in sdadm alginate with calcium ions to form a gel.

To produce the cementation meut, the Oxoid CM0001 nutrient broth solution was autoclaved,
otherwise all other chemicablutionsother than the sodium alginate were syringe filtered. Aseptic
technique was ftowed during this process. The sodium alginate solutemmot be autoclaved, since

this would result in depolymerisation, nor can it perge filtered due to its high viscosity. Glassware
used was autoclaved before use, in addition to autoclavingeafeionised watewsed During this
process the only component that was not sterile was the sodium alginate pbwaleementation
medium was thoroughly mixed with the sodium alginate solution, from which beadproduced by
pipetting 10 |L aliquots &a height of =m into a gelling solution aiutoclavedalcium chloride (36

w/w) in deionised water. The beads were left in this solution for 30 min. This process was slow and at
times air bubbles became entrapped within the beads during pipettamgffitlency of this process

was improved upon by filling a syringe with the sodium alginate solution and extruding droplets at a
steady rate to form the beads. Greater control with regards to bead size could be achieved through use
of a peristaltic pump.d&tin et al.(2016)used a peristaltic pump to achieve a steady constant flow of the
alginate gel through a 0rBm syringe needle, dropping this into a calcium acetate gelling solution to

produce the beads.

4.6.2 Synthesis usingPowderedMedium Constituents

To encapsulate a concentrated solution of nutrients, the required chemicalddedeto the 2.86

w/w sodium alginate solution in powdered form, to explore if this could be achieved. A 86dium
alginate stution was prepared, to which solid nutrients were added. A mixture of coéthicals

which would result in a x10 concentrationagimentatioomediumin the sodium alginate compared to
cementation medim used withS. ureae were preparedThis mixture consisted of 0.7% Oxoid
CMOO001 nutrient broth, 5g urea, 2.5 ammonium chloride and 0.53y sodium bicarbonate. The
powders were mixed togethioroughly, to help ensure an even distribution of these within the beads.
Three additions of this mixture to the sodium alginate were made. Beads were then formed using the
syringeneedleextrusion process. It was possible to form beads from this salidimnever, it was
observed that soon after the beads were added to the gelling solution the calcium chloride gelling
solution started to turn yellow, which indicated that nutri¢@tsoid CM001)were leaching out of the

beads. It would not be known to whattent each chemical was leaching out of the beads into the
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solution. There was the added issue that the powder additions were not sterile. To sterilise the nutrients
these would need to undergo autoclaving or syringe filtering and hence would ne&dgolbgon. A
concentrated solution (x6.67) could be prepared, in which are nutrients were fully distolvasl.

found however that it was not possible to dissolve the sodium alginate in this mixture.

4.7 SandColumn Experiments (Bioaugmentation)

4.7.1 Mini-Columns (Preliminary study)

Mini-columns were produced at the preliminary stage of investigation using-58olypropylene
centrifuge tubes. Dry and wet pluviation methods were teSaddwas pluviated using a funnel
clampedb cm above théop of a centrifuge tub&he tube was vibratedsing a vortex mixeto increase
compaction anddditionalsand added uih the tube was filled teapacity. Through #dry pluviation

method the tube was filled with 95.376 g of sand. The process was repeated, after first placing 10 ml of
water in the tube, additional water was added as dry sand became observed afteirpouhagube
through the funnel, again the sample was vibrated. Via weigtiom 97466 g of sandcould be
compacted into the tubwith the tube being filled to the rirA total of 19 nb of water was needed to

fill the pore spacesThe wet pluviatio methodwas selected to fill the tubes for the maalumns test

and for subsequent experimeatsthis proved to be the most efficient.

4.7.2 SandPreparation
4.7.2.1 StudiesBased at Cardiff University (Kiln dried and Garsi8ands)

The sand was first sieved thgiua 1mm aperture sieve to remove larger particles of @uity
carbonatepresentwere removed from the sand prior to use by using the direct acidification method
(Komada et al. 2008xnd using a 3% HQA solution in deionised water. €hsandwas then rinsed
thoroughly using a 63 pum sieve and deionised water to remove the chlorides. The sand was then dried
at 105°C. Following this process, the sand was transferred to a large glass beaker and sterilised by
autoclaving at 120C for 15 min, with a final drying period at 106 until the mass was constant.

4.7.2.2 F60 and F655ands

For later experiments using the Fftd F65sand, this was not acid washed since its carbonate content
is known(and measuredd be negligible and such treatment would likely alter the surface of the sand
particles and may adversely impact upon adhesion of calcium carbonate and resulting igabtechn

propertiesSand was autoclaved prior to use in experiments.
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4.7.3 Preparation of Columns Apparatus
4.7.3.1 GeneralAssembly

The sand columrapparatus waset up per the diagram shown kigure 4-14 which shows the
approximate lengths of the columi$e column apparatus fabricated for this research was based on
that used in previous studies by Botusharova gR@all7) with some enhancement including longer

split moulds, tdhelpensure thatte columns produced would exceed minimum depth to diameter ratios
required for the unconfined compressive strength (UCS) testing and to ensure a secure fit of the bungs.
The actual column lengths are as given in the details for the tests undertakeneaagpreximately

twice the diameter of the columns, taking into account that the British Star{tia@®)state thathe

length may vary from 8 %andersize to 12 % ovesize without signitantly affecting theesults.The

minimum column length would therefore be 70 cm for a 38 mm wide column.

/ Outlet

I _~—Latex

Rubber —_ Membrane

Bung T

Perforated ——__ | Cross Section
Disk =l

122

71+1

Sand

Glass wool —

||

\ All dimensions in mm
Inlet

Figure 4-14. Diagram of &nd column apparatushowing side of column and cross section througtcthemn.

Sand columns were prepared in triplicates and secure8@o&0 cmpeg board as shown KFigure

4-15. Producing the columns in triplicates helps to improve accuracy of results, with results reported as
an average from each set of triplicates unless otherwise statedegboard holes allowéal insertion

of inlet tubing through to the back of the boakéktal feet had been attached to the peg board to hold
this upright. This apparatus allowed for columns to be attached to each side of the peg board and

therefore for up to twelve columns to jpeparedand treated at one tinfier each experiment.
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Figure 4-15. Photograph of assembled sand columns attached to the front and back of the column frame in sets
of triplicates, while cementation mediusnbeing injected into the base of the columns using a peristaltic pump.

Perforated disks were placed at both endsagchsand columnTheseperforated disks consisted of 6
mm thickness plastic of 38m diameteand perforatedith approximatelll mmdiameteholes. These
disks were used t@ontain the sand and ensure an even surface at the inlet and outlet eareth an
distribution of cementation media throughout the sand colutiien layerof glass wool was wrapped
around the porous disks prevent washout of fine grains of sand during treatments and to provide a
gap between the bung and diBlgure4-16 shows a perforated disk removfetlowing biocementatin.

While within the column the glass wool layer sat between the disk amdlili@an as can be seen there

is minimal clogging. It was found that these disks would erode slightly over time with the holes

becoming slightly wider.

Figure 4-16. Photograph showing agpforated disk following use withircolumnto contain san@ndto ensure
even flow otementatioormedium throughhe column, with layer of glass wool beneathich sits between the
sand column ah disk.
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Each sand column was dosedby a 80 mm long, 38 mm diameteapproximatelyd.3 mm thick latex
membrandgControls Testing Equipment Lidencased by cleacrylic split moulds of 5 mm thickness

and approximately 39 mm inner diameflhne split moulds were fabricated from a 1 m and 0.5 m length
of clear acrylic tubing of outer diameter 50 mm and inner diameten0 This allowed for some
reduction in the diameteud to cutting, with the desired inner diameter being approx. 39 nimangh
sawwith a cutting disk o8 mm width was used to cut the tubes into lengths of 122 mm and to then cut
these sections in half lengthways to produce the split moulds. These wepaitteel after to form sets

of split moulds.

The tubing connecting the inlets to the peristgitienp was cuinto twelve sections of equal length.

With additional sections of equal length connecting tgtimap to thecementation medium supply and
betwea the outlets and effluent collection tubes. Before use, any equipment which could not be
autoclave sterilised was soaked in a solution &6 Virkon S. disinfectantsolutionfor 60 min and

rinsed thoroughhafterwardswith autoclaved deionised water.

To prepare each sand column, the two sides of the acrylic split mould, as shéigarev-14, were
secured firmly together using cable tiedlowing for eay removal after biocementatioA. latex
membrane was inserted within this mould so that an even length of membrane protruded from.each end
The membrane sections protruding from each end of the spilt maareithen wrapped around the
outside of thesplit mould ensuring the membrane was taught and straight. A perforateddigged
with glass wool, followed by Bung with the plastic inlet removed was then placedantend of the
mould. A sterile spatulavas used to pustthe perforated disk against the buribhelatex membrane
wrapped around the base of the tube was then pulled up and over tha bterdisedsilicone tapered
plug @ mm < 8 mmx 20 mm, Vital Parfswas then inserted into the hole in iinéet bung (Figure
4-17), to retain theliquid into which the column contents weweet pluviated This assembly was
inverted andnserted into a glass beaker to keep thpsght, ready for inseibn of column contents
The columnwas prepared close to Bunsenburner, aseptic conditions were maintained as far as

possible.

Figure 4-17. Photograph showing the inlet end of a column during assemblysiltbneplug inserted into the
inlet hole within the bung to prevent the cementation medium draining during filling of the column.
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4.7.4 Column Filling, Bacteria fixing and First Treatment (Stage 1)

Columns were biocemented using a {stage process of bacteria fixing and treatment followed by

subsequent treatment cycles.

4.7.4.1 ColumnsBiocementedisingS. ureae

Owing to the much slower urease enzyme activitf afreag it was possible to fix tis bacterium to
the sand(and carrierssimply by wet pluviation of the san@r sand and carrier materialisito a
cementation mediurand bacteria mixtureNo precipitation was observed upon suspension ofsthe
ureaecells in cementation medium, prior tetypluviation of the sand (and carriers) into this mixture.
Any precipitation at this stagaf columns assemblgnay haveotherwisehindered flow of bacteria
through the sand as the column is preparaticould have adversely affected bacterial adhesgamid
particles. Should precipitation occur within the bacteria and cementation medium mixture, this may
also encapsulate the bacteridne processof wet pluviating the sand into a mixture of bacterial
suspension and cementation mediappeared to resulbian even distribution of bacteria throughout
the columnsbased on pH reading$ columns effluent as an indication of bacterial activityghould
also be possible to inject this solution®fureaebacteria and cementationedium to replicate this
process in the field.

Bacteria were grown and pelletised following the procedure outlined in Sectioh #0ImL pipette

tip was used to add the cementation mediuttédubes containing the bacterial cedisd to disperse

the cells within the mediunThe suspensiorcontaining theS. ureaebacterial cells and cementation
medum, slightly aboveone pore volume of the sand, was poured into the latex $ipiganould. The
sand(controls) or sand andCM loaded carriematerial mixture, was then wet pluviated intthe
cementation mediurand bacteria mixtutélhe column assembly was vibrated three times during the
filling process, using a vortex mixer, to aid compactiéfter filling the column, a second perforated

disk wrapped in glassood wasinserted into theolumn This disk was pushed down firmly against

the sand, exerting further pressure to density the sand column. The second bung was then placed into
the top of the tube and the membrane pulled up and over this. This comptetadutinn assembly,

which was then secured to the peg board and labelled. This process was repeated for each individual
column. The set of columns connected to the peg board were then transferred 6 éstadic)
incubator.This methodology was also ajgal for theinitial column study withs. pasteuricompleted

at Cardiff universityas detailed in Chapter Siyrior to the studies completed at Arizona State

University.

An alternative approach consisting of suspending Sheureaecells in PBS (as pertigies by
Botusharovg2017)was also testedeeChapter SixFollowing wet pluviation of column contents into

PBS,the above procedure was followed to complete column preparation. Columns wedttfan
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four hours before cementation medigtreatment oneyvas injectedFilling columns with a bacteal
suspension prior to injecting cementation medium had been found to be among the least effective
method offixing bacteria according to Harkesabt(2010) Wet pluviation of the column contents into

a suspension containing cementation mediuméisalbeenthe preferred approadb helpto reduce

leaching of the immobilised cementation medium.

To pump the cementation medium into the colunupsyardsthrough the base of each column, a 12
channel peristaltic pump (Ismatec IPC) was uUsedhe column testeompleted at Cardiff University

This was set up to pungia flow rate of 2 rh/min, using tubing witha 2.54mminner diameterPrior

to injection of the cementation medium, the inlgdihg (withcolumnconnector) was connected to the
tubing running through the peristaltic pump and filled with cementation medium, to prevent air entry
into columns. For each individual column, the silicon plug was removed from the inlet bung and
immediatéy replaced with the inlet connector and tubing. When this had been done for each column
the pumping of cementation medium was resumed andtwrane and a halpore volume of
cementation medium wengumped into each columfas detailed for each columnudy). After
injecting columns, the outlet tubing was drained and clamped and the inlet tubing left filled and
clamped. The column assembly was then transferred to an incubator.

4.7.4.2 ColumnsBiocemented usin§. pasteuri{fStudies undertaken at Arizorg&tate University)

In excess of one pore volume (3% of cementation medium was poured into the column, into which

column contents were wet pluviated using a funnel secured above the column, as $figune{h18.

Figure 4-18. Columnduring assembly ready for filling via wet pluviation
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Column contentsverevibrated three timeduring thefilling process The outletend perforated disk
wrapped in glass wool and bung were then firmly inserted and enclosed by the latex meRuiniaere.
rings were placed around the bungs at this stage to help prevent any leaks.

An injection technique developed frararkes et al(2010)was used to fix th&. pasteuriwithin the
sand columngFor the tests detailed in Chapter Seven onwaadd) apply the firsbiocementation
treatment Firstly, after centrifugation and removal of supernatant, the bacteridession(in
individual 15 nk tubes for each colummyas made up thOmL with PBS and this solution mixed using
asterilepipettetip. For the studies undertaken at Arizona State Univetsityperistaltic pumpsGole-
Parmer Masterflex L/pwith eightchannel pump heads attacheadd 2.79 mmrner diametetubing,

wereused for the injections.

The column inlet tibing (with inlet connectors attached), along with the tubing running through the
peristaltic pump,was filled with thke bacterial sspensionfrom the individual 15 nbL sterie
polypropylene tubes and then connected to the colufiims bacterial suspension wasmped into
columns at a rate of 1.5lmin. Having a separate supply of bacterial suspension for each column
ensured all columns were injected with the same amount of ba@aeda.the bacteriauspensiowas
depleted in the supptybesthe pump tubing wasnmediatelytransferred téhe cement&n medium,
which wasinjected at the same rate immediatiifowing the bacteribsuspensionOne and a half
pore volumes otementation mediurwereinjected into each columat this stageThe outlet tubes
were then drained and clamped. Inlet tubes vetamped and disconnected from peristaltic pump
tubing.

As the cementation medium is pumped into columnsc#heium is known to travel faster than the
bacteria through the pore spaces, and in addition to this the cementation medium already in tlse column
helpedto fix the bacteriaCementation medium ctaining urea and calcium chloride has been found

to beparticularlyeffective for the fixing of bacteria to saraitcording to studies undertaken by Harkes

et al.(2010)

4.7.5 BiocementationTreatments Stage 2)

After a period ofstatic incubatiorfretention period)he columns weragain njecedwith cementation
medium through the base of the colunirhis process was then repeated as desdidbehch columns

test Retention times varied as stated for e@sih Pumping thecementation mediumpwards through

the base of the column helps ensure the cementation medium is evenly distributed and the effluent is
displaced fully from the columrsince the mediunmjected will be heavier than theffluent.During

the treatmentghe effluent from each column was collected separdtelythe column studies detailed

in Chapter Sixthe first 10 nb. of effluent was retained from each column for geochemical analysis. For

the later column studies with. pasteuri{Chapers Seven to Nine) the columns effluent was collected
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in a series oft5 mL polypropylene tubes, in 5 mL incrementsgm each column for geochemical
analysis.The outlet tubing was emptied after edtbcementation treatmerdand then reconnected to
the cdumnsand clamped with pipe clipsnlet tubing was kept filled with cementation medium and
clampedUse of pipe clips ensured the fluid was held within the columns and prevented aarehtry
any drying out of columns

4.8 Geochemical Analysis

4.8.1 Electrical Conductivity, pH and Dissolved Oxygen

For the studies completed at Cardiff University, ieasurement of peind dissolved oxygein liquid

media was undertaken usiagnultiparametefMettler Toledo Severn Excellenceleterand attached
probes For measurement of electrical conductivity and pH for studies undertaken at Arizona State
University (ASU), a multiparamete(Consort C3010analyser with electrical conductivity (EC) and

pH probes was used. The EC probe had temperature compensation. Readinigken at a constant

23 °C room temperaturat ASU Probes weravashed with2 M HCI solution as recommendéxy

(Kennedy et al. 20Q%nd deionised water before and after use for all tests.

4.8.2 Cation Concentration

For studies completed at Cardiff University, calcium ion concentration in aqueous media was measured
using aninductively CoupledPlasma Optical Emission Spectromét&P-OES Perkin EImer Optima

2100 DV). For studies undertaken at Arizona State University, the concentration of selected cations in
aqueous solutions (primarily calcium ions), was measured asirign Chromatograph (ICThermo
Scientific Dionex ICS 5000. IC cation analysis was conducted using 20 mM methanesulfonic acid

eluent starting concentration, on a Dionex CS12A column, using 112 mA suppressor output.

Prior to cation measuremerall aqueous samples were syringe filtered, using a 0.2 pm syringe filter
Solutions werdliluted before testingo ensure that the measured concentrations did not exceed 100
mg/L and were otherwise not below the range of accuracy of the testing equiipaites were
calibrated before use by weighing the volume of wateruded from the tips to ensure accuracy.
Testing wasonductedsoonafter the samplesere collected from the column studigsce there may

be traces of urease within these samples, to ensure acclinadgsting using the IC (Chapters Seven

to Nine) wascompleted on the day of collection of the samples téetedsure accuracy of readings.

The IC equipment was found not to give accurate measurement of ammononéentrationresults
had been higher than expected and this analysis gave higher emeasisr when compared to results

obtained using the Nessler methtids known that the calibration curve is curved for ammonium ions
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when using the suppressor method of ion chromatogr@&@itimadzu 2021 )and this had been observed

for the calibration that had been rand had led to inaccurate résuwvhen measuring ammonium ions

4.8.3 Colorimetric Determination of Ammonium Ion Concentration (Nesslerisation)

The two major factors that influence selection of the method to determine ammonia are concentration
and presence of interferences. Samples of columns effluent were diluted to be in the range of 0 to 0.5

mM prior to testing and tested within 2 h of colleati

An ammonium standard was prepased calibration curve produc@tdaccordance witEPA method
350.1(US EPA 2019)Firstly, anammonium chloride stock sdion was preparefl.0 mL = 1.0 mg
NHs-N), by dissolving 3.819 g Nkl in deionised water so that the total volume was This stock
solutionwas used to prepare an ammonium chloride standard sofittomL = 0.01 mg NEiN), by
diluting 10.0mL of the stock solution in D L deionised water. The ammonium chloride standard
solution was used to prepare a series of dilutions ranging from 0 td_ZomgZentration of ammonium
chloride to produce a calibration cunas shown ifrigure4-19.
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Figure 4-19. Calibration curve for nesslerisation

The blank contained deionised water and 1D@f Ne s s | e r :eNfVWRelwemieals)t 2nLN H

of each dilution was added to a cuvette, to whichdl0@f Nessler reagent was added using a pipette

and left forl min before measuring the absorbance at 425 nm using a spectrophotometer, in accordance
with the modified Nessler method as reported by Greenburg @t982) A linear correlation R? =

0.998 was established between NHoncentration and absorbance at 425 Rrom thecalibration

curve the relationshighown inEquation(4-4) was dtained
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Samples taken from column effluent watituted (1:10000) andthe procedure as outlined above
followed whereby 2nL of the dilution was transferred to a cuvette using a pipette, to whichl160 u

the Nessler reagent was added. This was left for 1 min and the absorbance measured at 425 nm. Using
this reading the ca@ntration of ammonium ions was calculated using Equéidn and factoring in

the dilution.

4.9 Quantification of Calcium Carbonate using aCalcimeter

The calcium carbonate content of the sand colyrforsthe studies undertaken at Arizona State
University, was quantified using a Calcimetand in accordance with procedures outlined by
Eijkelkamp (2018) The calcimeter works in accordance with the method of Scheibler to determine
calcium carbonate content based upon a volumetric method whereby carbonates in thee agsampl
converted to O; by adding HCI to the sample. The pressure of the &{@ased causes water in a
burette to rise and this difference in level from the start of the test enables calcium carbonate content
by mass, w(CaCg), to be calculated according the Equation(4-5) obtainedfollowing calibration,

whereby \{ is the volume of carbon dioxide produced by the reaction of the test portion.
0DO@U TAIMT LW (4-5)

The result of the above divided by the mass of the sample tested gives the percentagargfi¢he sa
which contains calcium carbonate. To obtain the average calcium carbonate content of each column, as
a percentage of the total dry mass, samples of betwgemd 5g were taken from the top, centre and

base of each column for testing after ovenmlyyat 105°C. Tests were conducted at constant room

temperature.

4.10 GeotechnicalParameters

4.10.1 Particle Size Distribution

The particle size distribution of the silica sand has been determined using the dry sieving method, using
a mechanical siev&aker, in accordance with BS 13Z:41990(British Standards Institution 199%s

permitted by BS1372, test sieves complying with BS 410 havingIth® series of aperture sizes were

used. This enabled a larger range of sieve aperture sizes to be used, to cover adequately the range of
particle sizeof the selectedand. The sand sample was prepared for testing as specified in 7.3 and
7.4.5 of BS 13741:1990(British Standards Institution 199@ince all sand particles were less than 2
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mm in diameter, a sampteass of 15@ was used, with 10§being the minimum sample mass specified
in BS 13771.

The uniformity coefficient, ¢; of the sand was deterneith using Equatio(4-6) (Craig 2004)
o 0]
° o (4-6)

The coefficient of curvature,of the sndis defined byEquation(4-7) (Craig 2004) Parametera/ere

otherwise read directly froitihe particle size distribution curve.

0O
O O

(4-7)

4.10.2 Particle Density (SpecificGravity)

Particle density, this being numerically equal to specific gravity, of the particnteials including

the sand, EP and DE, was determined using the small pycnometer method, in accordance with BS 1377
2:1990(British Standards Institution 19963 100mL pycnometer was used for all samples. The test
was repeated twice for each material (with results obtained brethe required range), and the average
value of these two results recorded. The particle densities obtained for each material differed by no
more than 0.005 Mg/Mthis being lower than the limit of 0.03 Mginhence no further repeats were
required.

4.10.3 Compaction

The proctor compaction teswas conductedn accorénce with ASTM D1557%12el (ASTM
International 2012) The results from this test enabled the target density for compaction of the columns

contents to be determined.

4.10.4 Unconfined CompressiveStrength

Unconfined compressive strengtblCS) testing ofbiocemented sandolumrs was @rried outin
accordance with7.2 of BS 1377%7:1990 (British Standards Institution 1999 he unconfined
compression test involves subjecting a cylindrical specimen (usually cohesive soil) to steadily
increasing axial compression until failufEhis test gives an approximate value of the compressive
strength ofoil. It is noted that the materials subjected to testing in this study are biocemented sand/sand
and carrier mixturesvaluesof compressive stes were plotted against strain to ascertain the failure
criterion. The failure criterion is the point at which the maximum compressive stress is obtained, this

being the unconfined compressive strength ¢jthe test specimelVhere a maximum value of i@k

118



stress is not readily reached, an axial strain o%@2@as otherwisaised as the failure criteripm
accordance with BS 1377:1990 The method of UCS testing applied in this study is the definitive
method using a load frame apparatus, using cytiatispecimens of a length equal to about twice the

diameter.

Flat, smooth(acrylic) plastic end caps were used to ensure #xadl force was transmitted equally
through each end of the test specimen. The British Standards permit use of plastic end caps of not less
than 20 mm thickness for soft soils. The acrylic plastic ends caps used in this study had a 38 mm
thickness and diaeater of 38 mmPlastic end caps ensured that very little weight was transferred to the

testspecimenas opposed tasingmetalend caps.

The hitial UCStests orcolumns biocemented usit®) ureaedeviated from the standards in that the
samples were dried prior to the strength testing. fif@thodology had been applieml determine the

selfhealingresponsas a result of spore germination and subsequent MICP.

Later testing withS. Pasteuriifocused on selhealing due to vegetative bacterial cells and hence
standardsvereadhered toand the specimen tested in its saturated state. In this stataribrss likely

to be any capillary effects.

Prior tounconfined compressivarength testingf the biocemented sand columtig perforated discs

were removed as otherwise the specimen may shear againstTiheserylic end capslsoallowed

the membranes to be reused and to remain in place for tHeeadéitig stage of testing. The membrane
wasfolded overthe sides of the end capedwasnot in contact with the base of the loading frame or

load cell and this also allowed movement of the membrane over the end caps and sample so as not to

restrain deformation.

A level was used prior to startirtige test to ensure that the end caps and sample were in alignment and
to help prevent torsional effects. The length and diamatet each column specimereremeasured

to 2 d.p. using a Vernier gauge prior to each UCSRefibwing the final UCS test (0S2) the moisture
content was determined according to BS 1237IR90(British Standards Institution 1996)

4.11 Mineralogical Analysis

Scanning electron microscof@EM) and Xray diffraction(XRD) were used for the observation and
characterisation of the materials containethin biocemented columns. A scanning electron
microscope {eiss Sigma HD Field Emission Gun Analyti&iEM), at an accelerating voltage of 15

kV, was used for high resolution imaging of samples from sand columns produced at Cardiff University,
to observahe precipitated mineral forms.-Ray Diffraction (XRD, Siemens Diffraktometer D5000)

was used to tesampledor the presence of calcium carbonateCardiff University
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For the US based studi€scanning Electron Microscopy (SEMMNE4500M Plus)was ugd inhigh

vacuum mode and scattered electrons (SE) setting at a working distance of 6 mm for the observation of
precipitated crystal forms. BSEM, SNE4500M Plus was also used felemental identification and
guantitative analysis of the chemical compor of selected samples, conducted using the energy
dispersive Xray analyser (EDX) at an accelerating voltage of 15 &Mo referred to as energy
dispersive spectroscopy (EDSX-Ray Diffraction (XRD, Malvern Panalytical, Aeris powder
diffractometer, Milvern, UK) was usedht Arizona State Universitio verify the presence of calcium
carbonate, and along with the SEM observations, to identify the types of calcium carbonate polymorphs

present in the sampdested
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CHAPTER FIVE

5 MATERIA LS TESTING AND SELECTION:
PRELIMINARY STUDIES

5.1 Introduction

A series of preliminary tests were undertaken, to aid in, and refine, the selection of appropriate materials
for the subsequent column studi€be tests undertaken in this chapter are summabveded in Figure
5-1.

Bacteria ASporulation potential
S. ureae AGrowth over 24 h

S. pasteurii ASpore viability

Carrier Materials
Diatomaceous earth (DE) ACM Immobilisation CapaCity

. ACM release over time
EARaliHCd bElllIENER) Aaffect on MICP process

Jute Aefficacy of geopolymer coatings
Coir/ Hemp

Figure 5-1. Overview of preliminary testing
5.2 Bacteria

Following on from work by Botusharoy@017) Sporosarcina ureagvas selected as a potentially
suitable ureolytic bacteria, in addition$porosarcinapasteurii- abacteria commonly used studies

on biocementation of sands.

5.2.1 Sporulation Potential of SelectedBacteria

To ensure longevity of the sdikaling capabhity of the biocement, the bacteria will be required to
remain viable within the biocement for the service life of the geotechnical structure. The selected
bacteria will therefore need toe able to produceporesand to survive in spore forwithin the

biocement.
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Experiments were undertaken to induce the sporulationre@blytic Sporosarcina pasteuriand
Sporosarcina ureadp ascertain if these bacteria would be able to produce spoes$o establish if

this sporulationis likely to occur within théviocementAlso tested was the viability of bacteria within
biocemented sand samples following 1.5 y of storage, with any bacteria present assumed to be in spore

form given the absence of water.

5.2.2 Observation of Spores

To determine the presence of spores in aqueous solutions, the Schaeffer and Fulton spore staining
procedure was followed, as per directions specified within the product information for the 04551
Schaeffer and Fulton spore stain(gtgma Aldrich 2013and based upon methodology as reported by
Schaeffer and Fultofl993) A microscope slide was smeared witbO3L of liquid broth culture of
bacteriafollowing the induction of sporulatiomnd left to dry in a static incubator at %0 The culture

was then fixed using a Bunsen burner flame, by holding the slide above the flame while moving the
slide back and forth for approximately 10esisunng the slide was not excessively heafEde slide

was then placed on top of a 25Q fimeaker containg 100 L of water that had been preheated on a
heat plateo the point that steam was being produced, as showigime 5-2. The slide was then
flooded with Spore Stain A (malachite green). The heat plate was left on for 5 to,lthiitithe stain

had dried on the slide. The slide was then placed in a container aedsiathin tap water, the container

was gently rocked until the stain had washed off the slide, following which this process was repeated.
The slide was left to air dry and then flooded with Spore Stain B (safranin), no heat or steam was applied
at this stag. The Spore Stain B was then washed off with tap water and left to air dry. The water
containing the dye was collected for safe disposal. The slides were then observed uigldr an
microscope Klikon Eclipse 10D Following this process, spores are okiedr as green coloured

spherules and vegetatibacterialcells appear red.

Figure 5-2. Photograph showing steaming of microscope slide with battgs@es and cellfixed on the
surface and malachite green spore stain applied.
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When testing biocemented samples following 1.5 y of storbgeplate counting method was used as
an indicator of spore presence withiire biocemeniproducedand to obtain an estimate ofbie cell
counts following rehydration of biocemext columnsamples (Chapter Six, Section 6.4)

5.2.3 Chemically Induced Sporulation

Sporulation was induced using the MacDondli62) medium forS. ureaeand a medium prepared
according to Baskan(2017)for S. pasteuriiboth being effective in inducing sporulation, however the
S. ureaewas observed to produce a greater amount of spores following 24 h of incubation. The

constituents of the aforementioned sporulation media are detailedled-1 andTable4-2.

Under alight microscope (Nikon EclipseV 100) sporesvereobserved as green coloured sphetules

with vegetative cells sta@a red andappearingslightly larger. The spores are only lightly stained in
comparison to the vegetative cells since the tough keratin outer coating of spores is resistant to staining
and hence the requirement for steam during the spore staining pr8pesss ofS. ureae and S.
pasteuriiwere observed following the staining process, as shoviigimre 5-3 (a-b), however these

were observed to be fégwer in numberfor S. pasteuriwhen compared t&. ureaeFollowing this
outcome, theS. ureagas used in prior studies Botusharovg2017) was selected for the first stage

pf the experimetal work since this appeared to be the most viable in respect of spore praduction

Figure 5-3. Light microscope images gfeen stainedpores anded stainedsegetative cells of Sireae(a) and
S.pasteurii(b) following chemically induced sporulation of bacterial cells

5.2.4 Sporulation under Low Nutrient Conditions

Sporulating bacteria may also form spores when nutrients become de@etknv 2013) As an
alternative to usg a sporulation medium, the formation of spores was induced by leaving the liquid
broth cultures in a static incubator at®Dfor several dayso allow time for nutrient depletiofhis
would be a test of whether spore formation is likely to oasithin the sand column®llowing
depletion of the nutrients supplied within the injected cementation medium
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Liquid broth cultures were prepared in flasks using culture media as spéti@ipter-our. These
cultures were grown in a shaking incubator farh at 150rpm, and 30°C, to late exponential stage
growth, and then transferred to a 30 static incubatofsince columns would be subjected to static
incubatior), andthenleft incubated foan initial five-day period, followed by a further fivdays The
Schaeffer and Fulton spore staining process was dpphed The light microscope images of the

stained cells are shown kHigure5-4 (a-d).

S ureaeappeard to produce spores more readily in low nutrient environments, dense areas of spores
were observed on thmicroscopsslide afterfive days of incubationas can be seen Kigure5-4 (a).

Spores were also visible in tise pasteuricultureafterfive daysof incubation in smaller clusters in
comparison and around edges of vegetative ,caisshown inFigure 5-4 (b). After ten days of
incubation the increased density bfcterialcells and also sporesjade sporeappear less defined,

with sporesobserved more clearly on the edges of the culturewsrag shown irigure5-4 (c-d).

After five days of static incubation at 3G:
S ureae S pasteurii

a) - D)

After tendays of static incubation at 3G:

S ureae S pasteurii

c)

Figure 5-4. Light microscope images ofagn stained spores and rethinedvegetative cellsf S. ureae and S.
pasteuriiobserved a80x magnification following incubation of liquid broth cultures at 3G for five days (a
b) and ten days ¢d) to observe effects of nutrient depletion on spooeluction
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After tendays in the same liquid brqthothS. ureaeandS. pasteuriihad produced significant quantities
of spores. Tase resultsdicate that as nutrients are depleted within the sand columns spore production
is likely to occur, and therefore a sporulation medium would likely not neee aplied.

Spore production was al$ound to beancreased by increasing the incubation temperaagshown in
Figure5-5 (a-d). The most effectiveutcome of thepore productioprocess, as can be seeffrigure
5-5 (d), was that resulting from incubation for ten days at@0The density of th bacteria observed
increased when the temperature was increased fré&@ 8040°C, as was expected, however much of
the S. ureaebacteria observed after incubation at°@for ten days are in spore formijth few
vegetative (red stained) cells beingible.Studies byWarth 1978Yeported that for strains of various
Bacillus species cell death occurred within 10 min for temperatures varying betwé€rand 72°C

and spore death between%®Band 120°C, in wet heat environments.

S. ureaeincubated at 3@C for five days S. ureaeincubated at 4€C for five days

a)

S. ureaeincubated at 30C for five days the S. ureaeincubated at 4€C for tendays
ve days
rypoe

Figure 5-5. Light microscopemages ofjreenstained spores aned stainedsegetative cellsf S. ureae
following incubation of liquid broth culturest a) 30°C for five days, b) 48C for five days, c) 3@C for five
days followed by 4€C for five days and d) 4@ for ten days.
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5.2.5 Bacterial Growth
5.2.5.1 Sporosarcina ureae

Overnight liquid broth cultures &. ureaewere produced and used to inoculgtéasks ofgrowth
mediumand ii) flasks containing cementation medi(@M) without the calcium sourcé) triplicates.
The growth medium(GM) consisted of 5 g/L peptone and 3 g/L meat extriactaddition, single
colonies ofS. ureaegrown on LB agar plateemended with 20 g/L uee following three days of
incubation at 30C, were used as an inoculantgrowth mediunfor comparisorwith theliquid broth

inoculant The liquid broth inoculant had aptical density ©QDsog) of 0.435.

The nedia were prepared using tap waiars50 mL quantities within250 L. Erlenmeyer flaskand
autoclave sterilisedwith eitheronebacterialcolony or 100uL liquid broth cultureinoculantadded.
These flasks were transferred to a shaking incubator set’@ 380 rpm. 10 mL samples weréaken
from these flasks using a sterile pipette tip, in close proximity to a Bunseer and transferred to
cuvettes for measurement of optical densging a spectrophotometef sample was taken from each
of the three flask®or optical density mesaurementFigure5-6 shows the averages from these. Samples
were taken hourly up ®h, after whichthe flasks were replaced with a second séteshly inoculated
flasksof growth mediumfrom whichsamples were taken after overnight incubation from &gdry

3 h, as growtlappeared to havaabilised during this stage.

By growing the bacteria in the cementation med{without calcium)this gives an indication of the
bacterialgrowth within the columns. The calcium source has been excluded to prevent precipitate
forming. The cementation medium containing & gdxoid CM000lenables a low rate of sustained
growth, as shown ifrigure5-6.

The liquid broth inoculanwhen compared to inoculation with single bacterial colomies, the most
effective in respect of achieving faster bacterial graawvtti #so a higher cell concentratioprior to the
stationery stage being reachddhe start of the exponential growth phase was shown toidieafter

four hoursfollowing inoculationwith the liquid broth culturewith the late exponential phase reached
at approximately tendurs This end of this lattestage is estimated given the gap in readifidge
desired cell concentratipnorresponding to a spectrophotometer measureaietitleast 0.8 (OR),

was achieed followingtenhoursof incubatian when using the liquid broth inoculanthe peak before

the stationary stagef S. ureaegrowth suggests there may have been some clumping of the bacteria

following approximately 14 to 14h of growth
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Figure 5-6. Growth curvedor S. ureae in growth mediufGM) and cementation mediuwithout a calcium
source(CM) at 30°C, 150 rpm Error bars show standard errors of means of triplicates

5.2.5.2 Sporosarcingasteurii

Growth curves wereproduced foIS. pasteuriusing a similar proceduras shown irFigure5-7, with
100pL of overnightliquid brothcultureas the inoculani he flasks of inoculated growth medium were
incubatedat 30°C, 150 rpm initially, and later &3 °C, 150 rpm Column studiestilising S. pasteurii

for MICP were undertaken B0°C and23°C environmerg To produce th&. pasturii growth curves,
readings up to 11 h were from the first set of triplicatith the readings thereafter from the second set
of triplicate flasks of bacteria grown overnight befeemples were takeis the spectrophotometer
readings neared 1(a&nd dove the 1.0 mLsample was diluted in.AmL of tapwater and the optical
density of this measured and doubled to impraseuracy of reading3.he exponential growth phase

as shown irFigure5-7, was found to occur within a similar time period to that obsefoe8. ureae
above. There was observiedbesome variation between readings across the triplicates towards the late
exponenthl stage of growth. Tap water was used for the growth medanroomparison witls. ureae
growth. Later studies witB. pasteuriuse deionised water to prepare the growth medium since a grey
film was observed on the surface of the bacteria when usirvgatip and this necessitated washing of
the cels with PBS.
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Figure 5-7. Curves showing growth of S. pasteurii at°®€3and 30°C, 150 rpm. Error bars show standard
errors of means of triplicates.

5.3 Testing d Additives (Carrier Materials)

The use of carrier materials to store and supply cementation medium is a new concept in respect of
studies on selhealing in biocemertimaterials Studies on selfiealing in cementitious materials have
otherwiseutilised a variety of porous materials to immobilise bacteria and/or cementation medium
Within cementitious materials, immobilisation Heeen used to protect bacterial cells/ spores firam
mechanical forces exerted during the mixing stage of concrete or mortar production and from the highly
alkaline environment within cementitious materials. These carrier materials may also be used as internal
nutrient reservoirgBundur et al. 2017)Reference to nutrigawithin this context refers to the nutrients

and precursor chemicals, otherwise known as the cementation medium, requined/fi@P process

Immobilisation has been reported to be an efficient approach for bauésea sethealing in
cementitious raterials(Zhang et al. 2017b)The various carrier materials utilised in cementitious
materials incorporating MICP based healing systems, along with crackswidéied through MICP

where reported, areummarised imMable5-1. For many of these studies the bacteria, in the form of
vegetative cells or spores, hdeen immobilised along with the required nutrients and precursor
chemicals. However, it has been demonstrated that it is not necessary to immobilise bacteria along with
the cementation medium to enable $wdlling. Khalig and EhsdB015)demonstrated that comparable
amounts of selhealing can be achieved by immobilising the bacteria only. This particular study utilised
grgphite nanoplatelets to immobilise bacteria, with nutrients and precursor chemicals added directly to
the concrete mix. Bundur et §2017)used expanded shale aggregates to immobilise nutrient medium

only.
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Table5-1. Materials utilised for immobilisation in cementitious materials incorporating MICP.

Carrier material  Immobilised constituents Crack width Reference
healed (mm)

(Curing duration)

Graphite Bacillus subtilisbacteria 0.81 (28 days) (Khaliq and
nanoplatelets Ehsan 2015)
Expanded Perlite Bacillus cohniibacterial spores and  0.79 (28 days) (Zhang et al.
nutrients 2017Db)
Ceramsite Bacillus mucilaginougacteria and 0.50 (28 days) (Chen and
nutrients Qian 2016)

Expanded clay Calcium lactate and bacterial spores 0.46 (100 days) (Wiktor and
particles from alkaline lake soil, with 98.7% Jonkers 2011)

homology toBacillus alkalinitrilicus

Diatomaceous Bacillus sphaericubacteria 0.17 (28 days) (Wang et al.
earth 2012)
Zeolite Sporosarcina ureaandSporosarcina 0.10 (6 months) (Bhaskar et al.
pasteuriibacteria 2017)
Lightweight Bacillus cohnii lacteria and nutrients (Sierra
aggregate Beltran et al.
2014)
Expanded shale  Nutrient medium _ (Bundur et al.
aggregates 2017)

Since encapsulation and immobilisation technologies have only been used in cementitious materials to
date their behaviowvithin sand oisoil systems is unknowhaboratory studies were undertaken to test

the effectiveness of selected carrier materialstiier immobilisation and release of cementation
medium. Subsequentlg preliminary studyvasundertaken whereby carriers loaded with cementation

mediumwereincorporated into biocement.
5.3.1 Materials and Methods

5.3.1.1 Carrier Materials

Expanded perlite, diatomaagpearth, jute and coir natural fibres weméally selected for this study.
Diatomaceous earth (Celite S) and expanded perlite (Harborlite 800), abbreviated to DE and EP
respectively, were selected from carriers reported to have been used in censentdituials

incorporating MICP based sdikaling systems. Availability, cosind particle size of materials were
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taken into consideratiowhen selecting the carrier materia®yoperties of these carrigraterialsare

listed inTable5-2. Specific gravity was determined using the small pycnometer method, in accordance
with BS 13772 (British Standards Institution 199d)oss on ignition valuesf the DE and ERre as

per specifications provided by Sigma Aldri¢¢017)for Celite S and ImeryPerformanceMinerals
(2018)for Harborlite 800.

Table5-2. Properties of diatomaceous earth (Celite S) and expanded perlite (Harborlite 800) powders

Carrier Specific Gravity Loss onlgnition (%)
Diatomaceous Earth (DE) 2.01 3.210.0
Expanded Perlite (EP) 1.99 11

In additionto the absorbent powdered materiakstural absorbent fibres were tested for their suitability
as carriematerials The chemicatonstituents of coir and jute fibres, as reported by Banézj@t2)
and Rowell and Stou(1998) respetively, aregiven in Chapter FourTable 4-6. Jute fibres were
observed to be of a more consistent thickness compared to coir. Coir is repdmteaktdown more

slowly (Schafer 2011)this may not be an issue within a biocement however.

Prior touse, the fibres were washed thoroughly using a sieve and deionised water. All carrier materials
used in this studwere sterilised by autoclaving atiZ for 15 min, then oven dried ab 2C. Drying

at 1® °C for 24 h was observed to result in a sigaificdarkening of the coir fibres. Lignocellulosic
fibres, which include coir and jute, thermally degrade through dehydration, depolymerization, and
oxidation when heateEzekiel et al. 2011)The extent of delignification has also been reported to be
dependent on the duration of heat{fgekiel et al. 2011} ignin has been reported to undergo thermal
degradation at temperatures as low &&°0)Yang et al. 2007)For this reason, the oven temperature

for drying was reduced td9C following a preliminary studyfor all materials foconsistency, and to
prevent the decomposition of sodium bicarbonate which is reported to occur at temperatures@bove 10
°C (Otsubo and Yamaguchi 1961)

5.3.1.2 Production ofCementatiorMedium

The cementation medium produced for biocementatitin S. ureaeas pefTable5-3, to provide the
necessary nutrients and precursor chemicals for the MICP process, was adopted frofRiStbeket
al.(1999) To increase the efficiency of the immobilisation process, a concentrated cementation medium
was produced using the chemical components and quantities listedlm5-3, in deionised water.

This concentratednedium was produced in 300Lnguantities.Oxoid CM0O0O1Nutrient broth was
dissolved in 25  of deionised water, adjusted to pH 6.0 using concentrated HCI, and sterilised by
autoclaving at 121C for 15 min. Theemaining chemicals, excluding calcium chloride dihydrate, were

thoroughly mixed in 275 indeionised water, using a magnetic stirrer. This solution was then adjusted
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to pH 6.0 using concentrated HCI, to prevent the calcium precipitating out of the catdmnec
dihydrate. Calcium chloride dihydrate was then added as a powder. This solution was then syringe
filtered into theOxoid CMOOOINu 't r i ent br ot h soluti on, using a 0.

Table5-3. Precursor chemicals and nutrients used in the cementation naedlasterilisation methods.

Medium component Standard Concentrated Sterilisation

cementationmedium cementationmedium method

CM1u (g/L) CM2u (g/L)
Urea (NH(CO)NH) 20 133.33 Syringe filtered
Ammonium chloride (NHECI) 10 66.67 Syringe filtered
Calcium chloride dihydrate 7.35 49 Syringe filtered
(CaCb.2H,0)
Sodium bicarbonate (NaHGD 2.12 14.13 Syringe filtered
Oxoid CM00O1nutrient broth 3 20 Autoclaved

5.3.1.3 Microorganism,Growth Conditions andCell Harvesting

Sporosarcina ureawas selected for this study due to its spore forming ahélgyerified and reported

in Section 5.1anddue tothe slow rate of MICRvhen using this bacterium (comparedstopasteur)i

which enabled the leaching rate from carriers to be obseBposarcina ureae/as obtained from

the National Collection of Industrial arddarine Bacteria, UK (NCIMB 9251, ACDP Group 1) as a
freezedried culture. Cultures db. ureaewvere grown on LuriaBertani (LB) agarmedium amended

with urea. This medium comprised per litre of deionised water; 10 g tryptone, 5 g yeast extract, 10 g
sodium chloride, 15 g agar powder and 20 g urea. ThadaBmedium without urea was sterilised by
autoclaving at 123C for 15min. Aured ol ut i on was then added to this
filter. The medium was then allowed to coob®°C before pouring onto®mm x 15 mnpetri dishes,

to minimise condensation on plates. After incubation éiC36br 48 h pure single colonieBom the

plates were used to inoculate a liquid broth medium consisting of 5 g peptone, 3 g meat extract and 20
g urea per litre of tap water. This liquid broth medium without urea was autoclaved @ 1&115

min, to which a urea solutionwas addeduwmwsg a 0.2 em syringe filter.
throughout. Multiples of 50 inliquid broth cultures were produced as required for experiments, in 250

mL Erlenmeyer flasks incubated at q0, 150 rpm for approximately 19 h to produce cultures aith

optical density at a wavelength of 600 nm @@pof 0.91.2 (10-10° cells/mL), as measured using a
spectrophotometer (Hitachi-B0O0 U\LVis).
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5.3.1.4 BatchTest 1: ImmobilisatioiCapacity ofCarrier Materials

To enable selhealing, the carrier material woulteed to be able to store a sufficient amount of
cementation medium and release this slowly over time, so as to retain this during biocementation and

releasehis when required.

A batch test was undertakendxplore the capacity of the carrimaterials tdmmobilise the nutrients

and precursor chemicals (cementation medivmjuired for the SHMICP processvia absorpion/
adsoption, and to quantify this in respect of carrier material mékese tests provided an indication

of the capacity othe carrier materials tested to immobilise the cementation medium, anddenable
comparisons between these materials. These results would also assist with quantifying the mass of

carrier materials required in lateolumnexperiments.

The methodology forhis test had been developed followingial testingof approacheandobserved
responses of materials. Soaking in cementation unedind then removing excessediumhelped
ensure the materialgere saturated and that no excesediumwasleft in the testtubes. Duringhe
initial testingexcess medium had beebserved on the surface of fibrser drying in particular coir.
Coir fibres werealsoobserved to darken following oven dryiag105°C, no change was observed to
othermaterialshowever Studies by Varma et gl1986)Ezekiel et al(2011)and Siakeng et a(2018)
suggest minimal effects of temperature on mechanical properties of coir fibre up to arot@ov#aD
degradation occurring after due to depolymerisation. Fibres were heatedliort duration in these
studies however, up to one hour. A similar study by Gassan €2C4l1l) on jute reported that
temperatures up to 17 only slightly affect jute fibre properties, for studieswbd hours duration,
with significant effects at a higher temperature. The time of expasuheat is reported to effect
mechanical propertiegs found byEzekiel et al(2011)when studying aangeheating of durations
from 10 to 30 min. Autoclaving was not likely to have had an effect on the fibres due to the short
duration of heat exposure. Coir contains more lignin compar@ateadibres andlignin can start to
decompose at around 10Q. The temperatire of oven dryingor carrier materialsvas therefore

reduced to 90C for thesubsequentatch tests.

For the immobilisation capacitipatch test50 nL polypropylene centrifuge tubes were filled with 1 g

of carrier material, in sets of six for each carrier material type, to ensure accofireesultsand
determine repeatabilityf methodology The centrifuge tubes along with the lidere weighed before

adding the carrier materials, since the masses of these tubes and lids were found to vary. The fibres
were only lightly compacted into the tubes, to aid media flow around filbridses were compacted

too much into the tubes this was found to impedadilisation.Concentrated cementation medium

was added to each tube, to fully immerse the carrier materiailL1df this medum was added to the

powders and 2 mL to fibres, to ensure full emersion. The carrier samples were left to soak in the
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cementatio medium at room temperature (approximatelyC)¥or 24 h, then centrifuged (3206,
30 min, Varifuge 3.0 Heraeus) to separate the solid carrier material and excess cementation medium,
after whichthe waste medium was carefully poured from the tubesyithg the carrier material and

immobilised cementation medium remaining.

Following the initial draining ofiny medium not immobilisedhe tubes containing the fibres were left
inverted for two hours to remove excess medium, by which time the flthisaxcess medium from

the fibres had ceased. Thimstemediumwasthendrained,and the tube lids rinsed with deionised
water to remove the madhwhich had collected in these. This process improved accuracyrefilies

by minimising the excess adsorptiof the medim on the fibre surfagevith little to no excesmedium
thereafter being observed on the inner surface of the polypropylene tubes after drying. This had a
significant effect on the quantity ohmobilised mediunobservedafter drying for thesoir in particular

and resulted in more consistency in respect of masseafiumabsorbed/ adsorbed by fibremd

repeatability was further improved.

Since there was still a small quantity of expanded perlite (EP) at the surfaceextédsamedium
following centrifugation, the waste medium drained off was gravity filtered to deteth@neass of

this suspendedEP, using Fisherbrand QL100 1ftm diameter filters and funnel. Before usethe

filter paper was washed with deionised water, oven dried and weighed and numbered. The dried filter
paper was weighed artden soaked with deionised water, folded into quarters and placedheto
funnel. Thewaste mediumvas drained through thi$heretained solids were washed three times with
deionised water, to remove amediumresidue, by filling the filter cone and stirring as the water was
drained through the filter. The filter papers were then driedhaighed and the original mass of filter
deducted to determine the mass of retained solids. It was determined through this method that the mass
of suspendedolids remaining in thevaste mediundrained from expanded perlite wastween 4 mg

and 9 mg and hence negligifldlowing 30 minof centifugation at 3200cf. This demonstrated the
effectiveness of the centrifugatiomethod ofseparationSince rlite has a density which is less than

that of wate(Balam et al. 2017k0mesuspension is to be expecté&the waste mediunmwvas observed

to be clear for the ber carrier materials.

The tubes containing the carriers were then oven dried &, 90r up totwo days, until the mass was
constant. After weighing, to determine the mass of solid cementation medium immobilised, the process
was repeated. For those war materials for which the overall mass had increased for all six samples,

a third loading with cementation medium was undertaken.

Thesetest procedures were later followed with hefibpes with samples tested in triplicate
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5.3.1.5 Batch Test 2: CementatidiediumRelease fronCarrier Materials

A preliminary test was first undertaken using samples from the immobilisation test, to determine the
amount of water to be added to samples. Using the loaded carrier samples from Batch Test 1, the
cementatiommelease from the jute, expanded perlite antbdiaceous earth samples was investigated.

At this stage it had been determined that the coir would not be an effective carrier, given its significantly
lower capacity for absorption/ adsorption of the cementationurmedind as a result no further tests

were undertaken with this carrier. The significant variability of the diameters of the coir fibres also

likely affected repeatability of tests using this material.

5.3.1.5.1 Batch Test 2L (Preliminary)

Cementation mediumelease into deionised water was initiallyagtified after 1, 2, 4, 7 and 24 h
Quantities of deionised water and cementation oradiCM1u) added to théubesof CM loaded
carrierswere dependent upon the massimimobilised medium withinthese andwere initially

calculated agentimes the mass afnmobilisedcementatiormedium to enable comparisons.

After addition of the deionised watehe tubesvere left at room temperature for2,,4, 7 and 24 h.
After these periodsf time the tubesvere centrifuged for 30 min at 320€f and theexcess dation
drained Remaining excessolutionwas lightly shaken from the jute samples, fag thaching tests
these samples were not left invertedttas immobilised mediuncould have continued to leach out
during that time. An incubator was usedntaintain the temperature at A1, sincetemperaturenay
have an effect othereleaseof the cementatiormedium constituentsThe pH of thesolutiondrained
from each sample was tested before being discarded. After draihengamples were dried and

weighed to determine the massimimobilised cementation medium released

5.3.1.5.2 Batch Test 2

Following the preliminary test, theementation mediunmelease test was repeated three times over a
range of time periods. For this test, time periods were more evalgdout, loaded carrier samples
were soaked in deionised water for 1, 3, 6 and 24 h periods. Results from BatcH Testshown a
change in trend at the 24 h stage, this was likely due to the limiting effetteomcal releasef the
concentratiorof chemicalsin the liquid surrounding the carriers. For thiatchtest therefore 0.§
samples of carrier material were instead used, as opposagddanmples, and carriers were loagled
once Immobilisation of a greater quantity of cementation mediuoald haveresulted in a greater
guantity ofdeionisedwaterbeing required for this test anddiibnal CM loadingwasdeemednore

likely to result inadsorption as opposed to absorption.

Carrier materiad wereadded to 50 m polypropylenecentrifugetubesin 0.5 g quantities sets of four

for each materialoaded once with cementation mediutinied, and the mass of immobilised medium
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recordedTo increase efficiency of ilisinglecementation mediudoading the carriers were vortexed

gently using a vortex mixer followinghe medum addition, which resulted in some increasenass of
immobilised cementation mediurDeionised water was then added to each tiibe. quantity of

solvent (leionised water) added was equal to 25 times the maskied cementation medium
immobilised within eaclube. The tubes were theaaled anteft at room temperature (approximately
21°C), with one tubdrom each set of foupeing drained after 1 h, the second after 3 h and the third
and fourth after 6 ang4 h respectively. Tubes were then drig¢®0°C and weighed to quantify loss

of cementation medium. These results gave an indication of potential release of cementation medium
for selfhealingMICP following water ingress into the biocement. This tess wepeated three times.

An additional test for a period of 50 h was later undertaken under the same condhisriest was

further repeated using hemp fibres for periods up to 24 h.

5.3.1.5.3 Batch Test 23

To further investigate the leaching behaviour from gutd hemp fibrecarriersamples were subjected

to repeated soakings in deionised water alst cementation mediuniCM1u) to testfor leaching
following one loading of concentrated cementation med{Danrier @mplesconsisting o0.5 g of jute
andhemp in two sets of six were added to 30 polypropylene tubes and loaded once with 15 mL of
concentrated CM, following the procedure outlined above. To increase efficiency of this single loading,
the tubes were vibrated with a vortex mixer for 10 sesr #ifie cementation medium had been added to

the tubes containing the fibres. Of the six sets of each loaded fitepared 30 mL cementation
medium(CM1u)was added to threebesanddeionisedvater to the remaining three tubes of each set.
After 24 h @ approximately 22C, each tube was centrifuged and drained and dried%&.50ubes had

been weighed following loading and the mass loss could therefore be determined. This process was
repeated after a further 24 h periothe cementation medium (CMlumto which leaching of
immobilised cementation medium was tested, was the same as that used to treat columns inoculated
with S. ureaeand thus was expected to give an indication of potential leaching of immobilised CM

during the biocementation process.

The above test was also undertaken for 0.5 g samples of EP and DE carriers loaded once with
concentrated cementation medium (CMandusing cementation medium (CM1u) and a cementation
medium prepared with twice the concentration of CM1lu as the solventiossluDifferent
concentrations of the cementation medium had been tested as solvents since the DE and EP had at this

stage released almost all of the immobilised CM into deionised water when tested over a 50 h period.

5.3.1.5.4 Batch Test 4

A later test was urettaken using an ion chromatograph to test the concentrations of sodium, ammonium

and calcium ions in leachate from the jute fibres overtapt8iod. This gave more insight into leaching
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behaviour of immobilised reagents from the natural fibres. 1 gtijearof jute fibres were prepared in
triplicate in 50 ml centrifuge tubes, to which a concentrated o&tien medium was addem fully
submerge the fibres, using the concentrated cementation medium as described in Chapter Seven. After
24 h of soakingt23°C in a cupboard the tubes were centrifuged, and excess medium drained followed
by drying at 50C. The mass of dried CM was ascertained and [3svater added, this beirggual to

the quantityof liquid used during column assembhfter 24 h this wéer was drained, filtered using a

0.2um filter, diluted to a 1:500 dilution and tested using the ion chromatograph. Additional water was

added and the testing repeated after a further 24 h.

5.3.1.6 Batch Test 3: Microbiologicalynduced CaC@Precipitation inAqueousSolutions

At this stageit was unknown whether the carrier materials had absbdiezbrbecor releasedhe
constituent chemicals of the cementation ragdio the same extenfhis test was undertaken to
establish whether sufficiemquantities of each component of the cementation medium had been
immobilised by the carrier materials to enable MICP, and to make comparisons between the carrier

materials.

For each carrier material, six sterile 50 polypropylenecentrifuge tubes werdled with 1 g of carrier
material and loaded once with cementation medinchdried 20 L of autoclave sterilised deionised
water was added to each tubbe aim was for the solution drained from these tubes to have a similar
concentration of nutrientand precursor chemicals as the standard cementation metlastandard
cementation mediumtilised withS. ureaecontaired4.25% by mass ofthemicalsAt this stage it was
known fromcementatioimediumrelease tests that the fibres would release appedgign51% of the

nutrients over 24 h.

The tubes were transferréala static incubator set to 2C for 24 hand thercentrifuged at 320€cf

for 30 min to separate the solid carriers and liquid. The liquid was then drained from the tubes and
syringe filtered after measuring the pH, to remove any traces of carrier materials. Presence of carrier
material in this liquid would affecthe MICP processby providing additional nucleation surfaces.
Cementation mediunfCM1u) was used in the control tubes. Before these solutions were inoculated
with S. ureaethe drained tubes containing the carrier materials were dried and weighed to determine
mass of immobised cementation medium remaining in the carriers, to enable the concentrations of
cementation medium in the drained liquid from each tube to be determined. Samples were dried for 24
h at 90°C to determine soli€M contentBased on the lowest concentostimeasured, small amount

of additional deionised water was then added to the tubes containing cementation medium released from
jute and the standard cementation medi(@MZ1u), to ensure that each set of six tubes contained

solutions with an average centation medium concentration of 3.6 % to enable comparisons
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5.3.1.7 Batch Test 4. Cementation &nd ThroughMicrobially Induced CaC®Precipitation

An industrial kiln dried fine silica sand was selected for this study. The specific gravity of this sand was
measured usinghe small pycnometer method, in accordance with BS -P37Y990(British Standards
Institution 1996) A 100 mL pycnometerwas used. The particle size distribution of the sand was
determined using the dry sieving method, using a mechanical sieve shakenprotance with BS 1377
2:1990.

The sand was biocemented usBpprosarcina uread o harvest the vegetati& ureaeells required

for the biocement production, six 5a_npolypropylene centrifuge tubes were each filled with 19 m

of liquid broth culturethis quantity equating to the estimated pore space to be filled within the sand in
each 50 rh tube. The approximate pore volume had been established via the wet pluviation technigue
using deionised water and a vortex mixer to vibrate and densify thateataand in a 50locentrifuge

tube, which also gave an estimate of the mass of sand required. Tubes containing the liquid broth were
centrifuged at 320@cf for 20 min. The supernatant was then drained and replaced with. 2B,

followed by centrifugabn at 3200RCFfor a further 20 min to wash any remaining metabolic waste

and metabolism bproducts from the cells. This washing was repeated twice. After draining the PBS,
this was replaced with 19lof cementation medium.

Using a funnel secured 5 cabove the tube, tubes containing the bacteria and cementation medium
were filled in triplicates, with sand only and then a premixed sand and loaded EP mixture. The EP had
been mixed with the sand using a pestle and mortar. Once the tubes were hall fgjaimnafter the

tubes were almost filled, these were vibrated to densify the sand. The lids were placed on the tubes
which were then inverted in an incubator atG0 After 24 ha 1 mm hole was pierced in the base of

the tubeausing a sterilised brad&wthrough which the effluent was extracted using a vacuum, as per

Figure5-8, utilising a flaskwithin which the centrifuge tube was held firmly withire neck.

The effluent was syringe filtered for IGPES analysis of calcium ion content. THisplaced effluent
wasreplaced with cementation medium via surface percolation. Excess cementation medium was drawn
through the sand using a vacuum, while continuing to pour cementation medium into the top of the tube,
so that approximatelgne and a halimes the pore volumeas used to flush through any remaining

effluent.
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Figure 5-8. Diagram showing the vacuum assisted treatment process for the mini sand columns. The 50 ml
centrifuge tube containing the sand is shgaced firmly into the neck of the conical filter flask, with the
conical flask connected to a vacuwhich draws the cementation medium down through the column while the
extracted effluent collects in the flask

This process was repeated for all tulveish the holes then being covered after and tubes returned to
the incubator inverted. The extraction of the effluent and addition of cementation medium was repeated
on weekdays overfaurteenday period, with the resulting biocement showrkigure5-9.
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Figure 5-9. 50 mL polypropylene centrifuge tubes containing the nghimns of biocemented sand and
biocemented sand and expanded perlite mixture in triplicates.
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5.3.1.8 Testing ofpore Viability

The plate counting method was used to determine the number of véaitégian biocement samples,

and as an indicator of the preserof spores. To test for the presence of spores within the biocement
producedhat the preliminary stagéhe mini columns produced in the 5Q wentrifugetubes were dried

at 30°C for three weeksand then left sealed at room temperature flurther three weeksSamples

were taken from a tube that had been prepared using EP and a control tube, to initially test this technique.
After this period otime, it wasassumed thatny remaining nutrients will have been depleted and hence

it is expected that only spores would remain.

1 g samples were taken from theiell biocement, at approximatelyc2n from the top of the sample.
Thesample was added #otest tube and made upltd nL with autoclavesterilised PBSThe sample
was shaken well to suspend the spores ifPB8 Four test tubes containing®L of autoclavedPBS
were preparefbr the dilutions. Agar plates were prepared, using LB agar amended wigil.20rea,

with theurea solution added using a syringe filter after autoclave sterilisation of the LB agar solution.

Dilutions were prepared as per the methodology outlined in Chiamiier100 L samples were taken
from the prepared dilutions and pipettedmtheagar pates. This sample was then spread across the
plate using a plate spread&he plates were sesdand left for a few minutes for the sample to soak
into the agar before inverting the platElese plates were incubated aP@Gor 48 h. After this period
individual colonies ofs.ureaewere clearly visible. These coloniegre assumed to hageown from
individual germinated spores. Colonies were counted on plates cont#initygto three hundred

colonies.

5.3.2 Results and Discussion
5.3.2.1 CementatiolMediumSorage ImmobilisationCapacity ofCarrier Materials

The cementation medium immobilisédllowing three loadingsfor the carrier materials testeid
displayed irFigure5-10. Coir was loaded twice only since following the second loading there had been
some mass reduction in four of the six tubes, this can be attributed to the dissolution of immobilised
cementation medium into trerrounding liquid cementation medium. This effect, albeit to less of an
extent, was also noticed after the second loading of expanded perlite. It was evident that the
immobilisation capacity had been reached after the first loading of coir fibres, andhaftsecond
loading of EP. The capacity of coir to immobilise cementation medium was relatively low and the
variable fibre thicknessdas could be seen without a microscdjally contributed to inconsistencies

in results, this carrier is therefore nused in later tests.
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Figure 5-10. Quantities ofdried cementation medium immobilised by @ram samples of coir (C), jute (J),
expanded perlite (EP) and diatomaceous earth (DE), following repeated |saddithgconcentrated
cementation medium.

The mass of immobilised cementation medium was also compared across the parrieubic

centimetre of carrier material, as showrrigure5-11.
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Figure 5-11. Quantities ofdried cementation medium immobilispdr cubic centimetref coir (C), jute (J),
expanded perlite (EP) and diataceous earth (DE), following repeated loadingth concentrated
cementation medium.

Immobilised cementation mediurelease was investigated for theee, EP and DEarriers initially
The 1 g carrier samples were representative of quarttties used whin the individual sand columns

in subsequent studies.

140



This study was later repeated with hemp, to replace the coir fibres in this study which had been deemed
unsuitable. The resulfsr hemp,as shown irFigure5-12, verified the potential suitability of hemp as

an immobilising material.

Cementation medium immobilised (g)
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H1 H2 H3
Carrier Sample

m 1st Loading @2nd Loading O3rd Loading

Figure 5-12. Cementatiomrmediumimmolilised by 1 g samples bémp following repeated loadings

5.3.2.2 CementatiorMediumReleasePreliminary Test

For the preliminary test, 1L of deionised water perrgm of immobilised (dried) cementation
mediumwas added to eadiube containing the carrier ammimobilised CM to enable comparison.
Results shoeda constant release eémentation mediurinom DE over the first 7 fas shown ifrigure

5-13. The results for DE1 to DE4 follow a linear pattern, point DE5 would be expected to be higher
based on this trend. These results were indicative of the quantity of solvent used being a limiting factor
and inhibiting the leaching of CMDuring this same pesd, results are more variable for Jute and EP.

The immobilised CMappeasto be released more readily frgaoteinitially, with all data points being

in the 47% to 57% immobilised CM lossange. Thignitial quick release may be beneficial to theself

healing process.

More testing was therefore required to better understarse tresultdts possibé there may be some
reabsorption of CM over time or otherwigeelatively fast release chemicalsinto the surrounding

liquid until this reaches a certatoncentrationCementation mediunelease from EP over timgas
observed to be the slowest overalld with theexception of the EP8ampleresults are close to those

for DE. The higheimmobilisationcapacity of the DE, in addition to the consistencYCM release

over time, makes thigfavourable optiomwith regards to theowdeedcarriers.The limiting effect of

the quantity of solvent used is evident for this test and the quantity of solvent was therefore increased

for the following test.
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Figure 5-13. Release aimmobilisedcementation medium into deionised water over a 24 h period from jute,
expanded perlite and diatomaceous earth, using a quantity of water equal to ten times the mass of the
immobilised cementation medium.

Results obtained farxementation mediunelease fronjute suggest cementation medium constituents
are released until the surrounding solution contains up to almo&b Hbtrients, and that this can
happen within one houiThese results also indicate tllaat there is potentially some Hasorption
following the initial release. Since the standard medium (@Mbntains 4.2 % (w/w) cementation
mediumconstituentghis suggested some leaching out of nutrients may occurgdcementation for

all carriers. Atthe 24 h pointthe liquid surrounding the EP and DE contained.dnd 6.0P%6 (w/w)
cementation medium constitueméspectively

5.3.2.3 Cementation Medium Releadgatch Tess

Percentages of immobilised cementation medial®ased from the carrier materials over a period of

up to 50 h are shown iRigure5-14. The rate of release of cementation medium from jute within the

first 4 h is he fastest of the carriers tested. Following this initial fast release fromegu#ibrium

appears to have been reached with the surrounding solution. This quick release may be beneficial to the
self-healing process, in addition to the potential to retain cementation medium for later release. For the
first 9.5 h cementation mediuralease is the slowest from BRgure5-14 shows the Rvalues of the

fitted regression curves, these values being close to 1 for cementation medium release froDEP and
Results for EP and DE show similar trends, with regression lines converging at approximately 30 h.
The rate of cementation medium release from DE then slows slightly compared to E32 &ftdhe

lower R value of 0.65 for cementation medium releasef jute may be attributed to the slight

variations in length and thickness of the individual fibres within samples, and therefore variations in
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surface area of fibres. More testing is required to better understand the behaviour of the jute fibres in
respet of the release of immobilised chemicals.
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Figure 5-14. Percentage of immobilised cementation medium released from carrier maigioadeionised
waterover a fiftyhour period, at 2PC, with error barsshowing standard errors of the means for the
triplicates.

Figure5-14 suggests that the powdered carriers, EP and DE, would have limited effect as immobilising
materials in biocement since they may release their stored contents too quickly and thus stores will be
depleted during the process of biocementation. This wasefuhkted within biocemefllowing the

testing within aqueous mediaith results given ilChapter Five, Sectiob.2.5.The pH of the solution

surrounding the fibres was measured after this had been draiitledesults shown ifigure5-15.
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Figure 5-15. pH of solutiongontaining cementation medium leached from the carrier matdofdsving
soaking of the loadedacrier materials in deionised water for onehree, six and twentyfour-hour periods at
21°C, with error bars showing standard errors of the means for the triplicates
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These pH levels are fairly constant, which based on these results alone singgedtad been little
variation regarding the constituent chemicals released. These solutions are more acidic than the initial
pH 7.3 of the deionised water. This drop in pH is possibly due to leaching amthebilised
ammonium chloride.

Theimmobilised cementation medium relessstwas later repeated witilemp over 24 h, as shown in
Figure 5-16. This period of time was of particuldnterest since a 24 h retention time was used in the

subsequent column studies. These results suggest a more linear pattern of release from hemp.
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Figure 5-16. Percentage of immobilised cementation medium releasedhfeompinto deionised wateover a
twentyfour-hour period, at 21°C, with error bars showing standard errors of the means for the triplicates.

Leaching behaviour of fibres was further explored by subjecting the fibres to repeated scitkiegs

the fibresappeared to releagsst half of the cementation medium immobilisetien left soaking in the

same solvent for up to 5Q hompared to the paders which had released most of the immobilised
cementation medium within this period of time. The samples prepared within the tubes containing 0.5
g fibres and immobilised CMereasper Table5-4. The release of immobilised cementation medium

into the standard medium (CM1) was also explattis stage
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Table5-4. Samples preparedifteaching tests

Sample ID Fibre type CM Immobilised Solvent added

H1 Hemp 1.833 CM
H2 Hemp 1.913 CM
H3 Hemp 2.071 CM
H4 Hemp 1.743 DI water
H5 Hemp 1.839 DI water
H6 Hemp 1.755 DI water
Ji Jute 2.633 CM
J2 Jute 2.497 CM
J3 Jute 2.557 CM
J4 Jute 2.672 DI water
J5 Jute 2.788 DI water
J6 Jute 2.813 DI water

Theimmobilised CMreleasd from fibresover the two periods of soakimgas ashown inFigure5-17.

These results verddthat the fibres can facilitate multiple releases of immobilised cementation medium
and that not all cementation medium was relefsed fibresin the prior test. Thesesults also show

that hemp appears to release the immobilised cementation medium more readily than jute and that jute
therefore may be better able to retain the immobilised cementation medium over multiple

biocementatiotreatments.
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Figure 5-17. Percentages of immobilised cementation medium released from hemp and jute fibres into a
solution containing cementation medium (CM, as used to treat columns in Chapter Six) and into deionised
water (W) fdlowing an initial 24 h period of soaking (Release 1) and a subsequent 24 h period of soaking after
the solutions surrounding the fibres are drained and replaced (ReleaBe@) bars show standard errors of
the means for the triplicates.
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Release of immiilised cementation medium from the powelbrarriermaterialEEP and DE was tested

using the standard cementation medi(@M1u) andalsoa double concentrated mediumased on

CM1u as solventsDoubling the concentration of the medium had little effectamsbe seen iRigure

5-18, and still resulted in higher losses of immobilised reagents when compared to use of jute or hemp
as immobilising carrietsUse of a more coentrated medium for cementation would not have been

justified based onthese results.
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Figure 5-18. Immobilised cementation medium released from EP and DEahitionsof cementation media of
varying conentration.Error barsshow standard errors of the means for the triplicates.

At a later stage gllowing completion ofcolumn studies incorporating jute fibres aqueous study was
undertaken over 48 to test concentrations of reagents leached fugmfibres that had been treated
with a concentrated cementation medi(as used in Chapter Sevewjth results a shownin Figure
5-19. It is noted that the conceations of ammonium ions measured by ithechromatograph were
not accurate and were higher than the actual concentration, the pattern of leaching is dsshevar.

These results suggest that calcium leaches out faster than ammonium from the fibres.
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Figure 5-19. Concentrations afodium, ammonium and calciuonsin solutionscontaining cementation
medium constituents leached fremaded jute fibres afte24-h and48-h of soaking samples of CM loadedgut
fibres in deionised watewith liquid drained and fresh water added after the firsti2goaking periodError

barsshow standard errors of the means for the triplicates.

5.3.2.4 MICP in AqueousSolutions

Following the addition of deionised water to thmaded carriersand subsequent leachingf
immobilisedcementation medium, the solutions surroundemd drained fromdhe expanded perlite

and diatomaceous earth carriers were found to have an avesgmtcontent of 0.368%. Since the
amount of immolisation, and therefore leaching, had been higher for fibore samples, the solution
drained from these samples, in addition to the control (CM1u) mediemded to be diluted to a small

extent for this test.

The S. ureaecultured for this particular expenent had a cell density corresponding to a
spectrophotometer reading of 1.058 @P To ensure this reading was accurate, since it is over 1.0,
the sample of liquid broth culture was diluted by adding 1 mL of culture to 1 ndeiohisedwater

and the rsulting spectrophotometer readimgiltiplied by two. The blank used wesionisedvater.

On the basis of calcium ion depletion in solutions, as showigiire5-20, it can be deduced that all
carriers tested immobilise and release the cementation medium constituents to the extent that MICP can
be enabled. This is further supported by results showfigare 5-21, which show a pH increase
following inoculation of solutions witls. ureae This pH rise is indicative of MICP and is consistent
across all samples. The solutions containing cementation medinstitaents which had been
immobilised by and released from jute have a noticeably lower pH prior to inoculatioB®.witbae

The lower reduction in calcium ion concentration for these samples suggests that the jute fibores may

not be immobilising or rebkesing the cementation medium constituents as effectively as EP or DE.
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However, a slower release over time could help ensure that more nutrients and precursor chemicals are
retained by the carrier material during biocementation. These results again shafg®sire testing is
required on jute prior to use within biocement. The calcium ion reduction in the solutions containing
cementation medium which had been immobilised by DE is greater than that of the control solution.
This result indicates that the usfeDE as a carrier for cementation medium may have a beneficial effect

on the MICP process.
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Figure 5-20. Calcium ion concentration of solution: Figure 5-21. pH of solutions containing cementatio
containing cementation medium released from medium released from carriers, compared to
carriers andcompared tastandard medium as the standard cementation medium, before (Day 0) at
control, measured one day and three days afte after inoculationof the solutionsvith S. ureae.

inoculationof these solutionwith S. ureae.

5.3.2.5 Effect on MICP and.eaching o mmobilised CMDuring Biocementation
5.3.2.5.1 Geotechnicalesting:Characterisationf Sand

The particle size distribution of th@n-dried silica sands shown inFigure5-22. The region bounded
by the orange vertical linehowsthe percentage of particles which lie within tpgimum particle size
rangefor MICP as defined by Rebataanda(2007)
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Figure 5-22. Particle size distributiorturve for industrial kiln-dried silica sand

In accordance with values read from the particle size distribution curve and calculbatefs 5, the

sand isconsideredpoorly graded since it lsaa uniformity coefficient (¢ below six, despite the
coefficient of gradation/ curvature {being between one and three. For this research, particle sizes in
the range 50 um to 400 um were desirable. Based on the particle size distribution detéonined
200g sample of sand, and mechanical sieving, approximatebs 62the mass of this sand is within
this desired range. Sand with a smalles &alue was sourced for later studies. The sand was sieved
prior to use to remove particles larger thanrh miameter and smaller than 63 pm. The pycnometer
test defined the particle density (specific gravity) as 2.67 NMg/m

Table5-5. Parameters of kilsdried silica sand, as derived from the particle size distidn curve.

Do D30 Dso Dso Cu C,
0.200 0.320 0.365 0.400 1.975 1.296

5.3.2.5.2 Geochemicalhnalysis

A powdered carrier was selected for thiage of testing, to further test suitability of these carriers.
Based on results iBection 52.23, it was expected thahesepowdered carriers (EP and DEjay
release all storecementation medium constituenlisring the biocementation procesgiichwould be
undesirablesince a store of cementation medium is required for latehsaling EP was found to be
easily separated into granules after loading and drying and was selected for this preliminary
biocementation test in which biocement was produsging 50 ml polypropylene centrifuge tubes.
Given the mass loss on ignition of DE this would complicate analysistateid mass loss on ignition

be used to measure calcium carbonate content of biocemented sand (at Cardiff University)
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Results from the preliminary biocementation tests are shoWwigure5-23 andFigure 5-24. Elevated

calcium ion levels in the effluent extracted from the tubes containing cementation medium loaded EP,
in comparison to the controls, up to day five, can be attributed to leachirggnehtation medium
constituents from carriers. This appears to have accelerated the biocementation process. At day
fourteen, after ten cementation medium treatments, the calcium ion content of the effluent drained from
tubes containing loaded EP drops betbat of the controls, at this point the test had been ended since
the flow in tubes containing the loaded EP had stopped as a result of pores in the sand being plugged
with calcium carbonate. Similarly, Stoekéscher et al(1999)reported that the flow in beement
columns stopped after ten days of medium treatment, after supplying the medium continuously via
gravity flow. For those tubes containing the sand only, further treatments would have been required
before flow ceased. Plate counts from samples takemthe dried biocement showed variable results

and were deemed unreliable, the growth of cultures on plates did however indicate the presence of

viable spores within the biocement.
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Figure 5-23. Calcium bn concentrationg effluent Figure 5-24. pH of effluent extracted during
extracted duringeachbiocementatiortreatment of biocementationreatments of mini columns
mini columngontainingsand only and sand mixec compared to the initial pH of the cementation
with expanded perlite immobilisirgementation mediumError bars show standard errors of the
medium Error bars show standard errors of the means for theriplicates.

means for the triplicates.

Figure5-23 shows a significant reduction in calcium ion concentration in the effluent extracted on days
five andtwelve, when compared ¢hcalcium ion concentration in effluent extracted on daysand

nine respectively. This decrease follows weekend periods during which there are no cementation
medium treatments and hence calcium ions are further depleted, which has impacted further on
depletion of immobilised stores of substrates. This data suggests daily treatments will be preferable to
mitigate against depletion of immobilised CM. The increase in process efficiency as the test progresses
towards dayifteensupports the need for dailgeaitments. This increase in process efficiency may have

occurred due to the presence of nutrients in the CM and subsequent bacterial growth over time. The pH
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increase shown ifrigure 5-24, when comparing the pH of the effluent to that of the cementation
medium treatments, is a further indicator of MI@B the calcium ion concentration in columns effluent
drops below that of the controls towards the eniti® treatment period, this suggest that EP may have
a beneficial effect on the MICP process. At this point effects of leaching have ceased.

The results irFigure5-23 suggest that the immobilised cementation medium in carriers may be fully
depleted by treatmemtight, corresponding to datwelve of this biocementation process. Fibres as

carriers were explored further following this test.

5.3.2.5.3 SporeViability

Plates showing growth of colonies from Swadectedserial dilutions are shown Figure5-25.

Figure 5-25. Colonies of S. ureae grown on plates of LB agar &iG3Qwith pen markings added to petri dish

lids for ease of counting), shown 48 h after inoculatibthe agar plates with the Fand 10 dilutions of S.

ureae contained within a 1 g sample taken from biocemented mini column two prepared using sand and CM
loaded EP

Plate counts from the mini columns @igen inTable5-6, for a sample fronbiocementmini-column
2 containing expanded perlite. It was assumed that the colonies observed had resulted from germinated

spores.

Table5-6. CFU from spores contained with biocement mini columns (Sample 2 with EP)

Plate Colonies CFU/ ml
10?2 Too many to determini NA
10° 206 206,000
10“ None visible NA

It was observed that some of the sample had collected at the edges of the plate, making it difficult to
obtain a precise count of the colonies since some had merged. A second set of plates, using a sample
taken from a control tube which contained biocemeitihout expanded perlite, showed negligible
growth, for this samplaventy-six colonies were counted on th&™* plate with nogrowth observed on

the plates inoculated wittilutions 102 onwards Based on the results able5-6, sufficient bacteria

have survived (assumed to be from germinated spores) to el Tziviloglou (2016)reported

that the bacteria concentration should bleast10 cells ml (cfu)to obtain a considerable amdiof

calcium carbonate precipitation
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5.4 Testing of GeopolymerCoatings

5.4.1 Application of Coatings

The effect of applying coatings to powdered carriers was studied as a maapsogiing theretention

of immobilisedCM. Expanded perlite was selected for this study, due todaisermore effectively
forming granules during the immobilisation process, which could be easily to separated when dried. A
coating solution was preparbdsed on Zhang et §2017b)andAlghamri et al (2016)which contained

15% sodium silicate activator arghlcinedkaolin (Metakaolin) in a 1:1 ratidy weight The 15% (by

weight) sodium silicate was prepared from a %0sodium sicate stock solution. Two methods of
applying the coatings were tested, spraying and mixing. Triplicat€d/oibadedEP were prepared

with each sampleontaining 0.5 g EP and on average 0.51 g immobilised nutrients and precursor

chemicals.

The recommended quantity of calcined kaolin to be used is 60 g per 100 g coated particles. Therefore,
for each sample, a coating solution was prepared using 0.3 g calcined kaolin and 0.3 g sodium silicate.
The CM loaded EP samples were spread out ontgs glporating dishes, with the coatings applied

by spraying or by pouring the coating onto the CM loaded EP granules and riftergapplying the
coatings, theresultinggranules were dried at 5C then transferred to 50Lmcentrifuge tubesA
guantityof deionised water was added to each tube equal to twenty times the mass of immobilised CM.
CM loaded EP without coatings were tested as a control. The samples prepared for this test were as
given inTable5-7. To test the effectiveness of the coatirtgg, tubes containing the prepared samples
suspended in deionised watgere placed in a shaking incubator at 100 rpm anéC2® 100 pL

sample of e solution in each tube weaken every 10 min, up to 30 min, to test the concentration of

the calcium ions leached into the deionised water surrounding the coated granules.

Table5-7. Samples prepared foesting ¢ coatings orCM loadedEP.

Coating method Sample ID Nutrients Mass of coatings Deionised water
Immobilised (g) () added(mL)
Mixing Bl 0.527 0.316 10.54
Mixing B2 0.528 0.363 10.56
Mixing B3 0.506 0.360 10.12
Spraying B4 0.448 0.28 8.9
Spraying B5 0.530 0.341 10.80
Spraying B6 0.561 0.300 11.22
None B7 0.532 - 10.64
None B8 0.487 - 9.7
None B9 0.439 - 8.780
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5.4.2 Results and Discussion

The resultsas seen ifigure5-26, showed that the coatings had some effect, in particular when sprayed
onto the granules. At the 10 min stage the coatings appeared to have reduced the loss of immobilised
cementation medium bg5 %. However, in a short period of time the coatings had ceased to be
effective.Coatings were therefore not used in the subsequent studies and were deemed unsuitable for
the fibres.
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Figure 5-26. Concentration of calcium ions within solutions containing cementation medium leached from
coated and uncoateskpanded perlitever a 30 min period when subjected to shaking incubatids@fpm at
30°C. Following the CMinmobilisation process by 1 g samples of EP in triplicates, triplicate sets of the loaded
EP had been sprayed with a sodium silicatslcined kaolin solution, mixed with this solution, or left uncoated

before immersion in deionised water to test the adiieaching of the immobilised CM. Error baskow
standard errors of the means for the triplicates.

5.5 Conclusions

ChapterFive coversthe preliminary testing undertaken to ardthe selection of suitable bacteria and
carriermaterials, t&nable the devepmnent of a biocemented sand material with-Belling capability.

Results from these tests informed subsequent column studies. Following on from Chapter Three, the
selected carrier materials tested were jute, hemp and coir natural fibres, in additipandesl perlite

and diatomaceous earth powdered additives. Coir had been substituted withhemgoir was found

to be a relatively poor immobilising material.

Based on results obtainegdtherS. ureaeor S. pasteurimay be suitable for use to prom&=e-MICP,
as sporulating ureolytic bacterioth bacteria demonstrated spore forming ability, particularly in low

nutrient environments. Tests with. ureaein growth medium subjected to differing temperatures
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showed theincreasing the incubation temperature t6@@nay also help to produce more sporeisis

does also demonstrate that in past studies by Botush{@¢&) the use ofS. pasteuriias a non
sporulating control may not have been suitable, since studies undertaken have shown that once nutrients
are deplete®. pasteuriiis likely to sporulate under incubation at®Q It is possible however that the

strain used may affect sporulation ability.

A series of tests were designed and undertaken to test the effectiveness of selected carrier materials for
cementatiormedium immobilisationsubsequent reledseetentionof immobilised CM,and to gain

insight into effects these carriers may have on MICP. Ot#gerstested, jute wafound to be the

best immobilising materiatoir in comparison was a poor immobiliserd was substituted with hemp.
Expanded perlite and diatomaceous earth were also found to be effective immobilising materials,
however results from tests undertaken at this stage suggested that they may not be as effective at
retaining cementation durirtge treatment biocementation process as the jute and hemp fibres may be.
Fibres had been shown to facilitate multiple releases of cementation m&dstsrepeated with hemp
showed results close to jute when immobilisation was considered. Cementatise fgddterns over

time showed some variation when compaijutg and hempWithin a cementation medium solution

jute appeared to retain more immobilised cementation medium than hemp, column studies were needed

to get a better insight into this releaserofriobilised CM behaviour.

The MICP testing in aqueous solutiaentainingcementation mediuroonstituents leached from CM
loadedcarriers indicated that diatomaceous earth may potentially have a beneficial effect on the MICP
process. It was evident atststage that the carriers were not releasing constituents of the cementation

medium to the same extent. MICP was nonetheless facilibgtézhched CM from all carriers

The minicolumns test gave insight into leaching of immobilised cementation mddanmEPwhen
multiple treatments of cementation mediwmresupplied over several daysith the immobilised CM
being retained for longer than had been expected based on prior batch test Theatsresults
suggested that immobilisegmentatioomedium may be retained to some extent for ugt teast seven
treatmentswhen using CM1u for the biocementation treatmenie surface percolation method of
cementation medium supply was applied for this fE€sis methodology was not as iefént as the
injection method used in subsequent studies. Spore viability was also evidenced from testigiaif
from these columns after an extended periodrging andappeared to be enhanced by use of the carrier

material.

Geopolymer coatings were tested as an approach to improving the retention of immobilised cementation
medium by the powdered carrier materials. This was not however found to be sufficiently effective for

this methodology to be adaut in the subsequent column studies.
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CHAPTER SIX

6 COLUMN STUDY ONE: Column Testsusing S. ureaeto test
the Effectiveness ol mmobilising Carrier Materials for the

Long-Term supply of Cementation Medium

6.1 Introduction

A series of column studies were conduaisihg the apparatus as described in Chagpaar. Columns
were injected with cementation mediutre&tmentsevery 24 hfor a period often consecutive days
(or as otherwise stated¥ing theupward flow mechanisrno achieve lmcemenation ofthe sand within
the columns. Tastudydetailed in Chapter Siksommenced with the use 8porosarcina ureaas the
selectedureolytic bactem to promoteMICP, following on fromsimilar column studies using this
bacterathathad beerrompletedn a prior doctoral studipy Botusharovg2017)

This set of column studies explored the use of a variety of carrier materials for the immobilisation of
cementation medium within biocemented sand columns. Carrier matestgidncluded jute and hemp
natural fibres, in addition to an exmled perlite powded carrier materialThe methodology for the
column experiments was developed further as these studies progregfeihg approaches to
bacterial fixation within columns were tested, in addition to changes to column drying/ curitigraura
following the treatmentsA preliminary study using. pasteurihas also been included (Test 5) as a
precursor to Chapter Seven. Samples from these columns producef.usieaeandS. pasteuriivere

later tested after being stored &mproximatelyl.5y, to give an insight into bacterial spore production

in the columns and the loftigrm viability of these spores.

Strength regain following mechanical (shearing) damage was used as a testHealagdf capability

of the columns. Theolumns were first subjected to unconfined compressive strength (UCS) testing
after the cementation medium treatments had been completedttendolumns had been dried.
Following this first test (UCS1), theolumns were then reconstituted and hydrated wiéter and left

for a weekfollowing which columns were dried atfie unconfined compression test was then repeated
(UCS2) to assess strength reg&diring this period of rehydratioit was expected that the remaining
immobilisedcementatiormedium wouldeach from the carrier materials and spores of bacteria would
germinate, which would result in MICP. A sufficiently slow release of the immobilised cementation

medium would be needed for sufficient retention of cementation medium following the initial
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biocementation process. The studiletailed in Chapter Six gave further insight into the effectiveness

of the selected carrier materials for retaining and releasingithebilisedcementation medium.

6.2 Materials and Methods

6.2.1 Sand

For the studies detailed @hapter Six, &arside Sands (Aggregate Industriegshedine silica sand
(WFSS)was usedThe properties of this sand, as provided by Aggregate Indug20é8) are given

in Table6-1. Further parameters were obtained fds tand by conducting proctor compaction and
particle size distribution tests in accordance wilr¥ D155712e1(ASTM International 2012and
BS 13777:1990(British Standards Institution 1998)spectively.

Table6-1. Garside WFSSand propertiesas given byAggregate Industries.

Sand Origin Gs } m¢/m® Mineralogy Shape

Leighton Buzzard 2.65 14 Quartz Sub angular to rounde

6.2.2 CementationMedium

The cementation mediuf€M1u) prepared for use in this study, adapted from Stédksher et al.
(1999)andasusedin studies by Botusharoy@017) comprised per litre of distilled water;g30xoid

CMO0001nutrient broth 10g ammonium chloride2.12 gsodium bicarbonatéer.35g calcium chloride
dihydrateand 20g urea. The formula of Oxoid CM0001 is as pable6-2, as given byrhermo Fisher
Scientific (2018)

Table6-2. Constituents o®xoid V10001 nutrient broth.

Typical Formula g/litre
‘LabLemcod powdered beef extract 1.0
Yeast extracCigH140 2.0
Peptone 5.0
Sodium chloride NaCl 5.0

pH 7.4£ 0.2 @ 25°C

Molar concentrations dhe cementatiomedia are shown imable6-3. A more concentrated version
of this cementation mediu(@M?2u) was used to preeat fibres prior to mixing with sand, (As outlined
in Table6-3 below)

156



Table6-3. Molar quantitie$ masse®f precursor chemicals and nutrieritscementation naia used to treat
sand columns inoculated with S. ureae (QiVdnd prepared for immobilisation within carrier materials

(CM2u).
Cementation medium CM1u/ CM2u (x 6.67
component Botusharova Conc)

(2017)

Urea(CH4N20) 333mM 2220mM
Ammonium chloridgNH4CI) 187mM 1246mM
Calcium chloride dihydrate 50 mM 333mM
(CaCb.2H:0)
Sodium bicarbonattNaHCQ) 25mM 168mM
Oxoid CM0001 3g/L 20 g/L

6.2.2.1 Production ofConcentrated CM fofmmobilisation

To producethe concentratedementatiormedium(CM2u) for immobilisation within carriers, firstly
the minimum quantities of deionised water to enable complete dissolutimomdtituentchemicals
(reagentsand nutrientsneeded to bascertainedThe quantities of chemicals required to make two
litres ofthe canentation medium were weighedtseparately. To each of thespart from thesalcium
chloride dihydrate, deionised water was added imRSncrements untithe powdered reagenisd
fully dissolved. Theresulting Oxoid CM0OM®1, urea, ammonium chloride and sodium carbonate
solutions were then mixed. The pH of this solution was adjuste@ tssthg concentrated H(before
then adding the powderedhlcium chloride dihydrate This pH adjustménprevened the calcium
precipitating out of the calcium chloride dihydrate.d@ah chloride dihydrate was observed to form a
precipitate when added to deionised wépét of 7.30 at Cardiff University)StocksFisher etal. (1999)
reported that the pH of theementation media they prepared was adjustedGbefore autoclaving,
with the final pH of their media, aftealcium chloride CaCb) addition, being &. It was found that
no additional deionised water needed to be added at thistetagly dissolvechemicalsA total of
300 nL water was required take make tleencentrated cementatiomedium. The prepared
concentrated cementation medium had a pH of 6.92.

Following on from the above, to make 30Q i sterile concentratecementatiormedium for usén
experimentsOxoid CM0001nutrient brothwas first dissolved in 25 Imof deionised water in a 500

mL glass jar, adjusted to pH 6.0 using concentrated HCI, and sterilised by autoclaving@fdr215

min. The remaining chemicals, excluding calciumodkle dihydrate, were thoroughly mixed in 275

mL deionised water, using a magnetic stirrer. This solution was then adjusted to pH 6.0 using
concentrated HClgalcium chloride dihydrate was then added as a powder. This solution was then

syringe filtered inb the Oxoid CMO0001 nutrient broth solution, using a 0.2 um syringe filter. The pH
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of the resulting medim was measured to be &s anaverageof four readingsicross experimerjts

this being close to the optimum pH of 7.0 &rureaggrowth.

Of the medum constituentsonly theOxoid CM000INutrient brothcould be autoclavedithout thee
being any effect on theoncentrateenediumor chemicals usedJrea and ammonium salts should not
be autoclaved, in addition the calcium in calcium chloride dihydcate precipitate out when
autoclaved particularly if the concentration is higiwhen subjected to temperatures abové@the
sodium bicarbonate will decompose into sodium carbonate, water and carbon diokiae.bken
reported that solid NaHCGbegins to lose carbon dioxide and water around “@(Senese 2010)
originally from (Otsubo and Yamaguchi 1961 owever, other sources suggest this may occur at
temperatures exceeding %) hence following the preliminary stage of investigation all loadetbkss
were dried at 56C. The concentrated cementation medium prepgardchmobilisationwas 6.67 times
more concentrated than tleementatiormediuminjected into the columnpswith molar masses of
chemicals shown imTable 6-3 for comparison. Thisoncentratednedium consisted, per litre of
deionised waterQxoid CMO00OLlnutrient broth 20g, urea 133.33), ammonium chloride 66.6d,
sodium bicarbonat&4.13g andcalcium chloride dihydrate 4§.

6.2.3 Bacteria Culture, Fixing and Activity

Liguid broth cultures o8. ureagColumn Tests 1 4) andS. pasteuri{Column Test 5) were grown to
inoculate the columnghese liquid broth cultures were preparedeigiled inChapter 4Section 4.1.
The liquid broth cultures for the column tests were prepared using multiples of 2EDlemmeyer
flasks and using tap wer. Owing to the low urease activity & ureage when compared to bacteria
such asS. pasteuriithe bacterial suspension could be mixed with the cementation mégiuitu)
prior to addition to the column assemldince precipitation did not immediatelgccur. Thus, the
calcium corgined within thiscementation mediurwill have fixed the bacteria to the saad the sand
(and carrier materials) were wet pluviated into this bacteria and cementation medium mixture to form
the columns within the latex membranEarkes efl. (2010)had found solutions containing calcium
chloride to be effective for fixing bacteria within sand colunAtghis stage of testingvhen usingS.
pasteurii (Columns Test 5)this bacteriumhad also beemixed with the cementation medium into

which the sandand carriermixture waswet pluviated with a little precipitate observed at this stage.

6.2.3.1 Urease Activity

Using the process as reported by Harkes ¢2@l0) it wasfound to not bgossible to measureease
activity of S. ureaegiven trat S. ureagpromotes a much slower MICP process when comparé&d to

pasteurii
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6.2.4 Preparation of Carrier Materials
6.2.4.1 Fibres

Fibres were either soaked or spraysihg the concentrated cementation medi@2u), as detailed

for each testFibres treated using the spraying methwere sprayed with 100 actuations of the
concentrated cementation medium while placed ovanégh gauze with an aperture of 0.263 mm and

39 % open area. Prior to use oketBGmesh gauzea 200mesh gauze was tested, with 0.075 mm
apertureand3% open ar ea, however this didnét allow fo

oneuse.

6.2.4.2 Expanded perlite

Before use, the expended perlite (EP) was autoclaved &C1f20 15 min and ovedried at 108C to

sterilise theEP powder. The EP was then transferred to sterile B@emtrifuge tubes in 2 g quantities

in triplicates. The tubes had been weighed before filling. The EP was then submerged in concentrated
CM2u (10 mL) within the tubesThe tubes were vibrated for 18causing a vortex mixer, to ensure
thorough dispersal of the EP in the medium, and then left to soak for 24 h. Afteth2dtiibes were
centrifuged and the waste @Mirained.The tubes were then transferred to a°60ovenwith lids
removed and dried for at least 48 h until the mass was conBbésprocess was repeated to apply a
second loading of CRU to the EP

This process resulted in granules of EP and CM formintike the fibres these granules could still be
easly separated after repeated loadingie separate out these granulas autoclave sterilised pestle
and mortar was used in close proximity to a Bungéth light pressure applied to avoid crushing the

granules The granules were then transferred baak tihé tubes ready for column assembly.

6.2.5 Columns Assemblyand Treatment

Columns were assembled as detailed in Chapter. Fbemultichanne({lsmatedPC) peristaltic pump
was set up to pumat a flow rate of 2 rb/min, using tubing with &.54 mm inner diameterThe
cementatiormediumand bacteria mix into which the saod sand and carrier mixtures were wet
pluviatedconstituted biocementatidreatmenbne Following treatment one, the cementation medium
(CM1u) treatnens were supplied via injection usirje peristaltic pumpThe columnsnceprepared,

as shown ifrigure6-1, were incubated in a stafiecubator at 30C, this being considered the optimum
temperature for MICP, as reported(Bym and Youn 2016)Columns were removeddm the incubator
for a short period for the daily cementation medium injectibypsto twelve columns could be treated
at oncewith up to six columns attached to each side of the column frame sh&igure6-1. For each

injection, the require@mount of cementation mediuwes transferredo a sterile containen close
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proximity to a Bunsen, to ensure the medium remained sterile. Prepariogntie@tatiormedium in
larger quantities helped ensure consistency of treatments.

Inlet tubing was left filled and clamped at the ends between treatments to help prevent amt@ntry i

columns. Outlet tubing was drained following each treatment.

Figure 6-1. Photograph of prepared columns, showing apparatus used for the column studies completed at
Cardiff University

Thefive columntests d&iledin Chapter Six are summarisedTiable6-4.

Table6-4. Summary of Column Tests

Column Bacteria Fixation/ Treatments Carrier  Carrier Drying Rehydration
Test Treatment 1 (volume) materials material time process
tested treatment (days) following
ucCsl1
Ul Wet pluviation of 11 (one pore Jute and Soaked in 14 Surface
column contents  volume) Hemp CM2u percolation

into S. ureaeand
CMZ1u mixture.
U2 Wet pluviation of 10(1.25 poreJute and Sprayed with 14 Injection
column contents involumes)  Hemp CM2u
S. ureaaand PBS
mixture, left for
four hours,
followed by CMLu

injection.
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U3 Wet pluviation of 10(1.25 poreJute and Sprayedwvith 28 Injection
column contents volumes) Hemp CM2u
into S. ureaeand
CM21u mixture.

U4 Wet pluviation of 10(1.25 poreExpanded Sprayed wih 28 -
column contents volumes)  Perlite CM2u
into S. ureaeand
CM21u mixture.

P1 Wet pluviation of 8 (1.25 pore Jute and Sprayed with 28 -
columncontents  volumesy, Hemp CM2u
into S.pasteuriiandwith CM1ux
CM21u mixture. 3 concfinal

injection

6.2.6 Geochemical Analysis
6.2.6.1 Column TesuUl

Following daily treatments with cementation medium, the pH and dissolved oxygen levels of effluent
from columnswere measured.he first 10 nb of effluent was tested since this would not contaipn an

of the fresly injectedmedium.Dissolved oxygen levels were measuredgoertairoxygen availability
during the MICP proces®robes werevashed with2 M HCI solution as recommendbg (Kennedy

et al. 2005)and deionised water before and after use for all téstssurement of calcium ions in
effluent was obtained using IGPES following treatmentsneto four, then on alternate daja@lowing

treatmentsix, eightandten

6.2.6.2 Columns Testsl2to P1

For Column TestdJ2 through toP1, measurement of pH and calcium ions only was undertdaiten.
pH of effluent from each column was measured daily following each cementation medium injection.
The calcium ion concentration the effluentfrom each column (using the first 1Q_rdisplacedwas

measured following treatments one, three, five, seven aied ni

6.2.7 Unconfined CompressiveStrength Testing

The unconfined compressive strength of the column specimens was determined in accordance with 7.2
of BS 13777: 1990 using a load fram@/ykenham FarrangeThe apparatus used is as showRigure
6-2, with the column placed above a load cell and displacements measured using anALMBXEn

displacement rate af.4 mm/minwas appliedfor Columns Test S1 anckduced to 1.14 mm/min
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thereafter The same apparatus was used for all tests detailed in Chaptel Hgixunconfined
compressive strength was recorded as the strength coinciding with the first peak on thetrainess
curve or where a clear peak was nbiserved the final reading. The residual strength is recorded as the
value where the curve plateaus after failanel remains at this levyedr the value at 2% strain wha

the readings risagain following failure or where there is no clear peHkis is similar to analysis
applied by Liu et al(2018a)for unconfined compression testing of fibre reinforced sands. Lui et al.
(2018a)reported that the first peak values and the end values ofistiregs curves of all specimens
were considered as the unconfined compressive strengths and residual strengths, respéetively.

length and diameters of the colunwasremeasured before each of the unconfined compression tests.

Figure 6-2. Photograph of the unconfined compression éggtaratusused at Cardiff University, showing a
column from Columns TestWeing sulected to loading.

To test for selhealing responses, firstly an unconfined compressive strengtiU€81) was
undertaken following initial biocementation and drying. A second UCSt&382)was undertaken
following reconstitution, hydration and drgrof columnsWhere the peak strength following UCS2 is
higher than the residual strength for UCS1 this strength recovery has been attributetid¢alisgjf

For this type of selhealing respons&trength recovery was calculated as per Equé@d).
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Columns were dried prior to UCS testing, it is ndtedeverthat the this is a deviation from tBeitish
Standards for UCS testing. This was done how&venabldestng for selfhealingand to help ensure
selfthealing responses wedee to spores of bacteria as opposed to live bactehad been assumed

that following prolonged periods of drying that spores only would be present, this had been tested by
varying drying times.

6.2.8 Mineralogical Analysis

Scanning electron microscof¥eiss Sigma HD Field Emission Gun AnalyticsiEM) was used to
observe the precipitedl calcium carbonat®r selected columns fro@olumnTestU2. Samples for
SEM observation and analysigere prepared using augper coater and goltad(Au-Pb) coating. %

ray diffraction (XRD;Siemens Diffraktometer D50)@vas used to characterise the mineral crystals
observed and confirm the presence of CaCO

6.3 Test Resultsand Analysis

6.3.1 SandParameters

The laboratory measured particle size distribution resukgure6-3 give a more detailed breakdown
of the particle sizes within the sand used, camgbdo those provided by the supplier. Of interest are
the distribution of particles within the desirg@ um to 400 pmmange as indicated by the vertical orange
lines on the chartResults show that approximately 93% of the sand particles lie withinmathige
according to the laboratory test.

—0—Lab test
—@— Aggregate Industries
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Figure 6-3 Particle size distribution of Garside Sands washed fine silica sand, as measured in the laboratory
and provided by Aggregate Industries.
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Fromthelaboratory test particle size distribution curve, sand parameters had been obtained as given in

Table6-5. The sand is poorly graded given the low cioéht of uniformity (Cu) value.

Table6-5. Garside Sands washed fine silica sand parameters.

Do D30 Dso Dso Cu C;
0.115 0.155 0.200 0.215 1.870 0.972

The drydensity water content relationship of the Garside WFSS is shown by the proctor compaction
test results ifrigure6-4. From the proctor compaction curtke targ@t densitymaximum dry density)
derivedfor compaction of the sand in the columns is 1.67 §/dime proctor compaction test on sand

of 16 % moisture content resulted in water coming out around the base of the proctor mould and hence

values of dry densitgt this point will be less accurate.

Across the column tests, the sand was compacted to an averag&affdhs target density for the
sandonly control columns. For columns containing fibres, when considering the total mass of sand and
fibres, the copaction varied from 9% to 92% of the target density across the tests, and remained
consistent and therefore demonstrated repeatability of the column preparation methotoégy.
proctor compaction test in this study only considers the sand howadarot the sand and fibre
mixtures, the target density for sand and fibre mixtures is expected to be Gamapaction of sand

and fibre mixtures is analysed further in Chapter Seven.
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Figure 6-4. Proctor compaction test resusbowing the dry densitymoisture content relationshijor Garside
washed fine silica sand, with the zero air voids line (red line) shown for reference.
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6.3.2 Columns TestU1l

Columns Test U1 utilised S ureae with eleventreatments of cementation mediu@M1u (ten
injections) The daily treatments constituted one pore volume, with pore volumes for each injection
estimated from scale up of the preliminary studigertakerto produce the biocementsdnd mini
columns(Chapter Five)The liquid broth inoculandf S.ureaehad an optical density (Qg) of 0.817.

Fibres had been soakedtire concentratedementation mediurand dried prior to premixing with the

sand.

To test for sekhealing the columns wee rehydrated with autoclave sterilisep waterwater via
surface percolation. The sand columns were placed upright in a sterile plastic container, with water
poured shwly into the ends of theolumns in close proximity to a Bunsen burner flame. Once fully
saturatedthe columnswvere placed horizontally and transferred to &3@tatic incubator fofourteen

days. Prior to the initial unconfined compression testimg,averhanging ends of the membranes had

been trimmed and hence injectiohwatercould not be facilitated at this stage.

Once the treatment stage was completeglcblumns were left in the 3G incubator with porous discs
removed forfourteendays, which was found to be sufficient for drying until constant mass was
achieved. It is therefore possible that some vegetative bacterial cells remained in these biocement
columns. The ends of membranes had been trimmed to facilitate unconfined campessgg. As a

result of whichthe columns needed to be hydrated via surface percolation for treeakifg stage of

testing.

For ths first column study the columns were prepared with an approximately iifiedl mass close
to 134 g for each comn,with column contents as pdiable 6-6, this however resulted in columns
containing fibres being longe¢han the controlsMasses of sand used werjusted for subsequent
studies with reduced sand content in the columns containing fibmesghievemore uniform column

lengthsacrossall of the columns tested

Table6-6. Contentsof columrs prepared forColumns Test/1.

Column Carrier Carrier  Sand CM2u

ID type mass mass I mmobilised
(9 (9 (9

J1 Jute 1 1326 0.438
J2 Jute 1 1325 0.481
J3 Jute 1 1325 0.524
H1 Hemp 1 1326 0.414
H2 Hemp 1 1326 0.415
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H3 Hemp 1 1325 0.483

C1 - - 134 -
C2 - - 134 -
C3 - - 134 -

To prepare the fibres for this tete hemp and jutéad been soaked in concentrated W 2u) for

24 h and then separated out onto paper towgbaper towelvaslightly pressed on top of these fibres

to absorb excegaedium, this however had the effect of removing a significant quantity of the medium
so that an average of 0.4®.04g of nutrients vasimmobilised pegramof fibres The soaking method
resulted in greater variation of masses immobilised CKé2 specifc fibre types, although more

consistency was obtained across different fibre types

6.3.2.1 Geochemicafnalysis

The pH readings shown Figure6-5 indicate a consistent rate of bacterial activity following eaich
thecementation medium injectis@after treatmenbne The pH of around 8.5 is typical of that observed
duringthe MICP processas reported by van Paas2009) The pH of he cementation mediunas
measured prior toise had beer6.45 the rise to 8.5 is indicative of MICH helow pH following
treatmenbneis unexplained and may latributed to a faulty pH proba different probe was used for
later readingsThe probe h@ been calibrated prior to each t&porosarcina ureaereaseavas reported
by McCoy et al(1992)to be stable over a pH ramgf 7.75 to 12.5, with activity rapidly lost at lower
or higher pH levels.
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Figure 6-5. pH of effluent fronTestU1 columnsfollowing each biocementation treatmetror bars show
standard errors of the means for the triplicates.
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The dissolved oxygen measurenssftthe column effluent, as shownhingure6-6, show that oxygen

is present in theementatioomedium The dissolved oxygen measurement of the cementation medium
had been 10.2 mg/IAs there is still oxygeremainingin the effluentfollowing each treatmermixygen
availability has therefore not been a limiting factor affecting MiGPthis study Where a drop in the
dissolved oxygen level had been observed follovitegtment sixhis showed thathe pore volumes

had not been accurately gdicted based on the preliminary tsigtce it would appear thatsufficient
mediumhad beerused to flush through old medium. Therefore, for subsequent stadiexcess of
cementation medium was us@pproximatelyone and a halpore volumes)Following this testthe

pore volumeof columnscould be more accurately estimat@tiese dissolved oxygen levels are in the

expected range, Gomez et @018)reported a treatment solution dissolved oxygen concentration of
7.8 md L.
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Figure 6-6. Dissolved Oxygeoconcentration ireffluentfrom TestU1 columns following each biocementation
treatment Error bars show standard errors of the means for the triplicates.

Calcium ioncone@ntrationsn the columns effluenvere measured using IGPES, with results shown

in Figure6-7. Where the readings for the columns containing fibresabove those of the controls the
increased calcium iozoncentratiols deemed to b& result of leaching of the immobilised concentrated
cementation mediurfrom the fibres. This shows that this leaching affect is not immediate and occurs
over a number of daysllowing successive Cl injections For thestudiesundertakerat this stage

an excess of calciurohloride dihydrate (calcium sourceas supplied n the cementationrmedium
(CM1u) injections this enabled theffects of leaching from fibre® beobserved. Where the calcium

ion measurement of the effluent from columns containing filsrebserved talrop belowthe controls
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this suggests that the fd® have increased the efficiency of the MICP process, this effect was explored
further in subsequent studies usBigpasteuriias detailed in Chapt&even
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Figure 6-7. Calcium ionconcentration, as meared using ICPOES, in TestJ1 columns effluentollowing
biocementation treatments 1 to 4, 6, 8 and 10. Error v standard errors of the means for the triplicates.

6.3.2.2 Unconfined Compressive Strength

Theunconfined compression test results siiewn n Figure6-8 andFigure6-9. The first pe& value

was recorded as the unconfined compressive strength, unless there was no clear peak and the strength
continued to risein which case the value at 20% strain was recorded as the unconfined compressive
strength. The final value recorded was congdedhe residual strengths per studies bliu et al.

(2018a). The testing was ended when a clear residual strength was reached or otherwiéesaaR0

Where there was no peak observed the columns experienced a barrelling type failure as opposed to
showing a clear shear failure. The resultscfdiumnJd3are not consistent with those for J1 and J2. The

effluent had appeared darker from J3 suggesting a possibility of contamination.

The initial UCS resultsin Figure6-8 (a-c) show clear peaks for all columns containing jute, in addition
to H1 and H2followed by some strain softeninfhe columns containingite were on averagg&b

times stronger than the shanly control columns following the initial biocementation.
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Figure 6-8. UCStestresults forTestU1 biocemente@olumns containingemp(H1 1 H3), jute(J17 J3)and
sandonly (C171 C3), following UCS1 (& c) and UCS2 (df).

Figure6-9 compares the results for the two UCSdesith peaks strengtier UCS1land UCS2and

the residubstrength for UCS1 plottedlhis enables pential sel-healing behaviour to be assessed.
Where the residual for UCS1 is higher than the geakJCS1this complicates the analysi$.self-
healing is considered as strength recovery above the resideralcdbumns J1 and H2 may display
some sehhealing capability based on results Rigure 6-9. Applying Equation(6.1), the strength
recovery above the selual is calculated as 26 and 64% respectively for J1 and H2. This analysis
however isn6t deemed suitable where the resi
strength for UCSL. If peak strength values alone are considered, resattisifon H1 may also indicate

some sekhealing capability.
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Figure 6-9. Results from UCS1 and UC&®2 Columns Test I showing peak and residual strengths from
UCS1 and peak strengths from UCS2.

Figure 6-10 shows imagesakenof the columns during the unconfined compressive strength (UCS)
tests shortly after failurefor UCS1 (Figure 6-10(ai)) and UCS2(Figure 6-10(j-r)). The failure
mechanisms observed during UCBé&re in mostcasesreflectedin the images taken during UCS2.

At this stage of testing there were observed to be some air voids and possible clumping of fibres in the
columns. At this stage the sand and fibres were dry mixed. Mixing and compaction was improved for
subsequent testBy adding a small amount of liquid (CM1) prior to mixing of the fibres with sand.
Although the stressstrain curves show no clear peak for controls a shear failure plane can be observed
in Figure6-10 (g to i) and for the same columns during UCS2 as showigime6-10 (p to r).

Jute Hemp
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Figure 6-10. Photographs o€olumnsfrom Test U following failure during UCSZ1a-i) and UCS2 {r), with
annotationshownaboveclear failure planes oberved during testing

Results fromColumns EstU1 showed that it may be possible to recover some strength lost by using
natural fibres as the immobilising material foconcentratd cementation medium. This effect would
need to be explored further. By maintaining open conditions during thbesdihg stagewith the
columns exposed to the athis may have further promoted shkaling through increased oxygen
supply. A strong dour of ammonia (NkEJ was detected in all the specimens during thelssdfing
stage.For the following tes, the air restricted conditions are maintained during both treatment and
healing stagesince the latex membranes were kept intact and the coltetursed to the apparatus

after the first UCS test to inject water for the healing stage.

6.3.3 ColumnsTestU2

The bacterial inoculantsedhad a measured optical density (4pof 0.819.Following Columns Test
U1, the drying temperaturi@llowing column treatments prior to UCS testiwgs increased after the
first five days of dryingA slow rate of drying Bows time for further MICP and sporulation to occur
as nutrients become deplet@iying at a higher tempature over an extended period was expected to
help ensurenly spores remagdin columns and not viable vegetative celiss also possible that an
elevated temperature may help stimulate spore produttised on findings detailed in Chapter Five,
Sedion 5.1.4 The temperature however was not increased abdi@ t#0ensure membrane strength
would be unaffectedAny remaining MICP activity willlikely have ceased within ¢hnitial 5-day
periodof drying based on results by Botushar¢2@17) As perColumns TesU1, fourteendays were
allowed for the dryig period in total. The membranes were not trimmed as these colueres
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remoulded anglaced back into the column apparatus following the first UCS, to facilitate injection of

water totest forself-healing.

For this testthe effect of treating and not treating fibres was also explored. A tatakbfe columns
were produced, includingjx containing jute, three of which were not fireated withthe concentrated
cementation mediun€M2u. The fibres werdreated with CN2u using thesprayng method. The

contents of the columns assembled for this test are givEabile6-7.

Table6-7. Contents of columns prepared for Columns Tekt U

Column ID Carrier type Carrier (g) Sand(g) CM Immobilised(g)

J1 Jute 1 125 1.450
J2 Jute 1 125 1.461
J3 Jute 1 125 1.799
J4 Jute 1 125 -
J5 Jute 1 125 -
J6 Jute 1 125 -
H1 Hemp 1 125 1.462
H2 Hemp 1 125 1.544
H3 Hemp 1 125 1.247
C1 - - 131 -
C2 - - 131 -
C3 - - 131 -

From ColumnsTestU2 onwardsthe columns had been remoulded to some extent to fit into the split
moulds for the selhealing testing stage. The samples would experience some dilation once removed
from the compression testing apparatus but were otherwise not further disturbed lteifigdration
process. It is therefore likely that the remoulding in later tests changed the alignment of the carriers and
resulted in greater rearrangement of the sand particles, howevestiis fromboth sets of results

from UCS1 and UCS2 suggestsstkifect was minimal.

The strengths of these columns had been affectadbbpiuviation ofthe sand mixtures into a mixture
of PBS and bacteria as opposed to cementation medium and bacteria as peratestsubsequent
tests. It was found thatet pluviation of column contents intoM1u mixed with the bacteria helped to
fix the bacteria to the sand and prevent flush out of bacteria. The leaching from treatexd ¢ibiteans

J1 to J3 had likelyhelped fix the bacteria. This fixing effect is exploredfier in later studies witB
pasteurii PBS had alsoused for wet pluviatiorior test U2to observe the effect this may have on
leaching of immobilised CM2u, and following on from methodologyusedin prior studies by
Botusharovd2017)
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6.3.3.1 Geochemicahnalyses

The H and calcium ion measurementgtoéd effluentfrom columnsare shown irFigure6-11. The pH

of column effluents observed to haveeducedslightly compared t&ColumnsTestU1, the only change

at this stage had been the wet pluviatidrthe sand mixturegito PBS instead ofhe cementation

medium. Thisdemonstratethe beneficialeffect that wet pluviation into the cementation medium had

on bacterial fixation and this methodology is therefore using going forwards. For this test there appears

to have been less retention of tea@ within columns.

] 2

e

o

Jute Treated
= Jute Untreated
Hemp

Control

4 6
Treatment

10

Figure 6-11. pH of effluent from Test2Jkcolumns following each biocementation treatm&ntor bars show
standard errors of the means for the triplicates.

The calcium ion concentration remains at a much higher level when compared to results from Columns

Test 3 which uses the same quantities for each injection. This is indicative of the reduction in bacteria

fixing effectiveness for this test.
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Figure 6-12. Calcium ion concentration, as measured using-lGES, in Test @ columns effluent, following
biocementation treatments 1, 3, 5, 7 and 9. Error Istasw standard errors of the means for the triplicates.

The resultdor Columns TestJ2 are indicative of an earli¢gaching ofimmobilised @, due to wet
pluviationof the column contentsito PBS,which also shows it is beneficial to wet pluviate in to CM

as opposed to PBS to aid retention of immobilised CM by reducing the concentration gradient between
immobilised chemicals and the surrounding liquid.

6.3.3.2 UnconfinedCompresiveStrength

UCS teding results areshown inFigure6-13 andFigure6-14. Forthis test there is some indication of
selthealing capability for columns containing jute, less so for those containing hemp when comparing

to ColumnsTestU1. Graphical outputs frorColumns Test2 are shown ifrigure6-13.
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Figure 6-13. UCStestresults for Test @ biocemented columns containing treated jutei(JB), untreated jute
(J47 J6), hemp (HI H3), and sand only (CLL C3), following UCS1 (a, &, g) and UCS2 (b, d, h).
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When comparing results for UCS1 and UCS2, as showfigare 6-14, columns J2 and J3 show
strength recovery above the residual of UCS1, this beifig &8 J3. For column Jhe peak for UCS2
is higher than that for UCS1. No strenggovery is demonstrated for colund$sto J6 which contained
the untreated fibres. There is also no evident strength recovery for columns cortammiibresfor
this test.
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Figure 6-14. Results from US1 and UCS2 for Columns Tes2,l8howing peak and residual strengths from
UCSL1 and peak strengths from UCS2.

This test demonstrated the positive effecpodtreating the fibres, as can clearly be seenjuite.
Interestingly the selhealing due to the inclusion of CM loadesimp fibres was not seen in this test. It
was noticed that during the drying stage there was no smell of ammonia, unlike duringripetége

for testU1. The lower levels of bacteria likely affected this test and the increased heat during drying
seems to have had a positive impact in respgat@fnd negative in respectaimp.The fibre spraying
process may also have been mauéable for jute than hemp for immobilising the concentrated CM

effectively.

Images taken of the columns during the UCS1 and UCS2 are shdviguie 6-15 and Figure 6-16
respectively. When compared to Columns Tékt voids are not observed and shear failure lines can
be seenashighlighted withamotatons. Indications of shear failure are less evident indbetrol

column specimens at the UCS2 stage.
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Figure 6-15. Photographof Test L2 columns during UCStbllowing failure with annotation below observed
failure planes.

Figure 6-16. Images offest U2columns during UCS2 following failurgvith annotation below observéailure
planes.

6.3.3.3 Mineralogical Analysis

Samples from Tedt)2 columns were analysed using SEM in April 2021. The clearest examples of
precipitate can be seen on the surface of the hemp filbregLire6-17(d-f). The rhomboidal appearance

of this precipitate suggests that it is likely calcite. Based on observatiBiggine6-17(e) in particular,

the forms on the surface of sandFigure 6-17(c) are likely also to be calcite. While other images
appear to show some precipitate onacet of fibres and sand particles it is less clear whether this may

be calcium carbonate.
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()]

Figure 6-17. SEM images of sampl&sken from Test U2 columns J1li(&) H1 (a-c) and C1 (d c), with
calcite precipitate labelled where clearly identifiable.

The presence of calcium carbonate was confirmed usingy>Diffraction. XRD testing had been
limited due to restricted access to facilities at this time and only a selection of three samples was from
Columns TestU2 was testedl'he calcium carbonate peaks are shown in blue, with peaks for the silica
sand shown in green. The dalm carbonate was identified using Highscore as vaterite, calcite had not
been detected for the samples containing hemp or jute. Based on results shigureit18, the peak

at position 50 is possibly vaterite. Quantities of calcium carbonate had not been significant enough to
get clear XRD results when usiig ureador biocementationThese tests were undertaken on samples

from columns which had been storgdce UCS2 was completed in June 2019.
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Figure 6-18. XRD analysis of sample fromest L2 columnJ1, of biocement produced usiigy ureae. Green
peaks show theeasuredpectra for Si@(sand) and blu@eaks show the spectra foallcium carbonate
(vaterite).
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Figure 6-19. XRD analysis of sample from Tes2 tblumn H1, of biocement produced using S. ureae. Green
peaks show the measured dpefor SiQ; (sand) and blue peaks show the spectra for calcium carbonate
(vaterite).

The XRD results foColumnsTestU2, control column one are shownRigure6-19. The blue calcium

carbonatdcalcite)peaks are not visible on this spectrum. Only by zooming in at avgestde there is
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no indication of sandand a good correlation with calcitis it possble to verify presence of calcium
carbonate, as seenkigure6-21.
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Figure 6-20. XRD analysis of sample from colurdd, from columns tedi2 with S. ureae. Green peaks show
the spectra for SiO2 (sand) and blue for calcium carborzkeite).
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Figure 6-21. XRD analysis of sample frofrest L2 columnC1. Zoomedin image of the spectra showing a blue
peak indicating calcite near position 30. The dark green horizontal line shows the background level.
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6.3.4 ColumnsTestU3

The methodology for this test wamsed on rad developed following the findings of the prior two
columntests. The bacteri@r Columns TestU3 weregrown to an optical density of 0.890, pelletised
and washed, anaiixed with cementation medium and the sand pluviated into this mixture to form the
columns. The drying temperature prior to UCS testing was maintaine8CatTtls tesdemonstrated
clearly the leachingpattern of the immobilised CMu from the fibres, through calcium ion
measurementsvith sufficient medium used to flush columns aftectetreatmentTo help ensure only

spores remained in columns for the d@dfling stagghe drying time was extended28 days.

Table6-8. Contents of columns prepared f6olumns Test3.

Column ID Carrier type Carrier (g) Immobilised CM (g) Sand (g)

J1 Jute 1 3.234 123
J2 Jute 1 3.714 123
J3 Jute 1 3.315 123
H1 Hemp 1 1.795 127
H2 Hemp 1 1.638 127
H3 Hemp 1 1.818 127
HJ1 Hemp &Jute 1 2.569 125
HJ2 Hemp & Jute 1 2.290 125
HJ3 Hemp & Jute 1 2.439 125
C1 - - - 131
C2 - - - 131
C3 - - - 131

6.3.4.1 Geochemicalfnalysis

The pH results are again reduced for this test in comparigeoltonnsTestU1, albeit consistent across
all columrs. It is unknown why tk bacteriahctivity appeared to haveducedThe pH rise idhowever
still indicative of MICP but perhaps reflects that the old medium haitbeen flushed adequately from

columns during each new injection.
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Figure 6-22. pH of effluent from Test3Jkcolumns following each biocementation treatm&ntor bars show
standard errors of the means for the triplicates.

The results ifFigure6-23 show that the immobilised cementation mediumlbached ouby treatment
five, although thereaemains a slightlyelevated level of calcium ions in effluent from columns

contaning jutefibres throughout the tetment period.
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Figure 6-23. Calcium ionconcentration, as measured using KOES, in Test B columns effluent, following
biocementation treatments 1, 3, 5, 7 and 9. Error lstuew standard errors of the means for the triplicates.

The results for leaching show an initiasterreleaseof immolilised CM2uin the first 48 hand slower

release thereaftelt.is also possible for some-aglsorption to have occurredl later stages
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By ColumnstestUS3, it had been observed that the growth of the liquid broth of bacteria used for

experiments appeateo be hindered since it would not reactichabove aroptical density QDeog) Of

0.89. TheS.ureaggr o wt h

curve

S

veri fied that

growth

go back to a frozen stock cultuiighere may also have been a probigith the culture medium.

6.3.4.2 UnconfinedCompressiveltrength

wasnbo

For this particular test the residual strengths were very high compared to the peak and seemed to have

resulted from the extended drying time used, this beigty-eightdays. It is possible therefore that

the previous results were due to the presensegdtative cells and not spores. The leaching from the

fibres would not have been altered. This required further exploratiome$hks for this studgio show

that the treated fibre additions do appeagrtied sethealing capability within the bioceme
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Figure 6-24. UCStestresults for Test B biocemented columns containing treated jutei(JB), hemp (HX
H3), jute and hemp (HJLHJ3) and sand only (Cil C3), following UCS1 (a, c, e, g) and UCS2 (b, d, f, h).

Self-healing responses are indicated in results for columns J1 and RiglLia6-25, where it can be
observed that the peak for UCS2 is higher than the residuals for UCS1.
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Figure 6-25. Results from UCS1 and UCS2 for Columns Té&stsHowing peak and residual strengths from
UCS1 and peak strengths from UCS2.

The distribution of fibres will also impact upon strength results, up to this point §asnbisture was
added to fibres wheniring. This was increased td for later tests to achieve better fibre distribution.
Images of columns following failures for UCS1 and UCS2 are showigire6-26 and Figure6-27.

(9) (h) (i) @) (k) ()

Figure 6-26. Photographs of columns from Columns Te8tsbortly after failure during UCS1, with
annotations showingpproximatdocations of failure planes observed.
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(9) (h)

Figure 6-27. Photographs of columns from Columns Te3tstortly after failure during UCS2, with
annotations showing locations of failure planes observed.

6.3.5 Columns TestU4

(i)

(k) (M

This column study utilised expanded perlite as the carrier material, with column content3 alsi@er
6-9. The liquid broth culture for this study was prepared using L3gbid CM0001 to test if this
resulted inmproved growth and bacterlalreaseactivity of S.ureae Theculture was grown for the

same period of time as for the prior studies, with a resulting optical densigy)0f1.41.The columns

containing EP were compacted dpproximately94 % of the target density, compared to %@bfor

controls.

Table6-9. Contents of columns prepared for Column Te4t U

Column EP(g) Immobilised Sand  Total
ID CM (9) (9) Mass(g)
EP1  2.000 3.462 126  131.462
EP2  2.000 3.402 126  131.402
EP3 2.000 3.612 126  131.612
C1 NA NA 133 132.000
Cc2 NA NA 133  132.000
C3 NA NA 133  132.000
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6.3.5.1 Geochemicalnalysis

The pH of the columns effluent was found to be higher from the tubes containing EP, after the first
treatment, as shown Figure6-28. The calcium ion@ncentration gives insight into the rate of leaching

of immobilised CM from the expanded perlite. This appears to happen fairly quickly, results indicate
that most of the immobilised CM has leached by treatment three when comparing to the results for
controls. There is some variation in results for controls across the treatments, with results having been

more consistent for the prior studies detailed in this section.
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Figure 6-28. pH of effluent from Test4Jcolumns following each biocementation treatm&ntor bars show
standard errors of the means for the triplicates.

Results for calcium ions concentration following treatments five are omitted having been deemed
anomalous. These results had been lowaar the results obtained following treatments seven and nine.

It is likely this occurred as there had been a delay in testindilited effluent. ICPOES tests had
otherwise been conducted shortly after collection of effluent since any traces of urdeseffuent

sample would cause the calcium ions to be depleted further. With the results obtained it had been

possible to fit a trendline, with an R squared value of 0.9999.
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Figure 6-29. Calcium ion concentration, as measured using-lQES, in Test Wcolumns effluent, following
biocementation treatments 1, 3, 7 and 9. Error kslrsw standard errors of the means for the triplicates.

6.3.5.2 UnconfinedCompressivetrength

The strengths of columnsed-igure6-30(a-b), produced in this test had been relatively weak following

the biocementation treatments, when conmgastrengths of controls to the prior studies. The likely
cause of this is the use of Oxoid CM0001 for the growth medium, and shows that a high bacterial cell
concentration in the inoculant does not correlate with higher urease activity. Oxoid CMO@S#figre

not deemed as suitable for growthSfureaavhen using this bacterium to promote MICH average

there is a slight strength increase for columns containing EP compared to controls, the average
unconfined compressive strengths were 16.14 kPadioimns containing EP and 11.85 kPa for the
control set of columns. Results therefore show some strength enhancement as a result of EP, however
this is a relatively small improvemeimue to the low strengths measured at this stage of testing the test
wasconcluded at this point without the sbialing stage of testing, and no further testing undertaken

with the powdered carrier materials.
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Figure 6-30. UCStestresults for Test Whbiocemented columrm®ntaining expanded perlite (a) and sand only

(b).

The images of the columns shortly after failufeggure 6-31, when subjected to the UQ8sting are
indicative of low strengths with mostly barrelling obseragdhilure in control columns and otherwise

some indication of shear as shown

(d) (e)

Figure 6-31. Photographs of biaanented columns from Test U4 taken shortly after faiuméng the UCS test
with annotationsshowing approximate locations olbserved failure planes.

(@) (b)

6.3.6 ColumnsTestP1

An initial columnsstudy was undertaken at this stage uSngasteurijias a preliminary study prior to

the study in the subsequent Chapter Seven. Columns were prepared with contenisahbke fetO.

For comparison witlS. ureae the same cementation medi(@M2u) is usedfor this test Eight
treatments have besupplied as opposed to tes at this stage activity was noticed to drop across all
columns and due to time constrairfibe final cementation medium treatment was a more concentrated

one(x3), with the intention of testing if there was reabsorption by fibres.
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Table6-10. Contents of columns prepared for Columns Tdst P

Column ID Carrier Type Carrier (g) Immobilised CM (g) Sand(g)

J1P Jute 1 2.929 123
J2P Jute 1 2.632 123
J3P Jute 1 2.759 123
H1P Hemp 1 1.609 127
H2P Hemp 1 1.631 127
H3P Hemp 1 1.622 127
C1P - - - 133
C2P - - - 133
C3P - - - 133

6.3.6.1 Geochemicalfnalysis

The S. pasteuriwas grom to a cell density of 052 (ODsog). The pH measurements, as displayed in
Figure 6-32, show some decline towards later treatments but are still at a level indicative of MICP
activity and a common trend is shown across all columns. The calcium ion measurements shown in
Figure6-33, show an indication of increased efficiency in the columns containing the fibres, this was
explored in more depth in the subsequent studies detailed in Chapter \®B&eencomparing the pH

results obtained when usii®) ureaeandS. pasteurijithese suggest that from treatment five onwards

the S. pasteurii bacteria start to decline in number, as evidenced by the pH drop at this point, in contrast

this pH level remainsonstant across tti# ureadreatments.
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Figure 6-32. pH of effluent from TestlRcolumns following each biocementation treatm&mntor bars show
standard errors of the means for ttiplicates.
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Calcium ions have been close to ¥0depleted following each treatment, as showRigure 6-33.
Again, the lower values for columns caniag fibres suggests the fibre additions have increased MICP
efficiency, this being slightly higher for columns containing hemp compared to those containing jute.

091 mJute
081 eHemp

0.74 eControls

o

Treatment

Figure 6-33. Calcium ion concentration,sameasured using ICRES, in TesP1 columns effluent, following
biocementation treatments 1, 3, 5 and 7. Error kslrsw standard errors of the means for the triplicates.

6.3.6.2 UnconfinedCompressivetrength

The unconfined compression test results are showigure6-34 for all columns. At this stage only
UCS1 results were obtained as us& opasteuriivould be explored in detadih subsequent studies, as
reportedn Chapter SeverAgain, the same trends are observed whereby there are significant strength
increases as a result of the fibre additions, in particular jute. The failures occur at be¥aad B%

strain. In comparisoto results usin. ureaeclear peaks are shown for all columns and there is only

one instance acrosise rine columngcolumn J3) where the residual strength is higher than the peak.
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Figure 6-34. UCS est results for Tef1 biocemented columns containing jute-(R), hemp (H4H3) and sand
only (C1C3).

The images of columns following failure, as showrigure 6-35, suggest a more brittle failuteas

occurred than in the prior column tesisth failure planes also more visible in control columns

(d)

(9) 0)
Figure 6-35. Photographs of biocemented Tedtd®dlumns taken shortly after failure during the UCS test, with
annotationshighlighting approximate locations observedailure planes.

192



6.4 Survival of Bacteria in Columnsafter 1.5y (Long-Term Survival)

This experiment testedhe ability and effectiveness of sporulation of the bactdnatesting for
evidence of bacterial sporulation in biocement samples after drying and a period of storage.
Botusharovg2017)noted that in the lonterm, survival of bacterial cells canna uaranteed, their

tests showed that the spores were able to survive for aslgamsbnths.Biocemented material from
columns produced at Cardiff University in 2019 was retained and later tested for the presence of viable
bacteria. Samples were takeorfr columns produced usir) ureaeandS. pasteuriiand containing

jute, hemp and EFAhe columnsad been stored individual sample bagsithin a sealed container at

room temperature for eighteen months (1.5 yrs). The columns hatresfierred to the sample bags
immediately afte UCS testing

1 g samples of biocemented sand were taken from approximately theafezddhselecteccolumn

from Columns Test2, U3, U4 andP1, and transferred to autoclave sterilised 50pallypropylene
centrifuge tubes, to which 10 ml of autoclave sterilisé6l Sodium chloride saline solution was added.

These tubes were gently shaken to detach the bacterial spores from the sand to suspend these in the
saline solution. It is assumed afthist period of storagéollowing nutrient depletion and dryintat

the bacteria retained within these samples would be in spore form.

A set of agar plates were prepared using the Luria Bertani agar mixture, without urea. The agar was
autoclave sterilisednd plates prepared in close proximity Bumserburner, to prevent contamination.

Initially 55 mm diameter plates were used, onto which 0.5 pl of solution from thedab&sning the
biocemented sand and saline solutias transferred using sterilgptte tips. This solution was spread

across plates using sterile disposable plate spre@deherbrand kshaped sterile cell spreadefhis

test was then repeated using 90 mm diameter plates. The plates were inverted and incubated for 48 h at
30°C.

This repeat test veriftethe resuls initially obtained The only difference observed was that tioe
biocemented sand sample containing jute fibres prepared 8si@gteurii.On the first set of plates
there washo growth observed on the adar this column whereas irFigure 6-36(g) there is a small
amount of growth observethis beingmuch less than that observed on the other plates whengh

had been observed®nly a small amount of growth is shown on plate J1 for the test 8sipgsteurii
evidencing that there had been little to no viable bacteria in this column. It is possible some
condensation had got into the plate, the congr@léar however which evidences the environment in

which the plates were prepared close to the Bunsen had been free of contamination
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(k)

Figure 6-36. Growth of Sureae on LB agar platdaoculated with solutions prepared by taking 1 g samples
from selected biocemented columns and dispersing these in a sterile saline solution and pipetting and spreading
10 pL of the saltion onto the platesollowed by 48 h of incubation at 3C. Prior to testing of the columns
these had been stored fane@and a half year®llowing the production of columns 58amples were taken
from Test 2U columns J1(a), H1(b) and ©1{est 3U olumns J1(d), H1(e), and HJ1(f), Test 5U coludhs
(9), H1 (h) and C1 (i) and Test 4U column EP1 (j). Control plate (k) was not inoculated.
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This study provides evidence of the ability and effectiveness of sporulatmtiotheS. ureaeandsS.
pasteuriibacteria since after drying of columns and storage over a long period it is unlikely that there
would have been any vegetative cells present given the lack of water, oxygen and nukeergsults
show that the fibre additions have enhanceddhgterm viability of the bacteriaparticularly when
using S. pasteurii, which is evident for hemp fibre additions in partioMaereS. ureaéhas been used
there is growth observed on all platéke addition ofEP appears to hawtightly hinderedong-tem

bacteria viabilitywhen compared to jute additions

6.5 Conclusions

There had been possible indications of-kelfling activity where this effect had been tested in Column
TestsU1 toU3, more so for Column Testil andU2. For these tests the drying time had Heenteen

days, which had been increasedwenty-eightdays from TestU3 onwards. It is possible that some
vegetative bacteria had remained in the columns for the earlier tests at {veatialj testing stage.
Columns had been dried at 3Dto 40°C (Test U2)prior to UCS testing. Thimay not have resulted

in all bacteria present in columns only being in spore form, if at all there were spores present. Although
a constant mass was achieved when dried for at least fourteen days, the columns will not have been
entirely dry due to the relative humidity withiile incubator. It is likely that when left at this
temperature for longer periods the number of live bacteria will be further depleted owing to the lack of

nutrients.

The activity of theS. ureaebacteria appeared to decrease as the column tests proghdssditbre
treatment had involved soaking the fibres for use in ColumndJlle§this methodology was developed
and fibres were then sprayed from Columns T@2t onwards, this improved efficiency of the
immobilisation process his appears to have beembécial when using jute in particulddowever it

is possiblehe hemp fibres did not respond as well to spraying given the lack dfesdihg response
for hemp containing column®llowing Columns TestJ1. When comparindrigure 6-7 and Figure
6-23, the pattern of leaching shows that the concentrateBu@ldpears to leach out of themp slower
when the fibres have been treated using the soaking process as opposed to being sprageciviith t
This is likely to have had more of an effect than the change to drying duration.

Mixing of the bacteria with cementation medium and wet pluviation of sand columns contents into this
mixture appears to have been effective for fixing bacteriagtsdind (and carriers). In the prior studies

by Botusharov#2017)the bacteria had been suspended in PBS following the pelletisation and washing
process. The sand had then been wet pluviated into this mixture. ColumiJZ esgtplied this
methodology,before then leaving the column contents for 4 h prior to oijeg the cementation
medium. It was found that this methodology was aseffective for bacterial fixing, there was some

reduction in bacterial activity in columns, as indicated by reduced pH measure@alctam ion
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measurements also remained highdremcomparing results from Te&t andU3. Another issugvith

this approach is that the immobilised Civhadleached out early on in the process, thus showing that

wet pluviation into CM.u helped reduce leachimgite significantly Findings show th&bllowing wet

pluviation of column columns into a bacteria and cementation medium mixh&dmmobilised
cementation medium is retained to some extent for gxtweatmentgbased on Columns TestL).

Results suggested the soaking method of immobili&M@u within/onfibres may help with retention,

however this also made fibres difficult to separate and hence strength was less due to clidmping.
hemp fibres appeared smoother when observed under an SEM, and therefore may not have retained as

much cemeration medium on the surface during spraying.

The (assumed) low urease activity associated Qvitileaeresulted in a weak cementation of the sand.
According to Badiee etla2019)specimens with UC8alues of 50100, 100500, and > 500 kPa are
defined as lightly, moderately, or heavily cemented, respectiVbetyresults witls. ureadall into the
lightly cemented rangand below Botusharova2017) had achieved similarly low strengths, when
comparing columns containing sand only éhdureae despite te longer retention times used by
Butusharovg2017) Spaosarcina pasteuriis used for subsequent column studies, since this bacterium
has beerfound to exhibit high urease activifyvhiffin et al. 2004) Fibre additionsand the resulting
strength increasmay improve viability of using. uread¢o promoteselt-healingMICP. Fibre additions
appear to have increased the MICP efficiency in addition to significantly incresasngthThis effect

is explored further in Chapter Sevésiven the low cementatiolevel when usingS. ureaestrength
increasesneasured in these testfien compared to controtse likely to be largely due to the fibres

alone.

For the column studies reported in Chapter Six, the sand had been acid washed before use. The purpose
of this acid washing was to remove any carbonates that may be contained within the sand, before use
in the experiments. Acid washirrgduces the surface charge of silica sand part{flesuzzo et al.

2018) which is likely to have the effect of reduced bacterial adhesion and hence the sand becoming
toxic to the bacterialhecell surface chargeof S. pasteuriare reported to be highly negatiifeykha

et al. 2018; Ma et al. 2020)ith S. ureaecells also known to be negatively chargktichael Whitaker

et al. 2018)Hence, should any chlorides remain on the sand after acid washing thigsmaasult in

a reduction in bacterial adhesiorhe acid washing of the sand at this stage of the study may have
therefore had an adverse effect on bacterial adhesion to sand particles and subsequently a reduction in

calcium carbonate precipitation on the sand particle surfaces.

The results from tesig selected biocemented sand columns foptesence of bacteria approximately
one and a half years after biocement production, demonstrated the spore forming abilitysotibedie
andsS. pasteuriiwithout a need for this to be induced using a sptianlanedium. Viable bacteria was

found to be in all columns tested that had been biocemented Sisimgag including the sand only
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controls. Use of hemp fibre additions appeared to have had a beneficial effect on spore formation and
survival ofS. pastemi, since otherwise little to no bacteria was detected in the columns cemented using
this bacterium.
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CHAPTER SEVEN

7 COLUMN STUDY TWO: SandColumn Studiesusing S.

pasteurii,and Jute Fibres asl mmobilising M aterials

7.1 Introduction

For this phase of experimentation, and for all stutbgertedfrom ChapterSeven onwards, the sand
columns were inoculated witBporosarcina pasteurito overcome limitations of usirfg ureae. Jute

fibres hal been slected as the immobilising carrier material for this study, since there were found to be
minimal beneficial effects, according to parameters measured, of using the powdered materials in the

prior column studies.

This incorporation osustainable naturdibres such as jute, is an innovative approach to enhance the
properties of biocementesdnd andoil. The use of fibres to reinforce soil is an established technique,
first proposed by Vida|1969) Jute fibres are widely used in building materials, textiles and packaging.
Jute is the most common natural fibre cultivated in the world, it is biodegraatableas good tensile
strength(Vigneswaran and Jayapriya 201Batural fibres, such as jute, are affordable r@ogclable.

For structural applications, fibres may be premixed with soil during construction or incorporsitad

using deep mixing techniques. Fibres can be mixed with soil to construct embankment dams and other
waterretaining structures to improve resistance to piping erosion, with fibre content determined by
suitable piping testtShukla 2017)

The study of fibres in combination with MICP, to enhance engineering properties of biocemented
geomaterialsis a recent development in this area and to datddeased on synthetic fibres and
improvement of the mechanical properties of biocemergrd &ibres utilised by other researchtrs
improve strength characteristics of biocemented saade included PVA(Choi et al. 2016)
polypropylene Fibermesh 15QLi et al. 2016) basalt fibrgXiao et al. 2019and carbon fibre§Zhao

et d. 2020) Gao et al(2019)used polypropylene fibres in an MICP based surficial treatment of sand
for seepage control.

This chapter presents the results of a study on the effect of natural jute plant fibres wheorated

into the soil biocementation system. Laborateand columrexperiments had been undertaken to (i)
determine the effect of jute fibres on the process of MICP, (ii) quantify effect of jute fibres on strength
properties when incorporated into a biocemented saatdrial, (iii) investigate the effect of varying

nutrient (Oxoid CM0001) concentration and (iv) to further investigate potential for use of jute fibres in
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self-healing geotechnical systems. The fiadtoratory tespresented in this chapter is a columhglyg

in which a cementation medium containing 6 g/L Oxoid CMO0001 nutrient broth is supplied to all
columns, followed by a second set of columns injected with a cementation medium containing 3 g/L
Oxoid CM0001 The cementation medium constituents and laboyaconditions are otherwise the
same for each of the two columns studid®e effects on the process of MIGPthe jute additionkave

been measuredthrough monitoring of pH and electrical conductivity, measurement of chemical
conversion, and quantifian of calcium carbonate precipitated within columns. f#seilting material
properties and seliealing in respect of strength regain following mechanical dameagedetermined

using the unconfined compression test

7.2 Column Study MethodologyChanges

Following outcomes of prior studies as detailedCimapterSix, the methodology has been further
developed. At this stage of testing the columns were not dried prior to UCS testing. This methodology
incorporating drying of columnisad followed on from studidsy Botusharovg2017)to help ensure

only spores remaed in biocement and not vegetative celgdinarily, and in accordance with BS
13777:1990(British Standards Institution 1998amples are not drigatior to the UCS test. When

dried at low temperatures samples will contain some moisture due to the relative humidity of the
apparatus in which they are dried, which could introduce capillary affects and thus introduce some
unreliability with regards to #hunconfined compressive strengths measured. Recrystallisation of any
unused substrates due to drying will also have some effect on strength of the biocemented columns.
Columns that are biocemented to a greater extent, as can be achievesl psisigurii will be more

difficult to remouldprior to the sekhealing stage of testirifdried prior to UCS testing. Drying also

appears to result in significant increases in residual strength when compared to peak strength.

The cementation medium constituergseCursor chemicals and nutrients) remain the same, however
the quantities of these have changed as stated in the studies detailed in thisTthayptigher urease
activity of theS. pasteurifacilities a more rapid chemical conversion and thereforigtzeh molarity

of substrates was used. The effect of variation of quantities of nutr@rtsd(CM000) has been
studied in this chapter. The studiesGhapterSeven utilise an optimised cementation mediwrith
outcomes of experimentation detailed inaPter Nine providing more insight into effects of
augmentation of the medium with ammonium chlarideslightly higher molarity of urea is used

compared to calcium chloride dihydrate to enaiolepletehydrolysis.

At this stage of testing sand columns gémjected with five cementation treatmerithis follows
insight gaind from prior studieswhere the rate of leachirgf immobilised cementation medium from

the carrier materialwas observedas detailedh ChapterSix.
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The S. pasteuribacterial sspensiorwas injected into the base of the assembled coldorrstudies
detailed in Chapters Seven to Nirgs opposed to being mixed with the cementation medium during
column assembly. Thigjection of bacterial suspension wiagmediately bllowed by the injection of
cementation medium for treatment one, using a pumping rate ofLirbim(approximately three pore
volumes per hour)This injection had the effect of fixing the bacteria as this was pushed through the

sand column. This is alsnethodology which can be applied in the field.

The sand used istudies reported from Chapter Seven onwavds not acid washed since it was
recognised at this stage that this may alter the surface roughness of the sand and therefore its
effectiveness toix bacteria. The F60 sand usexhd also F65was also found to have negligible

carbonate content prior to use in the experiments.

Prior to thetests reporteih Chapter Severa set oftest columns had been prepared through which
cenertation medium wasrijected at differing pumping rates ranging from 1.25min to 2.0 nb./min.

The distribution of bacterim columnswasassesselased on electrical conductivity measurements of
effluent. When using pumping rates of 1.7&/min and above some cloudiness wéserved in the
effluent, as a result of bacteria leaching from columns anl.thasteuriinducing MICP and therefore
calcium carbonate precipitation in the effluent. A rate of 1.2%mmn resulted in uneven distribution
of electrical conductivity. A pmping rate of 1.5 ln/min wasthereforeselected based upon measured
conductivities acrosthese testontrol colums. Theelectricalconductivity measurements provided an
indication of the distribution of bactetiactivity and therefore calcium carbonaieecipitatein the
columrs, which would be later verified through Calcimeter tests. It was expected that there may be
differencesin respect of bacterial distribution in columwsen comparing columns containing sand
only and those containing sand anddt given potentiaimmobilisationby fibres of the bacteria

urease

7.3 Materials and Methods

7.3.1 Sand and Testingof Properties

A fine F60 foundry sand (U.S. Silica, Ottawa, IL, USA) was selected for this study since the optimum
grain size for MICP is 0.05 mto 0.4 mm(RebataLanda 2007)Particle size distribution tests were
conducted in accordance with ASTM D6913/D6913M (ASTM International2017) to verify the
provided product data as given in the appendix, in addition to Proctor compaction tests, in accordance
with ASTM D155712e1(ASTM International 2012)to establish target density for the sand columns
when using F60. Prepties as otherwise reported by U.S. Silica Company (Ottawa, IL, USA) are as per
Table7-1.
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Table7-1. F60sand propertiegU.S. Silica Company

Sand Origin  Gs } ( g/ Mineralogy Shape
Ottawa 2.65 1.522 Quartz Round

Prior to use, the sand was autoclaved at 120 °C for 20 min and oven dried at 105 °C for sterilisation
purposes. The F60 sand was foundhdawe negligible calcium carbonate content when tested using a
calcimeter, and therefore no further treatment of the sand was required.

7.3.2 Fibre Preparation

Natural jute fibres (Sunrise Agriculture, Ajmer, Rajasthan, India) were used for this study. The fibres
were initially of variable length prior to processing. Clumps of fibres were gently brushed and then
hand cut to approximately 6 mm. The length of fibres @0) averaged 5.88 mm £ 1.60. A scanning
electron microscope (SENBNE-4500M Plus Tabletop, SE®prea)was used in this study to measure

the diameter of the fibres following the production of the biocemented sand coRriamgo use, the

jute fibres were washed thoroughly using a sieve and deionised water, followed by autoclaving at 121
°C for 20 mn. The fibres were then oven dried at 50 °C. Autoclaving was not considered to have an
adverse effect on the fibres given its short duration. Lignocellulosic fibres have been observed to
thermally degrade through dehydration, depolymerisation and oxidaltien heate(Vigneswaran and
Jayapriya 201Qxependent upon temperature and duration of heat exposure. Vaidéeaxid Baetens
(2001)reported that after exposing flax fibres to 120 °C for up to 2 $igroficant decrease in tensile

strength was observed.

7.3.2.1 Pre-Treatment of Jute Fibres

A concentrated cementation medium, Gl was prepared as péable 7-2, to treat fibres to be

contained within three of the nine columns prepared for each of the two studies presented in this chapter.
The treated fibres for each study had been prepared at tleetisagnand the spraying method earlier
developed applied. This concentrated medium contained the basic chemicals required for the MICP
process, urea and calcium chloride in the form of calcium chloride dihydrate, along with Oxoid CM0001

to provide a nutriet source for the bacteria. Oxoid CM0001 (Oxoid Ltd, Basingstoke, UK) is a
dehydrated culture medium. The typical 13 g/L solution of Oxoid CM0001 used for the production of

' iquid broth cul tLuernecso 6c obneteafi nesx tir aBdd g/l pé@lomglEind y e a s
5.0 g/L sodium chloride.

After following the fibre preparation procedure outlined above, 1 g quantities of jute fibres were placed
onto individual 15 cm x 15 cm squam@s60-mesh stainless steel gauze with an aperture of 0.263 mm

and 39 % open areawith draining trays beneath and sprayed with equal amounts ofpCM
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(approximately 15 mL) until fully covered with this liquid. The fibres were then placed in a sealed
plastic container for 24 h to allow for absorption of the CM, before digng at 50 °C for 48 h. Fibres

were removed from the mesh and immediately transferred to sealed sterile containers after drying. Due
to the hydrophilic nature of the jute, these fibres will readily absorb moisture once exposed to air. The
containers wex weighed before and after filling (once fibres had cooled to room temperature) to
guantify the amount of solid immobilised CM on each set of fibres. From this set of six fibres, the

treated fibres were divided into two sets with closely matching quantitidried immobilised CM.

7.3.3 Bacteria Culture

Non-pathogenic (ACDP Group Bporosarcina pasteuticommonly found in soil, was obtained from

the American Type Culture Collectiollanassas, VAUSA, (ATCC 11859) as a freeziried culture

and used to produaestab culture for storage at 4 °C. Bacteria were transferred from the stab culture
using a sterile inoculation loop onto plates of LuBartani (LB) agar amended with 20 g/L syringe
filtered urea. Growth medium for plates contained 5 g/L yeast extfagiLltryptone, 10 g/L sodium
chloride, 15 g/L agar and 20 g/L urea in deionised water. The inoculated plates, sealed -with gas
permeable film, were incubated at 23 °C room temperature for 48 h. Single colonies from the plates
were used to inoculate liqugtowth medium. Triplicates of 50 mL liquid broth cultures were produced

in 250 mL Erlenmeyer flasks, for use as an inoculant for further liquid broth cultures to be used in
experiments. The liquid growth medium consisted of 13 g/L autoclave sterilised Okt001 and

20 g/L syringe filtered urea in deionised water. Flasks were shaken at 23 °C, 150 rpm until the late
exponential phase of growth was reached after approximately 12 h and then stored at 4 °C. Liquid broth
cultures were produced in 50 mL quaestusing 250 mL Erlenmeyer flasks for batch tests, followed

by multiples of 150 mL in 500 mL flasks for the column studies for which greater volumes were

required.

Bacterial cultures for use in experiments were inoculated using 100 uL liquid broth @atus® mL

growth medium and aerobically grown at 23 °C, 150 rpm until an optical density at a wavelength of
600 nm (ORwo) of 0.9 1.2 was obtained, which equates to approximately 7.81X.10x 16 cells/mL,
according to the relationship reported by Rahzadran et al{2001) For the column studies, freshly

grown liquid broth cultures were transferred to 50 mL sterile polypropylene tubes, eachicgrgain

mL culture, and centrifuged at 5000 rpm for 20 min. The supernatant was then removed, and a sample
taken from this to measure the optical densitytaike into account any loss of bacteria in the
supernatanfThe bacteria were then resuspendedsimall quantity of phosphate buffered saline (PBS),
dispersed using a pipette and transferred to 15 mL centrifuge tubes from which bacteria would be
injected in the columns. These bacterial suspensions were made up to 10 mL with additional PBS. Use
of PBS @sured the bacteria would not undergo osmotic shock which would otherwise occur in water.

Aseptic technique was followed throughout, and involves using lab practices which prevent
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contamination, to help ensure that the only bacteria present within therguftasks and columns was

Sporosarcina pasteurii

7.3.4 Preparation of Cementation Media

Four variations of the cementation medium (CM) were produced for column treatmentsTablper

7-2. The basic constituents of the CM as required for the process of MICP are urea and a calcium source.
Calcium chloride dihydrate was selected for the calcium source. A slightly higher molarity of urea was
used in comparisoto calcium chloride dihydrate, since this helps ensure all calcium can be utilised. In
addition, a source of nutrients, Oxoid CM0001, was added to the cementation medium to promote
ongoing bacterial growth and therefore urease activity during treatmigiitp €onsisted of 0.67 M

urea and 0.50 M calcium chloride dihydrate, in addition to 3 g/L Oxoid CM0001 and was used as a
fixation medium to fix the bacteria to the sand within the columns in addition to initiating MICP.
Cementation medi€M2p and CM3 are augmented with ammonium chloride, sodium bicarbonate
and nutrients for the bacteria, as per cementation media used by Montoya and(P&]&)dstocks

Fischer et al(1999)and Al Qabany and Sod@013) and contair6 g/L and 3 g/L Oxoid CM0001
respectively, 0.187 M ammonium chloride and 0.025 M sodium bicarbonate. Sodium bicarbonate is
added to stabilise the pH of the cementation medium before inje¢tAib@abany and Soga 2013nd
addition of ammonium chloride was found to help stimulate the MICP process beyond the initial
injection(Treatment 1with CM1p.

Table7-2. Composition of cementation media for use in column studies incorporating jute fibres and using S.
pasteurii.

Precursor Chemicals and Nutrients CM1p CM2p CM3p CM4p Sterilisation
(9/L) (g/L) (g/L) (g/L) Method

Calcium chloride dihydrate 73,51 73.51 73.51 147.02 Autoclaved
(CaCbRH;0)

Urea (NH(CO)NH,) 40 40 40 80  Syringe filtered
Ammonium chloride (NHECI) 0 20 20 - Autoclaved
Sodium bicarbonate (NaHGD 0 212 212 - Syringe filtered
Oxoid CM0O0O1Nutrient broth 3 6 3 12 Autoclaved

The cementation media were prepared using tap water. Results from a batch test conducted as part of
this study provided evidence of the beneficial effect of using tap i@téehe mediacompared to
deionised water. CMi1 was produced by first autoclavingsalution containing calcium chloride
dihydrate and Oxoid CM0001, into which a solution containing urea was syringe filtered. To prepare
2.0 L of CM2 and subsequently CNg3 firstly the ammonium chloride and Oxoid CM0001 were
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dissolved in 1.6 L tap wateFhis solution was adjusted to pH 6.0 using 2.0 M HCI prior to then adding
the powdered calcium chloride dihydrate. The pH adjustment prevented the calcium precipitating out
into the solution. This solution was autoclaved then made up to 2.0 L by addihgi@nscontaining

the urea and sodium bicarbonate using a 0.2 pm syringe filter.

7.3.5 Urease Activity and Batch Test

Urease activity (mM urea hydrolysetiin) was determineds per the relationship derived by Whiffin
(2004)Equation (42), based on a conductivity ass&ectrical conductivity was measured over five
minutes to obtain the average activity per minute, as per Harke$2610) This process was repeated
threetimes for each sample tested and an average taken from the three $g=udiific urease activity

(mM urea hydrolysedhin/ ODsoo) asfurther defined by Whiffir{2004)as the amount of urease activity

per biomasswas calcuhted as per Equation-@).

A batch test was conducted to determine effects on urease activity of (i) bacterial growth in tap water
and deionised water, (ii) inoculation of medium with plate cultures or liquid broth culture, (iii) initial

pH of growth metim. 50 mL liquid broth cultures were prepared using tap water or deionised water
as described above and grown at 23 °C for 19 h, to achieve a stationary stage of growth. The nutrient
medium was inoculated with either 100 uL of a liquid broth culture grimvh0 ORgo Or with one

colony from a plate culture. To test the effect of pH of the nutrient medium on urease activity the pH
of the solution of Oxoid CM0001 nutrient broth in water was adjusted prior to autoclaving and adding
urea, after which a 1 mlample was taken to test the pH prior to inoculation.

7.3.6 Preparation of Columns

Columns were assembled dsscribed in Chapter Four, andsimwn inFigure4-14 andFigure 7-1,
with lengths of 71+1 mm and diameters of 39.5 + 1 Miasses of sand and fibres used within columns
were agiven in section§.4.3 and 7.4.4 and wecensistent across the two column te$te jute fibre
content of columns was 0.5 by weight of sand. Columns were prepared in triplicates, thite
columnscontaining sand anjdte fibres,three columngontaining sand andte fibres pre-treated with

CM4p and three sand only controtSolumn contents were wet pluviated i mL of sterile CM1.

204



Figure 7-1. Photograph of prepared columns, showing apparatus used for the column studies completed at
Arizona State University.

Prior to addition to the columnihe untreated and treated jtitees were mixed witlthesandfor each
column.After weighing the sand and adding fibres a small quantity of iMds added, equating to

5% of the total mass of the shand fibre mixture, to aid mixing. Hydration prior to mixing also helps
prevent fibre sand segregatifghbraim et al. 2012)Thiswas then mixed by hand for approximately five
minutes, until an even distribution of fibres was observed. The quantity of liquid added to the sand aided
mixing while ensuring that it was still possible to pluviate the sand into the columns. Columns were

kept at an ambientonstantoom temperature of 23 °C throughout.

7.3.7 Bacteria Fixing and Biocementation

To achieve biocementation, a tstage process was applied involving (i) the injection of a bacterial
suspension, followed by (i) injections of cementation medium (treatments), as per the schedule outlined
in Table7-3. The first treatment, using CMlis injected immediately after the bacterial suspension
and has the effect of fixing the bacteria within the columns in addition to initiating MICP. Harkes et al.
(2010)foundthat when a cementation solution consisting of 1 M equimolar urea and calcium chloride
was injected into columns immediately after a bacterial suspension this resulted in 100% retention of
bacteria, as determined by optical density measurement of eSlapies. Divalent cationic ions such

as C&" may enhance the attachment of bacteria to surfaces by reducing electrostatic réRatsian

and Weibel 2011) The bacterial suspension was injected upwards into the lhagk @olumns
simultaneously using a Cefmrmer Masterflex L/S peristaltic pump and muhiannel pump head.

The peristaltic pump was calibrated beforehand using the Tygonrs8$ 2.79mm ID microbore

tubing and was set to a constant 1.5 mL/min pumzitey At this rate flow through columns is expected
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to be laminar. The pumpas calibrated before use, to obtain the relationship between the pump speed

(RPM) and volume of liquid dispensed (mL/min) as shown by the calibration cuFigure7-2.

volume water dispensed (mL/min)

3
25 y = 0.3457x + 0.04@
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Figure 7-2. Calibration curve for Colgparmer Masterflex L/S peristaltic pump, using Tygon S8p 2.79 mm

ID micropore tubing andap water as the test fluid.

This inoculation injection was followed immediately by one and a half pore volumes qb Gaitig

pumped upwards into the columns. To ensure that no air entered the columns, the inlet tubing was

transferredo the container containing CMivhile the tubing was filled with the bacterial suspension.

The outlet tubing from columns was then drained and reconnected after each treatment and ends secured

to prevent air flow. The inlet tubing was also closed off wldmps and disconnected from the pump

tubing following each treatment. On each of the following four days, one and a half pore volumes of

CM2p (ColumnTestP2) or CM3p (ColumnTestP3) were pumped through the columns, as per the

schedule detailed ifable7-3. Retention periods had been estimated based upon a preliminary column

test in which columns had been injected every 24 h.

Table7-3. Biocementatiortreatment schedule f@olumnTestP2 and ColumnTestP3.

Day Time Since Prior Test 1 Column Injection Test 2 Column Injection Treatment
Injection (h) (1.5 x Pore Volume) (1.5 x Pore Volume)
0 0 CM1p CM1p 1
1 16 CM2p CM3p 2
2 22 CM2p CM3p 3
3 24 CM2p CM3p 4
4 24 CM2p CM3p 5
12 192 Tap Water Tap Water None
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The timing between treatments had been determined by preliminary studies undertaken as part of this
research, and based upon timee taken to deplete the calcium source in columns containing jute, in
which this occurred fastest. While injecting CMthe effluent was collected in a series of 5 mL
guantities in 15 mL polypropylene tubes.

7.3.8 Measurement of Electrical Conductivity, pH andEvaluation of Bacterial Fixing

The measurement of pH and electrical conductivity can provide an indication of the extent of substrate
conversion, and thus bacterial or urease activity within columns. The effluent displaced from columns
during the injectia of new CM was collected in a series of centrifuge tubes in 5 mL quantities. For
each 5 mL column effluent collected, the conductivity and pH of the effluent was measured using a
Consort multi parameter analyser C3010, pH probe and conductivity probetesifjherature
compensation. Following the first CM treatment, 1 mL of effluent from tl® BnL sample of effluent

from each tube was taken to measure optical density, as an indication of biomass concentration, to
determine effectiveness of bacteria fixif@ptical density was measured using a spectrophotometer
(Hach DR 6000, Colorado, USA) at a wavelength of 600 nm. The first 5 mL was not used since this
may include some CM that had been retained in the column outlet after treatment.

7.3.9 Geochemical Analysis

The calcium ion concentration of column effluent was measured using an lon chromatograph (IC).
Dionex ICS 5000+ Cation analysis was conducted using 20 mM methanesulfonic acid eluent starting
concentration, on a Dionex CS12A column, using 112 mA suppresgartotihe first 5 mL effluent

from each column was discarded at this stage, since this may contain some unreacted substrates that
had been held within the column outlet, outlet tubing had otherwise been drained after each treatment.
Beyond this point, upot 20 mL the effluent was mixed for each column to obtain a representative
average concentration of calcium ions for each column. The effluent beyond this point was not tested,
since this may contain the new CM being injected at later stages in the trigatnoess as pore volume
decreases. Effluent samples were tested daily within two hours of collection to ensure accuracy of

results.

7.3.10 Quantification of Calcium Carbonate Precipitate

Theamount ofcalcium carbonatprecipitated in the sand columns as a tesuMICP was quantified

using a calcimetens per Section 4.7 and applying Equatio®)4T o obtain an estimate of the average
calcium carbonate content of each column, as a percentage of the total dry mass, samples of between 4
g and 5 g were taken fiothe top, centre and base of each column for testing after oven dojumgns

at 105 °C. Tests were conducted at constant room temperature of 23 °C.
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7.3.11 Mineral ogical Analysis

A combination of scanning electron microscopy (SEM) ancay diffraction (XRD) wa used to

confirm the presence of calcium carbonate and analyse the characteristics of the mineral precipitate in
samples taken from biocemented columns. SEM was used to observe the morphology of the mineral
crystals and fibres, and to measure the dianwdtdre jute fibres in the samples. In addition, Energy
Dispersive XRay analysis (EDX) has been used for elemental analysis of sampleSdtomns Test

P2 Samples for SEMbservation and analysigere prepared using a sputter coater (MTCO0 lon
SputterCoater, SEC, Korea) and gold coatingray diffraction (XRD; Malvern Panalytical, Aeris
powder diffractometer, Malvern, UK) was used to characterise the mineral crystals observed and

confirm the presence of CaGO

7.3.12 Unconfined Compressive StrengtiTesting

The unconfined compression test was carried out in accordance with 7.2 of B3:1330(British
Standards Institution 1999 determine thenconfined compressive strength (UCS) of biocemented
columns using the load frame method. A loading rate of 1.27 mn¢@5 in/ min)was appliedStiff

and brittle soils fail at small strain®ritish Standards Institution 1999herefore the readings of
deformation were recorded at more frequent intervals for the column studieS usasgeuriito ensure

accuracy of test results.

This test was @rformed twice, firstly after the biocementation treatment process had been completed
(UCS1), and a second time to test for-$edflling (UCS2).

Following the injection of treatment five the cementation medium was left in columns for eight days
before UCS1, with the inlet and outlet tubing clamped. The retention time hadbesasedt this

stage due to the significant reduction in calcium ieplétion rate in control columns and also those
containing treated fibres. Tested columns were in a saturated condition, with evaporation prevented
during testing by the test specimens being encased by the latex membranes and end caps. Membranes
were keptin place for this test, perforated discs were removed,pamspex end caps were used to
provide a level testing surface between the column and UCS testing apparatus. Following the initial
UCSL test, the columns were reconstituted and returned the colssemaly, with one and a half pore
volumes of autoclaved tap water injected into columns. Samples were left hydrated a further eight days
before the UCS test was conducted again. At this stage, the theory that some CM may have been

retained, and later leagti out of fibres to enable healing was also being tested
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7.4 Results andAnalysis

7.4.1 Urease Activity Batch Test

Urease activity test results, as pable7-4, show that bacterial growth was faster in a medium prepared
using tap water as opposed to deionised water, based on measurements of optical density. Consequently,
the cementation medium fordltolumn treatments was prepared using tap water. Liquid broth culture
(LBC) inoculant resulted in a higher urease activity than inoculation of the growth medium with a single
colony plate culture (PC). It is, however, noted that this may be due to inoside, and that this can

be better controlled by using liquid broth culture as an inoculant. The liquid broth cultures for the
columns were prepared using deionised water (DI). Three measurements of urease activity were taken

and averaged for each of th@mples prepared.

Table7-4. Results from urease activipatchtest.

ID Water Inoculant pH  Culture OD g0 Electrical Urea Specific Urease
type Time Conductivity Hydrolysed Activity

(mS/cm/min)  (mM/min)  (mM/min/OD)
1 Tap PC 8.37 19 0.940 0.56 6.22 6.62
2 Dl PC 7.97 19 0.937 0.41 4.59 4.90
3 Tap LBC 8.37 19 1.308 0.75 8.30 6.34
4 Tap LBC 8.37 16 1.222 0.69 7.63 6.24
5 Tap LBC 8.37 14 1.068 0.57 6.30 5.89
6 DI LBC 6.46 19 1.005 0.63 6.96 6.93
7 DI LBC 7.15 19 0.822 0.57 6.37 7.75
8 DI LBC 7.97 19 1.038 0.55 6.15 5.92
9 DI LBC 8.53 19 1.134 0.50 5.56 4.90
10 DI LBC 8.86 19 1.196 0.44 4.89 4.09
11 DI LBC 9.17 19 1.156 041 4.59 3.97

The specific urease activity of the liquid broth culture grown using deionised water peaks at a pH of
approximately 7, as shown Figure 7-3. This is ¢ose to the pH of sample 7 above, this being the
sample with unadjusted pH, and, hence, the pH of the growth medium was not adjusted for the following

column studies.
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Figure 7-3. Effect of pH orspecific urease activity in liquid broth culture§S. pasteurjiwith error bars
showing standard errors of the means.

7.4.2 Material Properties

Figure7-4 gives the optimundry density (target density) of sand, and the sand and jute mixture, for
compaction into the columns, this being 1.726 §g/emd 1.700 g/cfrespectively. An additional
measuement was taken for the test with the sand and jute mixture, as it had been evident during testing
that the optimum water content was higher when compared with the sand only test. This had been
expected due to absorption of water by the jute fibres. Basemblumn measurements taken using
vernier callipers prior to the first UCS test, columns containing sand only and sand and jute were
compacted to 95.% and 91.4% respectively of their target densities. These results, as an average of
the triplicate calmns, show that the inclusion of fibres hindered compaction of column contents to

some extent.
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Figure 7-4. Proctor compaction curvefor F60 sandonly andan F60 sand and jutibre mixture.

210



Results oldined for particle size distribution, as showifrigure7-5, are in close alignment with those

reported by U.S. Silica. The general slope and shapesoflistribution curve are described by means

of the coefficient of uniformity (¢ and coefficient of curvature ¢ with a G value of between 1 and

3 indicative of a welgraded soi(Craig 2004) provided the value of @&xceeds 4
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Figure 7-5. Particle size distribution of F60 sands measured in the lab and as per pratddata provided by
US Silica

The parameters determined from the gradation curve for the F60 sand are giablein5. The G

value of 1.064along with the lowC, valueof 1.786, is indicative of poor grading anth@row range

of particle sizes.

Table7-5. F60 sand parametersas derived from the particle size distribution test results

D1o Dso Dso

D30 Cu Cz

0.140 0.226 0.250 0.193 1.786 1.064

7.4.3 Columns TestP2 (6 g/L Oxoid CM0001)

The content of the columns prepared for this test is giv@alihe7-6.

Table7-6. Contents of columns prepared for Guins Test P,

ColumnID Sand(g) Jute(g) Immobilised CM4 (g)

J1
J2
J3
Ja
J5
J6

133
133
133
133
133
133

1

1
1
1
1
1

0

0

0
1.687
1.681
1.686
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C1 143
Cc2 143
C3 143

7.4.3.1 Bacteria Fixation and Initial Activity

The optical density (O&o) of theS. pasteuriliquid broth culture grown for the column studies was
measured as 0.992 using a spectrophotometer. Following centrifugation, the supernatant optical density
was 0.154. Taking into account this loss of bacteria in the supernatagstiteng optical density was
0.840.When using the larger 500 mL Erlenmeyer flasks to produce 150 mL volumes of bacterial
cultures, grown for 24 h at 150 rpm and 23 °C, the measured urease activity had been lower than when
using the 250 mL flasks to prodaithe 50 mL cultures. Urease activity of the culture used to inoculate

the columns was measured as 4.37 mM/min. The reduced surface area to volume ratio demonstrated
the effect of limited oxygen transfer on the urease activity of the culture. The cotioargradient

between the oxygen at the surface and within the medium promotes oxygen transfer into the medium
(Doran 2013)

The bacteria appeared to have been successfully fixed by @dghown by the low optical densities

of effluent inTable 7-7, as measured following the injection of CMZSome bacterial losses were
occasionally observed in effluent just after one pore volume of CM had been pumped into the column,
when some cloudiness was observed in the effluent. It is noted that should any mineral precipitate be
contained within the effient that this would affect the optical density measurements. However, given
the very low optical densities measured, as givarahie7-7, this has ben deemed to have a negligible

effect if any at this stage.

Table7-7. Optical density of effluent discharged from 50 mm deptlirom TestP2 columns, during
biocementation treatment two, following fixingbafcteria by treatment one.

Column Ji J2 J3 J4 J5 J6 C1 c2 C3
Effluent ODeoo (51 10 mL) 0.018 0.01 0.015 0.011 0.008 0.011 0.055 0.02 0.044

7.4.3.2 Distribution of Bacterial Activity

Figure 76 (ai j) shows the breakthrough curves for measured electrical conductivity and pH of effluent
displaced during each treatment flush, which are used to analyse the distribution of the reaction products
within the columns. These results indicate that the distabus fairly even for control columns, with

more variation in the columns containing jute, as was expected given the jute may absorb some of the
bacteria. The results also indicate a slightly lower bacterial activity towards the top of columns (outlet)

cortaining jute following treatment one. This trend was observed to reverse after three CM treatments.
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The dashed vertical lines in Figure Ta-j) represent the interpreted location of column boundaries at

the outlet (approx. 5 ) and inlet (approx. 30 k) locations.

Electrical onductivity measurements of the effluent from columns show that there is some initial
inhibition of MICP activity in columns containing jute fibres (both treated and untreated) during
treatment one, as shown in Figuré (&), whencompared to the control columns containing sand only,

as was similarly observed in agueous studies report€thapter FiveHowever, results from testing

of the effluent flushed following subsequent treatments show that for columns containing untteated ju
fibres the EC and pH values corresponded to full conversion. The results from effluent tested after
treatment three and four show a decline in measured pH and EC from columns containing treated jute
compared to the untreated jute. Due to the exces®af full conversion of urea would deplete almost

all calcium and the remaining solution would be expected to contain about 1.25 mol/L ammonium, 1
mol/L chloride and 0.25 mol/L carbonate/bicarbonate, which according to Van Pé&2@88nhasan

EC of about 125 mS/cm and an expected pH of 8.5 to 9. Incomplete conversion would render lower EC
and pH values. The pH and conductivity results in Figuteshow a similar trend for columns
containing treated and untreated fibres, however, the |larger bars for those with treated fibres
indicative a greater variability of bacterial activity within these columns.
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Figure 7-6. Electrical cmnductivity and pH of effluefitom Test R columnsfollowing biocementation
treatments 1 (a,b), 2 (c,d), 3 (e,f), 4 (g,h) and 5 (i,j), with error bars showing standard errors of the means for

7.4.3.3 Efficiency of GemicalConversion

the triplicates.

The concentition of calcium ions in the effluent has been used as a measure of the efficiency of

substrate conversion following CM treatments one to four. The initial calcium ion concentration in the

injected CM was 500 mmol, which reduces to an average of 2 mnoaisaall columns after treatment

one. The calcium ion depletion Figure 7-7 refers to this reduction in concentration, and has been

represented as aimulative value over time. The concentration of calcium ions in the column effluent

shows that the efficiency of conversion of calcium ions to produce calcium carbonate precipitate

declines over time for the control columns containing sand only andesserlextent, the columns

containing the préreated jute fibres, between treatments one and four. Where jute has been mixed with

the sand the relationship between calcium ion conversion to produce calcium carbonate, i.e., depletion

of the calcium ions, imespect of time is almost linear. This clearly demonstrates a beneficial effect of
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the jute fibres on the MICP process. This effect is likely due to adsorption/absorption of bacteria by the
jute fibres, which appears of have had a positive effect onrizciell growth/ viability. Cells adsorbed
on surfaces replicate and grow into microcoloifiRsnner and Weibel 2011)
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Figure 7-7. Cumulative reduction in concentration of calcium ion3 @st 2 columnseffluent following
biocementation treatmentseto four.

Figure 7-8 shows the chemical conversion efficiency following all five CM treatments, based on
measurement of calcium ions in the effluent. Following treatment one the conversion efficiency is near
100% for all columns, despite the slightly reduced urease activilyedacteria injected into columns
compared to the batch study. There is a rise in efficiency following treatment five since columns had
been left eight days before the first UCS test and subsequent flushing with tap water and collection of
effluent. Thi increase at this stage is significant for the columns containing treated jute and is indicative
of a slower but also sustained MICP process when compared to results for columns containing untreated
jute. These results, along with those freigure7-6, are indicative of a lower urease activity in columns

J4 to J6, suggesting that there are less viable bacteria in these columns at this stage compared to J1 to
J3. Basean results inTable7-7, bacteria had been fixed adequately following CM treatment one but

the fibre pretreatment may have rendered these fibres Iblesta absorb/adsorb bacteria and more
bacteria may have instead adhered to the sand particles. The adhesion of bacteria to sand patrticles in
columns J4 to J6 is likely somewhere between that of the sand only and sand and untreated jute columns.
Adhesion & bacteria to a surface is affected by the physical properties of the surface and surface

chemistry, with topography being the most influential factor on bacterial adi{®&aner and Weibel
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2011) The treatment of thidores may have resulted in a smoothened outer surface, and will likely have
also affected their ability to absorb bacteria.
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Figure 7-8. Chemical conversion efficiencgs determined from lon Chromatograptmeasurement of calcium
ions within effluent from Test2Rolumns following each biocementation treatmeurith error bars showing
standard error of means.

7.4.3.4 Unconfined Compressive Strength, and Ca@@cipitated

Unconfined compression test results are showRiguire 7-9. The average unconfined compressive
strength of the three control columns containing sand only was 66 kieaavierage unconfined
compressive strength of the columns containing untreated jute and treated jute fibres was 370 kPa, and
320 kPa, respectively. It is observed that on average the unconfined compressive strengths of columns
containing untreated fibreseaapproximately 5.6 times higher than the columns containing sand only.
Figure 79 (a) shows a relatively close relationship between the peak unconfined compressive strength
results for columns J1 to J3, with the peak strengths all occurring clo$é str&in. This is indicative

of good repeatability for these columns. More variation between results is observed in Fdbje 7

for columns J4 to J6 containing treated fibres, which appear to fail in a more brittle manner at varying
strains between apptimately 2.5% and5 % andhave lower residual strengths. For this set of columns,

the highest, and also the lowest, UCS is obtained out of the six columns containing fibres. The lower
strength for column J5 is attributed to this splitting down the centiag the UCS test, as can be seen

in Figure7-10 (e). The highest strength obtained was 520 kPa for column J4 containing treated jute
fibres. The variability betweeresults for columns J4 to J6 may have been due to variable absorption

or adsorption of bacteria by these fibres. Thetgratment did not appear to hinder the mixing of fibres

with sand.
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Figure 7-9. Unconfined compressive strength test redoltdJCS1 ofTest 2 columnsfollowing
biocementatiotreatment five (&c), andUCS2 following colummeconstitution, flushingsaturation with water
andeight daysf curing to test for sekhealing(di f).

These results demonstrated the significant contribution to strength of the jute fibres, when compared to
controls, as a result of the mechanical properties of the fibres and greater precipitation of calcium
carbonate within thse columns. The confining effect of the latex membranes will have had a small
contribution to strengths obtained, which is assumed to be consistent across all columns tested. Of

interest in this study is the comparison between the results for colunats test

Figure7-9 (dif) is indicative of longeterm strengths of thdiocemented materidbllowing failure.
Between the first set of unconfined compression test results (Figlfa €)) and second (Figured

(di f)), the column contents contained within the latex membranes were reconstituted, this process itself
will have had some effect on material properties and may contribute to some strength reduction. There
is a noticeable difference in the trend of @S results for the reconstituted samples when comparing

Figure7-9 (di f), with peaks only visible for columns containing treated jute fibiMdsen comparing
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with the prior results with columns inoculated with jute, it can be observed that the faibaleohs
containing fibresin particular happens at smaller strains, at around 5 % stidins, more brittle
behaviour is evidenced when comparinghe earlier studies detailed in Chapter ®ixwhichfailure

had been observed closer to 10 % straircédumns containing fibres.

Figure7-10 shows images of the column samples following the onset of failure during the €S

The diagonal shear failure can be clearly seen in most samples. When comparing images, there is a
greater inconsistency in observed failure mechanisms for the samples with treated fibres, J4 to J6. J5
was observed to break apart down the centreeoddlumn during testing. The controls typically sheared

across the middle third of the test specimen.

9) h) i)

Figure 7-10. Photographic inages of columns J1 to J3 3, J4 to J6 (df) and C1 to C3 (), following the

onset of failure during CS1for Columns Test P2Annotations indicate shear failure plaawhere observed
and the vertical failure irolumnJ>s.
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