LOAD-SETTLEMENT BEHAVIOR OF MICROBIALLY IMPROVED SANDS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

YI LMAZ EMRE SARI ¢K¢EK

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OFDOCTOR OF PHILOSOPHY
IN
CIVIL ENGINEERING

JANUARY 2024






Approval of the thesis:

LOAD -SETTLEMENT BEHAVIOR OF MICROBIALLY IMPROVED
SANDS

submitted byY |l L MAZ EMRE S ARIparkal faldllment of the
requirements for theegree oDoctor of Philosophyin Civil Engineering, Middle
East Technical Universityby,

Prof. DrHal i | Kal eép-¢él ar
Dean Graduate School ofNatural and Applied Sciences

Prof. Dr.Erdem Canbay
Head of the Departmer€ivil Engineering

Assoc. Prof. Dr. Onur Pekcan
SupervisorCivil Engineering, METU

Examining Committee Members:

Prof. Dr.Berna Unutmaz
Civil Engineering Hacettepe University

Asc. Prof. Dr.Onur Pekcan
Civil Engineering METU

Prof. DrAyhan G¢rbg¢z
Civil Engineering Gazi University

Assoc.Prof. Dr.Nabi Kartal Toker
Civil Engineering, METU

Assoc Prof Dr. Nejan HuvajSar € h an
Civil Engineering METU

Date:24.01.2024



| hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. | also declare
that, as requred by these rules and conduct, | have fully cited and referenced
all material and results that are not original to this work.

Name LastnameY él maz Emr e Sar é-i -

Signature:



ABSTRACT

LOAD-SETTLEMENT BEHAVIOR OF MICROBIALLY IMPROVED
SANDS

Sar ée,Yiedenaz Emr e
Doctor of PhilosophyCivil Engineering
SupervisorAssoc.Prof. Dr.Onur Pekcan

January 2024210 pages

Microbially induced calcium carbonate precipitation (MICP) based improvement
methods on soils have been increasinglyestigated for the last few decad€ébe
scale of laboratory experiments and range of soil types are exteldthgs study,
thegeneraframework was constructed timree pillars as biological improvements,

onedimensional loading tests and foundatinadel tests.

Biological improvementspart consi® of investigation of innovative bacteria
cultivation method, determining viable techniques and media fietroducing

bacteria to theoil and finallyimage procssingutilization for detection of calcium
carbonate precipitatesnabling a non-destructive way especially for surficial

applications

Onedimensional loading tests covere st s on treated ¢ine
specimens prepared under various configuratidimese experiments prove that
under proper circumstances, exceptional precipitation rases lie achieved and

notable reductions in settlements are obtained.

Finally, foundation model teste n ¢ i n endic&ea botth under dry and wet

conditionsexceptional results in terms of settlemenhdaor under loading are

Sar



accomplished.Tests under dry conditions perform better compared to wet
conditions.Deepand foundation sidapplications, intermittent bidosingprovide
highly satisfying results pointing out the adjustability of MICP to divemeditions.
Moreover,the verification of mechanical testan considerably bsucceededia

commercial finite element solution software

Keywords:Microbially Induced Calcium Carbonate PrecipitatiBnpasteuriiOne

dimensional Loading-oundation Modl Tests
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Mi krobiyoloji k tabanl ének®T K dlayanam zeknimr bonat

iyilektirme y°ntemler. son d°lLamommdvar ar t an
deneylerinin °l-ekleri b¢y¢e¢mekte Bue uygul
-al ekxgnmdaal, - er -geki Wi iyrorhel) ebdomyeudstlenvey ¢ k|1 e
temelmodet est | er i ol mak ¢zere ¢- s¢gtun ¢zeri

Biyol oji k geyearwimeille-ri bl®d k tmehakterlyizemine me y ° n

il etme ama-1¢é& wuygulanabilir bakteri yeti
gortégn i Kl eme y°ntemler.i ku?t k @lnmétdsmtia ik n ikm |
edi | mesi b°eyl ece °czellikle yézeysel uy
belirlenmesini sajlama késémlaréné kapsal

Bir boyutlu ¢ipheemMeamueste!l ebiar Kkt é Kumuud hu
hazérl anméek iyilexktirilmik numund&lber. ¢z
deneyl er, uygun kokull ar alténda -ok yg¢Kks:
ve zemin oturmasénda di kkate Wledgmaktdgdegx.l

Sonolarak¢ i ne Kumu ¢zerinde ger - &hklreik tvier iélsd ma

kokul yagkdaal t enda otur maol dgamgsérge sadna:
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eri kilebildijikKiurug®kdrulnekrtca i mger - ekl ekt i ri
kokulgl®°area daha iy perf ®emans veertgeanhelmely e
uygulamalarar al ekl & bakter.i gen (eeegedei tatnomedici u y gu |l a ma
sonu-|lar verétanek| éMKEBK&Gh]l ara da wuyarl anabil
Dah anel@nik testtesol u el emanl ar y°nt emi kull anan ti

oranda dojrulanabil mektedir.

Anahtar KelimelerMi kr obi yol oji k Tabanl & Xalsiyum Kar
pasteuriiBi r Boyut [TemelWgdelTestlerie ,
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CHAPTER 1

INTRODUCTION

1.1 General

The search fothe better for enhancing the living conditions of the humankind is
endless. Researchers, engineers and practitioners in the geotechnical engineering
field are not exempt from this search and they are in pursuit of better applications,
better financial margement, better understanding and explanations, and more, like

many other disciplines.

The understanding and explanations in soil mechanics has proceeded in an
accumulative manner. While the early scientists, Coulomb and Rankine in this field,
made use dhe principles of mathematics and physics for understanding and dealing
with the soil, Terzaghi then paid attention to the vital function of geology among his
countless contributions. Further investigations in the following years brought about
the incluson of chemistry and mineralogy for rationalizing the behaviors such as
swelling, creep etc. (Mitchell and Santamarina, 2005). Researchers in geotechnics
have started to comprehend the effect of biological agents in the soil and also, they
have been inspiceby the similarity and possible applicability of the processes in

recent decades.

The inspirations, dbio-inspired approaches, are not subject of this thesis. However,
pointing out the analogy would make it easier to foresee how the future of
geotechnis could be shaped. Martinezal. (2022) summarized the similarities and
potentialuse areas as; the behavior of worms in sensor placing, tunneling, tree roots
in increasing the capacity of foundatipaachoring elements and slope, coastal area

stabilizaion, silk hierarchical structure and abalone shell for enhancing material



performance, ants in improving the efficiency in earth moving, leaf venations in
water and contaminant transport and more. DeJong (2015) indicated the much higher
efficiency of anexcavation compared to conventional tunnel boring machines (100
1000 times more) and stated 10 times more productivity of root systems with respect

to prevailing ground reinforcement/foundation systems.

The other side of the biologyased improvements igilization of biological agents
rather than being inspired by them. Probably, thanks to abundance of nutrients and
mainly some liquid in between the pores, soil is home to much higher numbers of
microorganism genera and species than any other habitatar (etmal., 2016).
Mitchell and Santamarina (2005) points out the ubiquity of bacteria in the soil,
availability in a wide spectrum of pH values ranging less than 2 to more than 10,
existence and survival in extreme temperature conditions like frozen mtakes

and hot springs, resistance against high pressures, exponential growth and high
adaptation talent. The question at that point arises as whether the solution for better
applications has always been in front of our eyes, but not visible to thd ag&e

bacteria.

Conventional ground improvement techniques include but not limited to soil

densification, grouting, deep mixing, stone columns, synthetic material utilization,

each requiring some effort, high energy consumption and environmental ristes (P

et al., 2020). Besides, the public opinion
of such applications (DeJong, 2015). Moreover, together with increasing population

and density, urban sprawl and scarcity of preferable vacant fields, nowadays

geotchnical engineers have to deal with bigger problemsoreet al. (2010)

considers works such as infrastructure rehabilitation, waste disposal, protection etc.

as large, complicated and highergy requiring works. The authors outline the

f r ame woenginedrisgovivbdb, t ouch upon the stages, cru
possible field applications as shown in Figure 1.1 and enrich the study focusing on

Microbially Induced Calcite Precipitation (MICP).
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Figurel.1l. Soil engineeringn vivoframework (DeJong et al., 2010)

1.2  Objectives of the Study

The main research subject of this thesis is on MICP and its applications on loose
sands, investigating whether the settlement behavior of loose sands could be
improved or not. For finding an answer to this question and further elaborating the

knowledge on MICP application, the following research points were determined:

x Innovations in bacteria cultivation methods, introducing bacteria to the new
environment and deteoh of precipitated calcium carbonate in a fion

destructive way,

x Behavi or of two different MI CP treate

under one dimensional loading conditions with various treatment conditions,



x Finally, setting extensive foundatioroatel tests in large boxes with various
injection configurations and circumstances, and comprehending settlement

behavior under loading accompanied by numerical validatioime end

1.3  Scope and Thesis Organization

The backbone of thesis was formed upon ifigdsatisfying answers to the
abovementioned research points. For this purpose, the structure of the study, starting

from the succeedinghaptersconsists of following divisions:

x Chapter 2 is dedicated to the literature review of MICP processes and its
possible application areas, crucial triggering and retarding variables like
compatibility, chemical reactions, calcium carbonate crystals and their
functions. Besides, the chapter presents the basic biological laboratory works
such as bacteria cultivationdharvesting, and media preparation aiming at
familiarizing the reader with the techniques that provided basis for the all

experimental works throughout the thesis.

x In Chapter 3, innovations in bacteria cultivation methods are investigated in
pursuit of understanding the urea hydrolysis success and increasing the
productivity of bacteria cultivated with various growth media. Moreover, the
challenging points like bacteria preservation temperature, resuspension
method, transmission of bacteria inside the eexpental apparatus are
examined. Finally, detection of precipitated calcium carbonate particles via
nontdestructive way is proposed, with image processing techniques. This last
part of the chapter is enriched with SEM, EM8tection methodsnd

working examples of images.

x Onedimensional loading tests are the core of Chapter 4. The settlement
behavior of treated ¢ine Sand and Quart z

together with quantification of the precipitations. The effects of treatment



strategy, pHvalues, saturation, sand type and dimerséamg subject to the

discussions at the end.

Chapter 5 initially summarizes literature findings on relatively greater scale
box experiments and then introduces the boxes used for loading versus
settlement expaments. The chapter covefsundation model test setup
preparation, treatment program and application details, the experiment phase,
settlement behavior and calcium carbonate precipitation quantification, and
discussion of the results together with numeneaification attemptsof the

results.

Final chapter of the study briefly evaluates the outcomes of the study and

present recommendations for future work.






CHAPTER 2

MICROBIALLY INDUCED CALCIUM CARBONATE PRECIPITATION

In this chapter, microbily induced calcium carbonate precipitation (MICP) is
introduced initially and next thiaindamentabiological laboratory works that are
employed in the forthcoming parts of the study are briefly presented for increasing
the familiarity with the subject.

In time, MICP hasshownthat it has moved to the stage of usability, already
achieving the proebf-concept phase. This fact is vital as by 2025 it is predicted that
soil stabilization market value could reach up to US$33.3 billion (Harran et al.,

2023). The very first observations of biineralization date back to as early as

19706s and since then at | east 60 minera
process. The initial applications of MIC
recovery, actinga pl ugging agent (Fu et al ., 2023)

pluggingo patent (U. S. Patent 5143, 155,
(Wang et al., 2023). Number of researches and fields of applications accelerated

postmillennium

A wide rangeof MICP applications thus far and possible areas of applications have
been proposed in the literature. Wang et al. (2023) visualizes MICP application fields
as shown in Figure 2.1. These applications are comprised of but not limited to
increasing soil séngth, erosion and fugitive dust control, mitigating liquefaction,
bio-clogging, landfill barriers, onshore and offshore soil stabilization, marine
structure corrosion protection, crack repair, and water separation, thermal
conductivity of soil etc. (& et al., 2023, Wang et al., 2023). Harran et al. (2023)
suggest that especially recent pioneering studies mainly focus on thermal or

electrical properties of soil aiming at combining these issues with MICP and they



refer to the research outcomes that psgpenabling geothermal applications in arid
areas. Wang et al. (2023) simply cite the

between soil particles.
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11y
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Figure2.1. MICP applications, (a) fracture liihg, (b) material binding preserving
drainge function, (c) & (d) remediation, (e) modifying material and protection
(Wang et al., 2023)

Furthermore, another promising MICP application area is heavy metal contaminants
remediation. Activities like mininguse of fertilizers, waste discharge, vehicle
emission etc. resulted in higher contamination llewe time. Literature review on

this subject by Y. Zhang et al. (2023) revealed that heavy metal removal rate of 50%
to 99% could be achieved still in roughnditions the authors cited literature
findings indicating removal adrsenic, strontium, chromium, nickel, zinc, copper,

cadmium, lead and more.

Conventional ground improvement methods may raise questions regarding their
energyintensive, high cost natei(Fu et al., 2023) and environmental concerns bring



about search for alternative solutions to ground conditions. Besides abovementioned
heavy metal remediation, MICP is indicated to be compatible with many
environmental requirements. K. Zhang et al. (9G&28nt out the much less physical
damage to the soil arslirroundingdy MICP injection compared to for instance
densification by vibroflotation or infiltration into the soil could be easier in
comparison with chemical grouting techniques thanks to leweosity. Figure 2.2

by the same researchers denotes the relation of MICP with United Nations
Sustainable Development Goals. According to Harran et al. (2023) the speed of the
processes, low pressure and low viscosity increase the competitiveness of MICP
against traditional approaches. On the other hand, the review study on MICP versus
waste stream by Fouladi et €2023) address the MICP issue with a little suspicion

on environmental impacts arguing carbon emissions and energy consumption mainly
due to sed chemical reagents. At that point, they aim at increasing awareness on
possible use of more edoendly reagents such as waste streams. For instance,
instead of synthetic urea, the authors question availability of hunemmaltbased

urine. Similarly Harran et al. (2023ddresshe possible environmental impacts by
implying that some recent studies focused on recycling ammonium to the soll
fertilizer form and thus replacing unwanted end product withdémgrableone.
Further, Fu et al. (2023) refdo the possible use of zeolites for adsorbing

ammonium.
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Figure2.2. Sustainable Development Goals and MICP (K. Zhang et al., 2023)



2.1  Microbially InducedCalcium Carbonate Precipitation (MICP)

2.1.1 Bacteria-Soil Compatibility

The researchers in the field of MICP are aware of the fact that soil can be no more
only considered aa structureof minerals, fluids etc., but instead an interactive
system. For instance, the vicinity of soil surfaces hostsdl@0*> microorganisms

per kilogram of the soil (Mitchell and Santamarina, 2005). This awareness brought
about the shift of attitude towards ground mitigation as well. Accordingly,
considering the environment as a valuable source to protect, less disruptive ground

treatments are investigated for the sake of ecosystems (Harran et al., 2023).

Although variations like enzyme induced or chemically induced calcium carbonate
precipitation mechanisms have been encountered in the literature recently, MICP
holds the maipostion and thus bacteria are still the vital agasftthe process. This

fact leads to the importance of solving possible grey areas like bacteria and chemical

agent transport, compatibility etc.

Fu et al. (2023) state that when introduced to the soilebadtansport via advection

and diffusion, and adsorption to the soil particles take place concurrently. The
researchers indicate soil pore geometry, bacteria shape, ionic strength,
hydrophobicity, surface charge, soil roughness and mineralogy, tempeifiiar
regime are among the triggeringfarding factors that could affect the
aforementioned movements. Besides, the authors evaluate various methods for
introducing bacteria to the soil, as the injection strategy is also a critical factor
affecting thesuccess of the treatment.

One of the determining factors regarding soil compatibility stems from the bacteria
dimensions themselves and pore throats are some of the main restrictions. DeJong et
al. (2010) extend the work of Mitchell and Santamarina (26@ing comparison

in between soil and bacteria sizes, injection limitations and geometric limitations

shown here in Figure 2.3.
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Figure2.3. Comparison in between soil and bacteria sizes, injection lionis&and
geometric limitations (DeJong et al., 2010)

An extensive experimental study in the doctoral thesis of Relaatda (2007)
shows that the most successfitilemptsfor calcium carbonate precipitation were
observed in fine sands. While the kaolinitenples had no signs of precipitation,
coarse samples could not maintain the fabric (Figure 2.4).
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Figure2.4. Grain size versus calcium carbonate content (Redbatda, 2007)
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2.1.2 Chemical Reactions and Affectiig Factors

The role of bacteria in MICP stages are vital as their functions include forming
carbonate ions, altering the alkalinity of the surrounding environment and thus easing
the precipitations in the end, acting as a nucleation site. Additionallytivedga
charged bacteria cells attract the required ions during the processes. Being negatively
charged also facilitates the attachment of the bacteria to the soil surfaces that could

provide abundance of nutrients.

Carbonate formation could be initiatedthwarious mechanisms, namely ureolysis,
denitrification, sulfate reduction and iron reduction. Figure 2.5 compares the
alternative processes that pave the way for calcium carbonate precipitation in terms
of GibbsFreeEnergy changefDeJong et al., 2010Relatively lower change in free
energy for ureolysis (urea hydrolysis) indicate its dominance over the other
mechanisms. Moreover, ureolysis is shown to be faster, more effective, most

straightforwardandcontrollable pathway.

Gibbs Free
Energy’
Urea Hydrolysis {(slimol)
NH, CO-NH,+3H,0>2NH; + HCO; + OH" 3 AG® =-27
(urea) (increases pH by producing OH") g
o
Denitrification
CH,;COO- + 2.6H"+ 1.6NO;—2CO;+ 0.8N,+ 2.8H,0 AG®' = -785
(acetate) (increases pH by consuming H*) o
o
Iron Reduction §
CH,CO0- +8Fe(OH),50y4y* BHCO; +7H® — 8FeCOy .0+ 20H,0 § AG®'=-316
(acetate) (increases pH by consuming H°)
Sulfate Reduction
CHSCOO'+ 2H'+ SO‘Z'? HS + 2H20 o CO2 & AG® = -57

(acetate) (increases pH by consuming H*)

Figure2.5. Alternative metabolic pathways (DeJong et al., 2010)
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Of all these providednetabolic pathways, ureolysis based reactiaevelopas

follows in short:

x Thanks to the urease enzyme (urea amidohydrolases) inherent irntiareoly
bacteria, urea is decomposed into ammonia and carbonic acid inside the cell
(Eq.2.1),

x  Ammonia equilibrium reaction takes place forming ammonium and
hydroxide ions, resulting in pH increase in sugroundingenvironmen{Eq.

2.2).

x  This reaction thers followed by bicarbonate and carbonate formati@tp
2.3) and in the end provided that sufficient calcium source is maintained,
calcium carbonate particles are forn{&d,. 2.4).

The reactions in brigfEquations2.1 to 2.4) and the simple demonstrat®(Figure
2.6 and Figure 2.7) are shown below:
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When compared with the natural carbonate mineralization, MICP reactions were
reported to be much faster because of enzymes. Depending on the target outcome
(such as providing uniformity, deepground enhancement, impermeable barrier
generation etc.) the urease activities, concentrations of the chemicals may vary, that

could be arranged by the operator.

Most of the studies in the literature utilizBgorosarcina pasteur{formerly known

as Baillus pasteurii)asa ureolytic bacteim. The bactetimis known to be a nen
pathogenic, grarpositive and alkalophilic. Besides, high urease activity and
withstanding harsh conditions made the bagtene of the best candidates in this
field. In thisstudy alsoS. pasteurifATCC 11859) was used as the primary agent
(Fu et al., 2023, Harran et al., 2023, K. Zhang et al., 2023, Wang et al., 2023).

2.1.3 Calcium Carbonate Crystals and Functions

In the literature, one may encounter with the common use détheMicrobially
InducedCalcite Precipitation, as most of the formed crystal structures in these
processes are defined as calcite. However, the end product of the chain reactions,
calcium carbonate, may appear in various phases depending on the prevailing
circumstances. The concentrations of the reactants, bacteria strain and urease
activity, physical environmental conditions like temperature and pressure, kinetic
inhibitors are among the possible driving factors of crystallization. The polymorphs
of calcum carbonate could be either anhydrous anehas calcite, vaterite and
aragonite or hydrated ones like monohydrocalcite, ikaite and amorphous calcium
carbonate (ACC). Solubilities and stabilities of the calcium carbonate crystals would
vary, with calcie having the highest stability and least solubility. Besides, the
mechanical performance of calcite increases its preferability with higher attachment
capacity to the surfaces and contact points, and tend@nfiying the spaces in the
pores. The stepwe formation chain includes transformation of amorphous calcium
carbonate into a metastable phase vaterite and ultimately into calcite (Fu et al., 2023,
Harran et al., 2023).
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For avoiding ambiguity, in the rest of the thesis calcium carbonate term esrpcef

rather than calcite term.

The distribution of calcium carbonate particles inside the soil pores is the main
determining factor of treated soil strength
and Apreferential 06 cal ansaseguahiakndsscrysdat e part i c |
structure covering soil particles and precipitation only at the particle contact points,

respectively. However, it is stated that rather than these unrealistic conditions, the

actual distribution is somewhere in between tleegeemes and a substantial amount

of calcium carbonate crystals settled at the particle contacts.

Fu et al. (2023) also points out the difference in between standard ground
improvement techniques with cementation and MICP based precipitations in terms
of soil pore filling. Accordingly, while the conventional techniques fill the pores
uniformly, MICP based precipitations at the particle contacts lead to cementing
bonds. Thisccurrencecould be related to the positioning of bacteria since bacteria
tend to sttle at particle contacts that host marmeountof nutrients and less flow
induced shear stresses exist at those locations. Moreover, the ones formed at the
pores or demolded from the soil particles could also be filtered through pore throats
and settle tadesired locations accompanied by flow. Also, the crystals that did not
find place in the maibondingstill could improve the frictional capacity and behave

like fine particles resulting in higher densification, even effective in residual states.
The regarchersadditionally refer to the brittle cementing bonds owinglattle
nature of calcium carbonate <crystal i tself
growth and new crystal formations, affected by supersaturation conditions of the ions
and nucleatin site availabilities. Finally, the auth@addresshe issue of uniformity

by stating that heterogenous cementation would not pose a problem as in many
geotechnical conditions stress distribution is-naiform, decreasing the importance

of homogenous ceentation.

Saricicek et al. (2019) captures scanning electron microscopy (SEM) images of

calcium carbonate precipitates in their study, indicating the microbe beds as well.
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Besides, the coating afalciumbasedminerals at particle boundaries are clearly
visible thanks to epoxy resin embedded SEM images. Although some of the detected
calcium minerals might be inherently existing ones, still the new precipitates mainly

form at the contact points (Figure 2.8 and Figure 2.9)

Lastly, the level of ultimate enhaement is vital as it tests the success of application,
effect of precipitates and direct the researchers, engineers for upcoming
improvement attempts. Field ¢argescalelaboratory applications could employ
destructive or nondestructive techniques ngméacterial count, precipitated
calcium carbonate measurement, monitoring pH and electric conductivity, shear
wave and compression wave velocity measurements, electrical resistivity etc.
(DeJong et al., 2010, Harran et al., 2023).

Figure2.8. Calcium carbonate crystals covering the surface and microbe beds
(Saricicek et al., 2019)
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Figure2.9. (a) SEM image, (b) Calcium mapping, @&uminum, silicon and

magnesium mapping, (d) all mineral mappings together (Saricicek et al., 2019)

2.2  Bacteria Cultivation and Harvesting

This part briefly aims at showing the basic biological laboratory works applicable to

the rest of the studies presented.

As previously statedn this thesis one of the most common ureolytic bastewas
mainly employed, namely5. pasteuriiand more specificallys. pasteuriiATCC
11859 strain. Mitigation of bacteria for injection required some preparation phases.
Accordingly, during the coursd the experiments, glycerol stocks of bacteria were
kept at-8 0 Ao preserving their freshness and from time to time the stocks were
renewed (Figure 2.10).
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Figure2.10. Glycerolstocks ofbacteria inmicrotubes at80A C

The bacteria, depending on their strain, require nutrients for gro®Bingasteurii
ATCC 11859 strain needs ATCC Medium 1376 for suitable growth conditions. The

ingredients of the medium are provided in Table 2.1 and denoted in Fiddre 2

Table2.1 ATCC Medium 137@acillus pasteuriNHs-YE medium

Yeast extract 2009
(NH4)2SQs (Ammonium sulphate) 10.0g
0.13 M Tris buffer (pH 9.0) 10L
Agar (if needed) 2009

19



Figure2.11. Tris buffer (left), yeast extract (mid), ammonium sulphate (right)

pH value of tris buffer is adjusted to 9.0 and these ingredients are autoclaved
separatelf 1 2 1 A C, . Aftebthemiutaclaving the ingredits are combined in
tris buffer bottle and preserved for next use.

The following step is bacteria growth and harvesting for applications. The fresh

bacteria in microtubes are takenout®f0 AC r ef r i ger adulovatorand i ni t i a
and then cultivadn operations are performed. Precultivation aims at preparing

bacteria in a single autoclaved flask and making it grow up to arouseh©0.5 to

1.0 (optical density at 600 nm wavelength) for upcoming greater volume

cultivations. Figures 2.12 and 2.180sv the stages. Depending on the volume of

sterile flask, the amount of media used for cultivation altered. Basicallgefation

1/5 of flask volume were filled with media and bacteria in microtubes were poured

in, with 0.5- 1% v/v ratios. For ensurintye sterilization of already autoclaved tools

and media, all operations were performed inside the biosafety cabinet with constant

airflow.
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Figure2.12. Microtube prior to use (left), sterile measuringdireder and flask,

bacteria growth medium and microtube inside biosafety cabinet (right)

19/11/2022 21:20

Figure2.13. Bacteria harvesting initiation, bacteria meeting flasks filled with media
via laboratory pipettes
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Next step is to provide bacteria a convenient environment for growth. For this

purpose, the conditions have to be likened to the ones given in product stgets of
pasteuiiATCC 11859. Accordingly, growth at 30AC
for at least48 hours was maintained (Figure 2.14). One of the basic indicators of

growth is the turbidity in the flasks, as time passes and growth occurs more turbidity

is visible (Figure 2.15). The accurate way of detecting bacterial growth is using UV

visible spectophotometer. The deviaaeasureshe optical density of a fluid with

respect to another fluid. Distilled water is used as reference fluid and the optical

density is measured at 600 nm wavelength (Figure 2.16). The ultimaie #ims

studyis to harvest acteria around Og3o of 1.0.

Figure214Or bi t al shaker, 30AC and 200 rpm

Figure2.15. Flasks with nongrown bacteridleft) and norgrown me (right)
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Figure2.16. Preparing fluids and spectrophotometer

The following step is to collect bacteria to be used whenever necessary in a short

time duration. Grown bacteria are poured into 15 mldulbégure 2.17) and then

these tubes are centrifuged with 5000 rpm for 30 minutes. The bulk of precipitated
bacteria are visible at the end of the process at the bottom of the tubes. Remaining

fluid is poured into the sink and the tubes with precipitateddyia at the bottom are
transferred to the refrigerator® 0 AC and preserved there un

Figure2.17. Bacteria fluid in 15 ml tubes
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Figure2.18. Centrifuging bacteria, collecting and preserving

2.3  Media Preparation

Preparation of media for bacteria to react with is other main part of biological works.
Although the molaritiesconstituentsmight vary from study to study and even

chapter to chapter in the same study, the core of the work is presented here.

The sensitive mass measuremerihgfedientsurea, ammonium chlorid@H4Cl),
sodium bicarbonateN@HCO;, for limited timesin this thesiyand nutrient brothis

the initial sep (Figure 2.19) and then these substances are solved in the distilled
water (Figure 2.20). Mainly, each constitueist solved separately and then

combined, except for the urea (Figure®@.2
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Figure2.20. Preparing solutions in distilled watand combined solutions in a

single bottle

The following step is to autoclave the media in bottles for ointgisterile media.

The bottles wer e albmioute$ @tion, dhough the WholeA C
process lasting around 2 hours, due to heating and cooling operations, depending
also on the amount of media (Figure1).2

Preparation of urea has differeeguirements. As stated by Saricicek et al. (2019),
autoclaving urea is not a proper option as urea might be decomposed due to heat.
Therefore, urea is sterilized through
(Figure 2.22).

Another medim for resuspnsion of bacteria pellets are prepared in a similar way

the details of which are presented in the following chapter.
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Figure2.22. Preparing urea solution and filtering process
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CHAPTER 3

BIOLOGICAL IMPROVEMENTS

This chapter covers the preliminary examination of works regarding enhancing
bacteria and soil interactions prior to large scale loading experiments. In other words,
biology-related improvements are the core of this chapter. The structure of this
chapter can be divided into three stages, each of which are set with an intention to
understand the background of various steps; starting with bacteria cultivation, then

meeting tle bacteria with laboratory soil samples and finally calcium carbonate

precipitation detection with a novel me t |
in bacteria cultivation methodso, fABacter
ADetectingtpdeciapcium carbonate via i mag

3.1 Innovations in Bacteria Cultivation Methods

The work provided here aim at understanding urea hydrolysis success and
productivity of bacteria with various growth media. Inclusion of a variety ¢énah

into classical growth medium (ATCC Medium 1376)Sopasteurii(ATCC 11859)

formed the basis of innovations. Besides, a similar procedure was followed for
Bacillus licheniformigATCC 14580), that normally is grown in ATCC Medium 3.
Enhancementsroclassical approaches may decrease the time required for growth of
bacteria and increase the amount and efficiency of grown bacteria in a certain time
duration. In the subsequent stage, whether the newly fabricated medium is
satisfactory for urea hydroligs or not can be investigated with an adaptation of
Stuartés urea broth test (Brink, 2010).

an indicator, simultaneously.

In the literature, one can encounter with use of materials like urea (DeJong et al.,
2006; nhal Okyay and Frigi Rodrigues, 2014), skimmed milk (Nemati and
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Voordouw, 2003; Boling, 2015; Almajed et al., 2019) and nickel (Bachmeier et al.,
2002; Onal Okyay and Frigi Rodrigues, 2014; Rowshanbakht et al., 2016) as
inclusions in bacteria growth andateent media. The main aim of inclusion of urea

in this study is about introducing urea to the bacteria during growth phase so that
urease enzyme could become active at an early stage prior to production. Although
the other constituents may vary, some dgtomedia for bacteria already contain urea
itself (ATCC Medium 1832). For skimmed milk, the studies of Nemati and
Voordouw (2003) and Almajed et al. (2019) focus on use of skim milk together with
urease enzyme during treatments, under the umbrella ofmeninyduced calcite
precipitation (EICP) that evolved from MICP. Boling (2015), on the other hand,
prefers using skimmed milk for resuspended microbial pellet in order to ensure the
liveliness of the cells. The findings reported in the literature regatdegarmony

of skimmed milk use during treatments encouraged the investigation of skimmed
milk inclusion success at the bacteria growth stage in this study. Bachmeier et al.
(2002) and Onal Okyay and Frigi Rodrigues (2014) mention use of nickel in
treatmen media together with other components. While Onal Okyay and Frigi
Rodrigues (2014) search for the optimum treatment conditions, Bachmeier et al.
(2002) also touches upon the possible inhibitory effect of addition of nickel higher
than certain amount botbn cell growth and urease activity. Rowshanbakht et al.
(2016) indicates the accelerating effect of the use of nickel during the bacteria growth

phase.

The abovementioned inclusions were implemented in the experiments presented here
within the scope of uferstanding the mechanisms and developing a new breath for
innovating a bacteria cultivation method. As an initial step, bacteria stocks
previously preserved &80 cC were subjected to precultivation with classical growth
medium (Table 3.1) under ordinacgnditions, namely inside orbital shakers at 200
rpm at 3@C and 3¢C for S. pasteuriandB. licheniformis respectivelyS. pasteurii

cells were monitored until they reached anes@®alue of 0.5. For the case Bf
licheniformis since the growth patte of these bacteria is more rapid, even after 9

hours, ORovalue of 0.95 was maintained. After reaching these values, bacteria
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were supplemented with tle®emponentg i ven i n Table 3.2 (500

ml medium). All bacteriaelated works were p®rmed under sterile conditions.
Solutions (in distilled water, i) with concentrations of 10 g/100 ml, 2 g/10 ml
and 25 mg/10 ml were prepared for urea, skimmed milk and nickel chloride,
respectively. Necessary amounts of these solutions were addieggal growth
media in order to ensure 20 g/L urea, 4 g/L skimmed milk and 0.05 g/L nickel
chloride, eventually. Urea and nickel chloride solutions were filtered throigh
micronfilters for sterilization. Filter sterilization of skimmed milk did resem to

be plausible. Further, autoclaving option with ado@pdroach(at 121cC for 15

min) caused skimmed milk to bearamelized Therefore, skimmed milk was

autoclaved at 1G& for 1 min.

Table3.1 S.pasteuriiandB. licheniformisclassical growth mediaATCC 1376 &

Medium 3
S. pasteurii Yeast extract 20 ¢
(ATCC 1376)  Ammonium sulphaté (NH4).SQ: 10 g
0.13 M Tris buffer (pH 9.0) 1L
B. licheniformis  Peptone 50
(ATCC Medium 3) Meat Extract 39
The ingredients are autoclaved separatel

fi NB O pasteurii@nd Blicheniformis, respectively, in the following parts.
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Table3.2 Bacterial growh test samples

Fabricated Medium

Sample  Bacterium Design Composition

1 S. pasteurii M 50 ml ¢ medium
2 S. pasteurii M+U 40 ml ¢ medium+10 ml urea
3 S. pasteurii M-+Ni 50 ml ¢ medium+1 ml NiCI2
4 S. pasteurii M+U+Ni 40 ml ¢ m. +10 ml u+1 ml NiCk
5 S. pasteurii M+U+sm 40 ml ¢ m.+10 ml urea+1 ml sm
6 S. pasteurii M+sm 50 ml ¢ medium+1 ml sm
7 S. pasteurii M+Ni+sm 50 ml ¢ m.+1 ml sm+1 ml NiCl
8 S. pasteurii  M+U+sm+Ni 40mic m.+r$|ONni1(I::JZ+1 ml sm+1
9 B. licheniformis NB 50 ml ¢ medum
10 B. licheniformis NB+U 40 ml ¢ medium + 10 ml urea
11 B. licheniformis NB+U+sm 40mlcm.+10mlu+ 1 mlsm
12 B. licheniformis NB+Ni 50 ml ¢ medium + 1 ml NiC{

NC 1 - M 30 ml ¢ medium

NC 2 - NB 30 ml ¢ medium

M: S. pasteurii classicahedium (ATCC Medium 1376)
NB: nutrient broth (for B. licheniformis)
U: urea sm: skimmed milk powder Ni: nickel chloriddC: control sample

The aforementionecbrbital shaker arrangements (temperature and rotation rate)
were maintained for the resf the incubation process. @dmeasurements were
made at t = 20, 32 and 44 hours. The measurements are given in Table 3.3. As
expected, control samples (NC 1 and NC 2) did not show any growth behavior since
no bacteria were included in those sampldég.A20 h,S.pasteuriisamples had not
shown any turbidity, in other words no sign of growth. By the end of the 44 h, most
of S. pasteuriisamples had reached to €bvalues greater than 1.5. All of the
samples containing urea both solely and with otieenponents accomplished high
values. Samples containing nickel chloride did not allow bacterial growth at an

expected level except the ones consisting of nickel chloride in addition with urea and
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other components. The overall outcome demtite successf urea (even probably
compensating nickel effect for Samples 4 and 8) and possible inhibitory effect of
nickel in the samples. Bachmeier et al. (2002) had mentioned the inhibitory effect of
excessive use of nickel in the experiments. Samples 5 and 6 dlsoweess of

skimmed milk inclusion when designed to be used with compatible components. The

deductions made here opened the way for new experimental design scheme in the

following parts.

Table3.3 ODsgomeasurements at various times

Sample Bacterium Designation t=0 t=20h t=32h t=44h
1 S. pasteurii M 0.5 0.18 1.82
2 S. pasteurii M+U 0.5 1.30 1.59
3 S. pasteurii M+Ni 0.5 0 0.46
4 S. pasteurii M+U+Ni 0.5 1.37 1.63
5 S. pasteurii M+U+sm 0.5 0.51 1.7
6 S. pasteurii M+sm 0.5 0.35 1.99
7 S. pasteurii M+Ni+sm 0.5 0.22 0.18
8 S. pasteurii  M+U+sm+Ni 0.5 0.28 1.61
9 B. licheniformis NB 095 1.27 1.68
10 B. licheniformis NB+U 0.95 1.507 1.05
11 B. licheniformis NB+U+sm 0.95 1.704 1.58
12 B. licheniformis NB+Ni 0.95 0.910 -

| mmedi ately after the abovementioned

(2010) was employed. The test was originally develofmedunderstanding the
urease activity: ureolysis mechanism leading to pH increakewamtually changing
the color of the medium. The higher the pH, the more fudisacolor is obtained
in the test. The aim here in doing so is to detect the urea hydrolyzing capabilities of
bacteria grown under various conditions. Ingredients giveidahle 3.4 were

dissolved in lliter of distilled water, filter sterilized and for each sterile test tube 3

ml of broth was added.
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Table34St uart 6s ur ea Bring,2010)t est i ngredien

Ingredient Amount
Yeast extract 0.1g
Potassium phosphate, monoba 91g¢g
Potassium phosphate, dibasi 95¢g
Urea 209

Phenol red 0.01g

Following the inclusion of heavy inoculusboth the requirement of the test and to
minimize the effect of variations of Qb values- from grown bacteria samples, the
tubes were preserved insida incubator at a temperature of 85. Observations
regarding the color changes were made at 8, 12, 24 and 48 hours. Starting with
yellow-orange color, the occurrence of bright pinkctigia) color indicates the
urease production. Figure 3.1 shows the sthexperiment and endf-experiment

stage pictures. The figure shows the very immediate reaction of some of the samples.
In addition, the color scale is given for other time measunésrees well in Table 8.
together with enaf-experiment pH measurements. Since Sample 7 did not show
growth behavior, it was not tested with St
prepared in triplicate. The third samples of each sample set were useH for p
measurements. In case of urea hydrolysis, the production of ammonia leads to
increase in pH value. Throughout the test, controlBndcheniformissamples did

not react with the broth, or if any only slightly, in other words no transitions from
orangeto pink were observed. Thisccurrencewvas confirmed with pH levels of
these samples. Feamples containing. pasteuriialthough the immediate reactions

of Samples 1, 3 and 6 were not as powerful as the others, starting from the second
measurements athe samples turned out to be in the same color. These observations

confirmed the success of urea hydrolysis of all gr@wpasteuribacteria. Also, the
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guestions and suspicions regarding the urea hydrolysing inabiiylicheniformis

from previous wek of Saricicek et al. (2019) were confirmed and resolved.

t =0, (left to right) t =0, (left to right) t =0, (left to right)
NC 1, Samples 1, 2,3, NC 1, Samples 5, 6, 8 NC 2, Samples 9, 10, 11, 12

t=48h, (lefttoright) t=48h, (lefttoright) t=48 h, (left to right)
NC 1, Samples B, 3,4 NC 1, Samples 5, 6, 8 NC 2, Samples 9, 10, 11, 12

Figure3.1.St uart 6s urea broth sample react.i

Table3.5 Color codes of every sample at all thib@sed measurements

Sample Start (t=0) t=8 h t=12h t=24h t=48h pH
(t=48 h)
NC1-1 + + + + +
NC1-2 + + + + +
NC1-3 + + + + + 6.56
1-1 15+ ++++ ++++ ++++ ++++
1-2 ++ ++++ ++++ ++++ ++++
1-3 15+ ++++ ++++ ++++ ++++ 9.21
2-1 +++ ++++ ++++ ++++ ++++
2-2 +++ ++++ ++++ ++++ ++++
2-3 +++ ++++ ++++ ++++ ++++ 9.21
31 + ++++ ++++ ++++ ++++
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Table3.5( ¢ o nQoléradodes of every sample at all thbn@sed measuresnts

32 + ++++ ++++ ++++ ++++
33 + ++++ ++++ ++++ ++++ 9.25
4-1 +++ ++++ ++++ ++++ ++++
4-2 +++ ++++ ++++ ++++ ++++
4-3 +++ ++++ ++++ ++++ ++++ 9.33
51 +++ ++++ ++++ ++++ ++++
5-2 +++ ++++ ++++ ++++ ++++
5-3 +++ ++++ ++++ ++++ ++++ 9.25
6-1 + ++++ ++++ ++++ ++++
6-2 + ++++ ++++ ++++ ++++
6-3 + ++++ ++++ ++++ ++++ 9.25
8-1 +++ ++++ ++++ ++++ ++++
8-2 +++ ++++ ++++ ++++ ++++
8-3 +++ ++++ ++++ ++++ ++++ 9.27
NC2-1 + + + + +
NC2-2 + + + + +
NC2-3 + + + + + 6.74
9-1 + + + + +
9-2 + + + + +
9-3 + + + + + 6.75
101 + + + + +
10-2 + + + + +
10-3 + + + + + 6.79
11-1 + + + + +
11-2 + + + + +
11-3 + + + + + 6.80
12-1 + + + + +
12-2 + + + + +
12-3 + + + + + 6.77

++++: fuchsia +++: Dark pink ++:pink +: orange

The possible inhibitory effect of nickel gave a birth to an idea of decreasing the
molarity of that substance. In addition, use of higher amount of skimmed milk was

also considered. Moreover, to decrease the burden of time spgraviadh phase, in
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the new modified experiment scheme, the approaches denoted in Table 3.6 were
adopted. Initial Olhovalues were calibrated to 0.5 for all bacteria samples and the
bacteria were collected at t = 15 h. More frequent pH measurements wereamade
this part. Precultivation, this time, was made in two stages, the bacteria were then
arranged to OBy = 0.5 value, fresher medium was used and all these facts might
have had an accelerating effect in some samples, as well. The overall results are
given in Table 3.7, Table 3.8 and Figure 3.2. Accordindhgse timebased
measurementsdicated that when urea and skimmed milk are used together, more
cultivation time might be required for reaching highere@Malues. In the previous

set of experimentgheir working harmony was evident. The more freshness and
double cultivation mighbhaveresulted in earlier high Gdgpvalues for Sample 1 and
Sample 6 compared to previous set. The success of Sample 6 could also be related
to the skimmed milk. FurthermaréODsoo value obtained for Sample 7 was
outstanding. The new approach for Sample 3 was also superior to the previous set.
I n terms of Stuartds urea broth test resu
the preceding set. Samples 1, 3 and 6 rdasitavly together with Samples 5 and 8

this time. For the last two of these, smaller gdalues might have affected.
However, overall pH measurements starting from t = 8 h are consistent and almost
same. Considering the fact that, all gro#&npasteuribacteria are capable of urea
hydrolyzingsomehow, the best way seemed to be comparing eileium carbonate
precipitation abilities in a different environment. For this purpose, to maintain equal
conditions, growing all samples to the &&values of arand 1 and then comparing

them is a reasonable attitude. The details of this proposed work can be found under
the heading of A3.3 Detecting precipitat

techniqueso.
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Table3.6 Bacterial growth test samples for the modified stage

Sample Bacterium Design Fabricated Medium Composition
1 S. pasteurii M 50 ml ¢ medium
2 S. pasteurii M+U 40 ml ¢ medium+10 ml urea
3 S. pasteurii M+Ni 50 ml ¢ medium+1/3 ml NiCd
4 S. pateurii M+U+Ni 40 ml ¢ m.+10 ml ureat/3ml NiCl;
5 S. pasteurii M+U+sm 40 ml ¢ m.+10 ml urea+2 ml sm
6 S. pasteurii M+sm 50 ml ¢ medium+2 ml sm
7 S. pasteurii M+Ni+sm 50 ml ¢ m.+2 ml sm+1/3 ml NiC
8 S. pasteurii M+U+.sm+ 40 ml ¢ m.+10 m.I u+2ml sm+1/3
Ni ml NiCl

9 B. licheniformis NB 50 ml ¢ medium
10 B. licheniformis NB+U 40 ml ¢ medium+10 ml urea
11 B. licheniformis NB+U+sm 40 ml ¢ medium+10 ml urea+ 2ml
12 B. licheniformis ~ NB+Ni 50 ml ¢ medium+1/3 ml NiC{

NC 1 - M 30 mlc. medium

NC 2 - NB 30 mlc. medium

M: S. pasteurii classical medium (ATCC Medium 1376) NB: nutrient broth

U: urea

B. licheniformis)

sm: skimmed milk powder Ni: nickel chloride

Table3.7 ODsoo measurements at various times for the modified stage

Sample Bacterium Designation t=0 t=10h t=15h
1 S. pasteurii M 0.5 1.33
2 S. pasteurii M+U 0.5 1.17
3 S. pasteurii M+Ni 0.5 0.94
4 S. pasteurii M+U+Ni 0.5 1.03
5 S. pasteurii M+U+sm 0.5 0.65
6 S. pasteurii M+sm 0.5 2.03
7 S. pasteurii M+Ni+sm 0.5 2.01
8 S. pasteurii M+U+sm+Ni 0.5 0.64
9 B. licheniformis NB 0.5 1.71
10 B. licheniformis NB+U 0.5 1.57
11 B. licheniformis NB+U+sm 0.5 1.66
12 B. licheniformis NB+Ni 0.5 1.23
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Table3.8 Color codes of every sample at tathe-basedneasurements for the

modified stage

Sample Start pH(@=0) t=8h pH t=12h pH

(t=0) (t=8 h) (t=12 h)
NC1-3 + 6.82 + 6.83 + 6.84
1-3 ++ 7.04 ++++ 9.27 ++++ 9.25
2-3 +++ 7.40 ++++ 9.27 ++++ 9.26
3-3 15+ 6.99 ++++ 9.26 ++++ 9.27
4-3 +++ 7.55 ++++ 9.29 ++++ 9.29
5-3 15+ 6.97 ++++ 9.03 ++++ 9.24
6-3 ++ 7.17 ++++ 9.28 ++++ 9.29
7-3 ++ 7.04 ++++ 9.31 ++++ 9.28
8-3 1.25 + 7.01 ++++ 8.76 ++++ 9.09
NC2-3 + 6.64 + 6.72 + 6.76
9-3 + 6.69 + 6.79 + 6.73
10-3 + 6.68 + 6.75 + 6.74
11-3 + 6.69 + 6.77 + 6.72
12-3 + 6.68 + 6.73 + 6.73
++++: fuchsia +++: Dark pink ++: pink +: orange
Sample t=24nh pH (t=24h) t=48h pH (t=48h)

NC1-3 + 6.90 + 6.96

1-3 ++++ 9.21 ++++ 9.27

2-3 ++++ 9.29 ++++ 9.29

3-3 ++++ 9.25 ++++ 9.29

4-3 ++++ 9.26 ++++ 9.33

5-3 ++++ 9.26 ++++ 9.27

6-3 ++++ 9.24 ++++ 9.27

7-3 ++++ 9.25 ++++ 9.28

8-3 ++++ 9.31 ++++ 9.31

NC2-3 + 6.72 + 6.77

9-3 + 6.75 + 6.83

103 + 6.76 + 6.86

11-3 + 6.77 + 6.86

12-3 + 6.77 + 6.82

++++: fuchsia +++: Dark pink  ++:pink +: orange
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pH Values vs Measurement Times

10

—o—NC 1

t=8 h t=12 h t=24 h t=48h

Sample 1
Sample 2
Sample 3
—&— Sample 4

—&— Sample 5

—e— Sample 6

pH values
(0}

—&— Sample 7

—e— Sample 8
hd —8&— NC 2

—&— Sample 9
6 —e— Sample 10

Sample 11

Sample 12

Figure3.2. pH values of samples att +8, 12, 24 and 48 hours

3.2 Bacteria Introduction to the New Environment

Requirements of working in remote locations, laboratories and efforts shown on
combining the biology related and soil mechanics related issues under the umbrella
of MICP, in time, led toexperience gain and develop insight into some possible
problematic parts. The framework presented here was formed on the basis of
investigating whether subtle differences while transporting and preserving bacteria
could lead to meaningful variations inethresults or not. Bacteria preservation
temperature prior to tests (either-20 cC or +4cC), bacteria resuspension medium
and dissolving bacteria pellets wiihaking by handr use of vortex mixer are
variables subjected to research in this-stage.pH measurements were used as a

tool for understanding the urea hydrolysis success.

Soil mechanics laboratory works bring about the use of supplementary materials like

molds, filter papers etc. The ability of bacteria to reach soil by moving inside the
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molds or passing through the filter papers inevitably affect the efficiency and thus
success of applications. Besides, in real life applications, as soils may be far from
being homogenous for most of the time, fine soil pockets or infillings in coarser soils
may also hinder the movement of the bacteria. The inability of adequate resuspension
of bacteria pellets results in bulk accumulations on filter papers, avoiding reaching
to the soil samples. Therefore, for detecting a gootking bacterialsolution (BS)

for continuing experiments, the candidates given in Table 3.9 were subjected to tests.
These media (7 ml each) were adde8.tpasteuripellets (grown in classical growth
medium ATCC Medium 1376, Q»a 1) . 5 hours after initi
acementation media (same with Medium 5 used as BS candidate) were poured into
each sample for monitoring calcium carbonate precipitation behaviors. Medium 5
and Medium 6 can be referred as cementation media as they are frequently
encountered in the literakey used as cementation solutions. Even at the very
beginning of the media inclusions, as can be expected probably due to immediate
calcium carbonaterecipitations, these two sample groups had precipitates at the
bottom of the tubes. So, it can be infertbat some of the bacteria contributed for
precipitation rather than acting inside the dissolution agent throughout the test.
Hence, the inconsistencies in pH measurements of these samples indicate this fact as

the precipitation itself changes the results

pH measurements of the test samples, which inditltdeabovementioned variables
al so, are provided in Tabl eShakindlyhandr he | et
vortex and modifiedtemp, €806, respectively. Figures 3.

of each triggering factor separately.

Monitoring pH levels allows making deductions about the progress of the work. Urea
hydrolysis, in other words ureolysis, shows a tendency to increase pH. On the other

hand, the precipitation of calcium carbonate &aésndency of decreasing pH.
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Table3.9 Bacterialsolution (BS) candidate media

Sample Medium Constituents

1 ATCC Growth Yeast Extract 20 g, (NH)2SOy i 10 g, Tris
Medium 1376 buffert 15.75 g(per liter)

2 Urea+ NH4ClI 1 g NHCl, 3.003 g uregper 100 ml)

3 Urea 3.003 gurea (per 100 ml)

4 Urea+ NH4Cl + 0.212 g NaHC@ 1 g NH.CI, 3.003 gurea (per

NaHCQ 100 ml)
5 Ureatr NH4Cl + 3.003 gureg 1 g NHCl, 0.212 g NaHCg) 5.545
NaHCQ; + g CaCt, 0.3 g NB(per 100 ml)

CaCk+ NB

6 Urea+ CaCh 3.003 gureg 2.7725 g CaGkper 100 ml)

7 Urea+ NHsCl + 3.003 gureg 1 g NHCI, 0.212 g NaHC@ 0.3 g

NaHCG + NB

NB (per 100 ml)

Table3.10 pH measurements shmples at various conditions and times

-20C, Day 1, Day 1, Cementation Day3 Day5 Day8
mix with t=0 t=5h med poured
shaking
1-H 8.76 8.74 8.63 8.58 8.56
2-H 9.11 9.56 9.34 9.33 9.35
3-H 9.53 9.72 9.46 9.43 9.47
4-H 9.42 9.61 9.37 9.36 9.39
5-H 7.98 7.96 7.75 7.99 8.27
6-H 8.70 9.25 9.06 9.02 9.10
7-H 9.40 9.58 9.39 9.32 9.41
-20C, Day 1, Day 1, Cementation Day3 Day5 Day8
vortex mix t=0 t=5h med poured
1-V 8.86 8.79 8.81 8.59 8.58
2-V 9.37 9.57 9.35 9.34 9.34
3V 9.57 9.75 9.45 9.45 9.48
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Table3.10( ¢ o npH énelayurements of samples at various conditions and 1

4-V 9.39 9.64 9.39 9.35 9.38
5V 7.78 7.79 7.67 7.89 8.25
6-V 8.71 9.03 9.07 9.06 9.06
7-V 9.48 9.62 9.40 9.33 9.37
+4 oC, mix Day 1, Day 1, Cementation Day3 Day5 Day8
with t=0 t=5h med poured
shaking
M1-H 8.71 8.74 8.67 8.56 8.51
M2-H 9.18 9.56 9.37 9.35 9.35
M3-H 9.54 9.74 9.50 9.45 9.48
M4-H 9.23 9.61 9.41 9.37 9.40
M5-H 7.74 7.85 8.22 8.24 8.24
M6-H 8.15 9.24 9.18 9.04 9.04
M7-H 9.23 9.58 9.34 9.34 9.32
+4 C, Day 1, Day 1, Cementation Day3 Day5 Day8
vortex mix t=0 t=5h med poured
M1-V 8.79 8.77 8.89 8.57 8.54
M2-V 9.30 9.58 9.33 9.34 9.34
M3-V 9.57 9.71 9.58 9.45 9.43
M4-V 9.37 9.60 9.40 941 9.39
M5-V 7.78 7.76 8.18 8.26 8.25
M6-V 8.23 9.08 9.15 9.1 9.05
M7-V 9.30 9.57 9.37 9.35 9.36

Omitting the results of Sample 5 and Sample 6 due to aforementioned reasons, the
remaining samplesid not pose significant vari@n on the adopted dissolution,
either mix withshaking by handr vortex mix, and pellet preserving methods, either
storing at-20cC or +4C. The overall trends of Samples 2, 3, 4 andouldtbe
attributed to first urea hydrolysis (increase in pH) anchtbalcium carbonate
precipitation (after adding cementation media, the precipitation occurs and pH values
tend to decrease (Martinez et al., 2013). During the following days, no inclusions or
exclusions were made in to/out of samples. Sample 1 consisteahweentional
growth medium (ATCC Medium 1376), therefore, no ureolysis or precipitation

behavior were expected at the beginning. Also, simultaneous addition of urea and
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calcium chloride in the subsequent stage may have not resulted in pH increase, as
themolarity of [OH] generated from NiH must be much greater than fdfor pH
increase (DeJong et al., 2010). The candidates working functional happened to be
media 1, 2, 3, 4 and 7. Together with simple trials with filter papers, media 1 and
media 4 passd through the filter paper very slowly. Besides, medium 1 did not
include urea, therefore early activation of urease enzyme could not be expected. The
existence of sodium bicarbonate medium 7 was another concerning factor,
although it was used previdysin the studies. Sodium bicarbonate is in small
fraction, but still may react with calcium chloride in the upcoming cementation
treatments. Hence, considering the amount of sodium bicarbonate in the media, some
small portion of precipitated calcium cartade might have been due to the existence

of sodium bicarbonate itself, this fact leading to phasing out use of sodium
bicarbonate in cementation media thereafter. Overall, samples 2 and 3 were rendered

to be ultimate candidates for the application given in e x t section:

fiiDet

precipitated calcium carbonate via image pr
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Figure3.3. pH values for mix wittshaking by handt-20cC condition
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Storage Temp: +4C & Mix by Shaking
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Figure3.6. pH valuedor vortex mix at +4 C condition

3.3 Detecting Precipitated Calcium Carbonate via Image Processing

Techniques

The ultimate aims in MICP studies may vary with respect to the desired outcomes

such as decrease in permeability, increase in strength, reducttendency of

internal erosion etc. In principal, all these basically depend on the precipitation of

calcium carbonate particles. The presented findings in this chapter so far also serve

for this final step: ADet ect iemprgcesgimge ci pi t at e
techniqueso. Mo s t of the studies in the |
carbonate particles with the use hydrochloric acid, as the hydrochloric acid reacts

with calcium carbonate forming calcium chloride (require rinsing with wate) the

water and carbon dioxide. For the soil samples inherently having calcium carbonate

particles, hydrochloric acid application may result in obtaining higher amount of

calcium carbonate particles inside than the real situdfloreover the hydrochloric
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acid itself may pose some danger in case of incautious use. After all, hydrochloric
acid still seems one of theasiestand versatile ways of detection. The literature
findings reveal other methods, namely the titration, inductively coupled plasma
(ICP), X-ray diffraction (XRD), thermogravimetric analysis and ASTM D4343
Standard Test Methdwr Rapid Determinationf Carbonate Conterdf Soils, also

(Choi et al., 2017). In this part, observing the precipitations in a different, infrequent
way was aimedyia image processing techniques. Further, since the techwagie
applied in a notdestructive way on a thin layer of soil particles, the precipitates were

also visible to the nakeeye.

In order to be able to better catch the contrast and avoid sinalarscfrom
misguiding, colored sand samples were used cldssification parameters agrhin

size distribution of the sampbee givenin Table 3.11 andrigure 3.7. Besides, for
finding the mineralogical composition of the sand, XRD tests were perfoomed
these samples, for the particles sieved from #100 sieve in dry, at Middle East
Technical University Civil Engineering Department Laboratory of Construction
Materials with BTX Il X-Ray Diffraction Analyzer, ®5Ascan range. The peaks
presented in Figurg.8 indicated that the sand composed of quartz mineral thanks to

MATCH! Phase Analysis using Powder Diffraction software.

Table3.11 Colored sand index properties

Soil Properties

D10 1.14 mm
D30 1.56 mm
Dso 1.81 mm
Dso 2.08 mm
Cu 1.82
Cc 1.03

USCS classification SP
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Figure3.8. XRD mineralogical comgsition detection of colored sand

Initial trials were made with petri dishes, but these dishes did not seem appropriate
for opening drainage holes at the bottom. Instead small diameter metal containers

(=5 cm) were used and holes were opened at theirckasers. Multiple conditions,
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namely wetdry, varing filter papers, togbottom injections were tested for
obtaining the optimum conditions of the treatm&hatman Grade 309 filter paper
happened to be the most convenient filter paper eventually. Ther&arsed for
picturing at the end of the tests had the following properties: CANON 600d 18 MP,
lens: CANON EFS 1855 mm lens /3.%.6. The available best position for the light
sources and camera were adjusted. For the case of bacteria pellets, appicati
PBS (phosphate buffer saline) was made in order to remove possible metabolic
wastes (Al Qabany et al., 2012). Accordingly, for preparation of PBS solutions, 2
tablets of solid PBS substances were dissolved in 200 ml distilled water. While
harvestinghe bacteria, sufficient amounts of PBS solutions were poured into each
tube. After one more centrifuging with the solution inside the tubes, the liquid parts
were removed from the tubes and harvested, double centrifuged bacteria were kept
at +4A@ until wus

Pilot experiments prior to real applications revealed some important points on how

to enhance the calibration. In these experiments, around 10 grams of colored sand
were laid in a thin section, sandwiched between top and bottom filter papers, in metal
containers. Treatments bhcterialsolution and subsequent cementation solutions

(10 times) were given on a daily basis. After a few days following the end of final
treatment, the samples wereovkm i ed at 60AC for a couple
findings during the course and end of these experiments, some of the precipitates
occurred on the top filter paper rather than the soil surface. Moreover, the turbidity
inside the collecting container at the bottom of samples indicated that also some of

the bactdaa might have been flushed out of the sample through the hole. Therefore,

some subtle changes were made in the experimental procedure.

Precultivated bacteria were added into the media with the ratios given in3[@ble

again only forS. pasteuriisamples.The bacteria were grown in orbital shaker
(Zhicheng, China) at 30AC with 2®& rpm ui
1.00. In order to be able to compare the bacteria groups under similar conditions,
frequent ODmeasurementerere made with UWisible spectrophotometer (UV

5100, SOIF, China). Together with abovementioned PBS application in the mid
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step, the bacteria in 10 ml volumes were double centrifuged (Spectrafug 6C,
LABNET, USA) at 40009 for 20 min. Medium 2 given in TaBl®was selectedt

be used in this part of the experiments for introducing bacteria to the soil, namely,

bacterialsolution (Table3.12, referred as IMG_BS hereafter), commonly used in the

literature as well (Feng and Montoya, 2016, Zamani and Montoya, 2019, Nafisi et

al., 2020). For cementation solutions (IMG_CS), the ingredients are also shown in

Table 3.2. Another medium was prepared for providing the fixation of bacteria to

the soil (IMG_Fix). The experimental procedure is explained in Figure 3.9 and

samples before ¢hinitiation of the experiments are shown in Figure 3.10.

Table3.12 The details of IMG_BS, IMG_CS and IMG_Fix media

Medium Ingredient Amount Sterilization Method
IMG_BS Urea 15.015¢ Filter
(500 ml) (0.5 M)
NH4CI 59 Autoclave
IMG_CS(1L) Urea 30.03 g Autoclave
NH4CI 109 Autoclave
Nutrient 39 Autoclave
Broth
CaCb.2H,0 73.505 g Autoclave
(0.5 M)
IMG_Fix CaCb.2H0 1.103 g Autoclave
(300 ml) (25 mM)

STEP 1

Metal containers with colored sands (~10 g in each) v
prepared for bactexigrown with respect to condition
given in Table3.6 in duplicates, together with contrc
samples, on which no bacteri@rgapplied(Figure 3.10).

U
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STEP 2

After sufficient time fo resuspension of the bacteria
IMG_BS (10 ml for each pellet), bacteria were given

the sand samples with 2 ml/min rate via peristaltic pur

STEP 3 @

After the first application of bacteria in IMG_BS, tf
liquid for each sample was collected and passedigjtirc
the samples one more time. Next, the fixation liq
(IMG_Fix) with an amount of 5 ml was given for ea:

with a rate of 2 ml/min.

STEP 4 @

Sufficient retaining time was given for the bacteria (
hours). The first cementation solution (IMG_CS) w
given to thesamples in the same day (5 ml IMG_CS |

each with a rate of 2 ml/min).

U
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STEP 5

IMG_CS were given to the samples in total of 7 tin
with around 12 hours intervals (Figure 3.11). In the €
after waiting without further injection for 3 days, tt
samples were v@ndried for 34 days at

pictures were taken in some of these intervals. S

images were also captured for some of the samples.

Figure3.9. Treatmenprocedureon colored sand samples

Figure3.10. General view of the samples before treatments

In the subsequent set of experiments, another criterion was considered to be
noteworthy for investigating: The effect of altering the ingredients of cementation

media, and liken these media to bacteria growth media, while keeping the molarities

given in Table8.6. The details regarding the initial and subsequent set of experiments

are provided in Table 331 In the codifications, first numbers indicate the sample

number andrightmostnumbers indicate the duplication. For the samples in the
second sAbD, i betatdedredfi t o the ri ght side of
cementation solution compositionBacterial solution and its rgass, fixation

solution and other procedural applications were same in the second set. An important
observation at that poinvasabaut the cementation solutions in which skimmed

milk inclusions were made. The tubes containing these substances had some
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solidified substanceat the bottom (Figure 3.12). A reaction might have taken place
between the skimmeuwhilk and ingredients of our othry cementation solution.
Moreover, since samples 1 and 2 already coatlahmost a urea (neither skimmed
milk nor nickel chloride), these samples did not take place in the modified new
experimental procedure. The picture taking process proceededmas isathe
previous set. Following the termination of the experiments, from representative
samples SEM and EDS (Enerdispersive Xray Spectroscopy) images (Figures
3.133.15) were taken at the Central Laboratory, METU on the specimens coated
with gold-palladium tested with FEI Quanta 400 F with EDAX equipment.

Figure3.11. General view of the all samples during treatments
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Table3.13 Chemical compotibn details for all samples

Set Sample Growth media composibn CS composition
1-1&1-2 M IMG_CS
2-1 & 2-2 M+ U IMG_CS
31&32 M + Ni IMG_CS
1 4-1 & 4-2 M + U + Ni IMG_CS
5-1&5-2 M+ U +sm IMG_CS
6-1 & 6-2 M + sm IMG_CS
7-1&7-2 M + Ni + sm IMG_CS
8-1&82 M+U+sm+Ni IMG_CS
3-1A & 3-2A M + Ni IMG_CS + Ni
4-1A & 4-2A M+ U+ Ni IMG_CS + Ni
5 5-1A & 5-2A M+ U+ sm IMG_CS + sm
6-1A & 6-2A M + sm IMG_CS + sm
7-1A & 7-2A M + Ni + sm IMG_CS + Ni +sm
8-1A & 8-2A M+ U+an+ Ni IMG_CS + Ni +sm

M: S. pasteurii classical medium (ATCC Medium 1376) NB: nutrient broth (for B. licheniformis)

U: urea

sm: skimmed milk powder

Ni: nickel chloride

Figure3.12. Solidified substances at the tube bottom in skimmed MIMG_CS

mixations

52



c:\edax32\genesis\genspe. spc
Label:chlorite (Nrm.%= 38.86, 20.96, 34.83, 1.14, 3.84, 0.28)
kV:30.0 TA1t:0.0 Take-off:34.3 Det Type:SUTWs: Res:127 Amp.T:102.4
[FS : 366 Lsec : 5 29-May-2020 15:16:55
o ca
c
cl
81 o
1.00 2.00 3.00 4,00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 eV

Figure3.14. SEM examplesfoSample 32
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Figure3.15. SEM and EDS examples of Sampt& Quppe) and Sample4

(lower)

SEM images revealed the abundancy of precipitated calcium carbonate particles. The
smaller calcium carbonatgystal structures covered almost all of the tested sample
surfaces. Besides, crystal structures with diameters as much ragmbis with
unordinary shapes were also visible. EDS compositions confirmed the existence
these precipitates in harmony with t8&&M images (with calcium and oxygen
elements in a certain proportion). These images dérnbe&e precipitations in the

small area of soil particles andddnot reveal any quantification. Quantity based
outcomes are obtained via image processing technaguestlined in the following
subpart.
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3.3.1 Image Processing Procedure

The imaging setup consisting of sample in a container, light source and camera, and
image examples for Samplelland 12 retrieved at the initiation stage of the
experiments and end of tlexperiments are provided in Figures 3.16 and 3.17,
respectively. The precipitationgereeven visible to the nakeglye at the end. For
detection in terms of quantification, whitelored precipitates had to be extracted

from the sample thanks to the costrbetween sand color and precipitates.

Figure3.16. Imaging setup

The initial attempts for detecting the precipitation sections focused on use of some
well-known filtering operations and edge detectiayoathms. The operations were

made on gr ays c a kodffilt, averagg, disk, gausseam Eplagian, 1dg,

prewitt, sobel, unsharp, minimum, maximum, median, median with noise, prewitt
edge, canny edge and sobel ellgeal gor i t hms \Jeavadableasopt ed,
embedded in MATLAB, for understanding how these algorithms worked in our case.

The results for the case of Sampté all together is shown in Figure 3.18. While

some of the algorithms failed to detect and separate precipitations, somge othe

revealed promising results but mainly denoting pixels in a singular way. In addition,
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the light reflections on the sides of images due to positioning of the setup were also
perceived as part of the treated sand by the algorithms, that could mislesglittse
Hence, first in order to be able to visualize the precipitations not singularly but as a
whole and secondly to remove the effects of light reflections, some modifications

have been proposed.

Figure3.17. The images for Samplelland 12 retrieved at the beginning and the

end of the experiments
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Sample 141

Gaussian Filter

Unsharp

Prewitt Edge

Grayscale

Laplacian Filter

Minimum Filter

Colfilt Filter

Log Filter

Maximum Filter

Sobel Edge

Average Filter

Prewitt Filter

Median Filter

Canny sigma value 5

Disk Filter

Sobel Filter

Median Filter with Noise

The modified procedure stagese demonstrated in Figure 3.19 and to further grasp

the background work, thalgorithmformed for this work may be summarized as

follows:

1) Whenever possible, MATLAB code was mitigated initially for detecting the

Figure3.18. Filtering andedgedetectionalgorithms

boundary of the metal containess)dif necessarywith the help ofanother

code manual marking was also available. In order the thick boundaries of

containers not to affect the results, the boundaries were adjusted to the inner

sides of the containers.

2) Together with circular mask application cewetd with respect to boundary

coordinates, threshold values were determined for deteatauipipates. In

grayscale images while pixel value of O corresponds to black color, 255

corresponds$o white color.

3) After initial trials and erroron images togethmewith threshold detection

al gorithms

such

as

Ot subs

me t theo d

appropriate threshold values for precipitate colwese selectedo be in

between 130 and 150. The ratio between the pixel vgiugeder than those

numbers in other words grey to white color banaihd thevalues within
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masked area indicated the precipitation rates. The graphs denoting
precipitation rates ofach sample arevailablein Figures3.20to 3.23 and
Tables 3.4 and 3.5.

3000

o /"\
2000
1500
1000
/

500 \_—/

0
1000 1500 2000 2500 3000 3500 4000

Figure3.19. Image at the end of the experimempe), boundary detectiom(id),
extracted imagddwer left) and mask & threshold applicatioleer right)
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SET 1 Image Processing Calcium Carbonate Precipitation Rate
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Figure3.20. Set 1precip. rates (blue: thres. value 130, orange: 140 & grey: 150)

Calcium Carbonate Precipitation Rate (%)

SET 1 Image Processing Calcium Carbonate Precipitation Rate (Average)
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Figure3.21. Set lavg. rates for eacpair (blue:thres. valuel30, orange: 140 &
grey: 150)

Calcium Carbonate Precipitation Rate (%)
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SET 2 Image Processing Calcium Carbonate Precipitation Rate

14%
12%
10%

8%

6%

4%
B h i h
0%
3-1A 32A 4-1A 4-2A 5-1A 5-2A 6-1A 6-2A 7-1A 7-2A 8-1A 8-2A

Figure3.22. Set 2precip.rates (blue: thres. value 130, orange: 140 & grey: 150)

Calcium Carbonate Precipitation Rate (%)

SET 2 Image Processing Calcium Carbonate Precipitation Rate (Average)
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Figure3.23. Set2 avg. rates for eacpair (blue:thres. valuel30, orange: 140 &
grey: 150)

Calcium Carbonate Precipitation Rate (%)
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Table3.14 Set 1 precipitation rates

SET 1 Threshold Avg Threshold Avg Threshold Avg
130 140 150
" v B0% g 55% — i 4,0%
52 la?jbgjf 9’5%% 6,5%% 5,0%
& S A5 2 30% —pge—  L6%
g:; 2(1322 41%% 2,7%% 2,0%
Table3.15 Set 2 precipitation rates
SET 2 Thriggold Avg Thrlej:gold Avg Thri-_s)gold Avg
TaA e O0% oy A% oo 28%
574 31(1)22 4.1% % 2,4% % 1,5%
57A 31532 4% % 2,8% % 1,7%
T2A ;‘;%Eﬁ; 3,9% % 2,5% % 1.7%
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The figures show not only each duplicatenplebut also their averages for both sets

of experiments. &t pixel threshold value of 130, the highest available precipitation
rate reached as much as 13%. Overall, set 1 samples obtained higher percentages.
The highest three samples happened to-be121 and 41 in the first set. For the
second set,-2A sampé had been more noteworthy compared to other samples in
the same set. Considering the average values of duplicates, first 4 samples had
superiority over others for Set 1. On the other hand, for second set of experiments
3A and 4A samples had slight supeityp over others. If to compare both sets, the
first one (treated with IMG_CS) would be more preferable and the ones with
conventional growth medium, conventional growth medium and urea, conventional
growth medium and nickel chloride, and conventional ghomedium, urea and
nickel chloride options became more successful. The ones with skimmed milk
inclusion lagged behind the others in general, a little bit higher than control samples
for the first set. In terms of skimmed milk media, although fluctuatomesirred in

the first set, the values occurred to be more or less same in the second set of

experiments.

Briefly, rather than alterations in the cementation mestiachment of the bacteria
growth media indicated better results except for the case ddrlzagrowth with
skimmed milk. Besides comparing alternative methods not only for bacteria growth
but also for cementation media, the methodology presented here proved to be an
alternative nordestructive method of precipitation detection especially for
microbially induced calcium carbonate precipitation on surficial applications such as
dust control, surface erosion mitigations. Moreover, the detection via image
processing techniques undoubtedly eliminates the safety concerns crucial for

especially hydrodboric acid applications.

62



CHAPTER 4

ONE-DIMENSIONAL LOADING TESTS

In this chapter of the study, the main focus has been directed towards understanding
the behavior of the treated soils subjected tedimeensional loading. The outcomes

and inferences in this apter not only provide an insight for small dimension
specimensbut also open the way for the upcoming greater scale experiments
presented in the next chapter.

4.1  MICP and One-Dimensional Loading Tests, Theory and Literature

Onedimensional loading tests simgprefer to loading conditions in which
deformation in a single dimension is allowed while the movement in other
dimensions are restricted. Hence, the axial strain is equal to the volumetric strain in
onedimensional loadings. In geotechnical engineerihg,significance of the test

on sands stems from its widely use in breakage and crushability detection. Moreover,
the test conditions give idea onltld he set
or no lateral yielding conditiod h a p p e n s ttnsomb maturblly eccurriegn
sediments and during the deposition of maade fills (AFHussaini and Townsend,

1975). Also, soil may be subjected rknditions in the case of, for instance, below

the mid of the large foundations (Feng, 2015).

The researthers have witnessed the expansion of knowledge on MICP via various
experiments, in time. One dimensional loading tests on the improvetiaodalso
gained attention especially over the last decade. In Table 4.1, literature review on
onedimensional loding conditions together with very brief summary and main

outcomes is provided.
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The literature findings, in short, indicate few basic outcomes regarding one

dimensional loading tests on microbiologically treated soils:

x  The compressibility usally decreases and the effect of precipitation is more
noticed in lower stress levels.

x  The higher the calcium carbonate precipitated, the greater amount of decrease
in compressibility was observed.

As MICP treatment on soil samples has been on theftatdaly a few decades and
due to the nature of the works itself, the standards for the experimental procedure do
not exist currently. However, knowledge accumulating in the literature directs

researchers for better experimental conditions.

Prior to the leginning and during the continuation of tieedimensionaloading
testspresented here, some issues on the following topics had to be considered and
resolved In specimen preparation, use of conventional methods like funnel use,
shaking and undercompamti were considered, when necessary. Moreover, for one
dimensionakpecimengonventional oedometer samplers were used and for greater
dimensionspecimes metal, stiff and high wathickness containers were available.

To eliminate possible friction effegtthe inner sides of the molds were lubricated
with Vaseline For auxiliary specimens that were used for understanding the
precipitation mechanisms along with the height, molds used in a previous study for
unconfined compression tests (Saricicek, 2016ewsed.

Bacteria and media for specimen were injected with peristaltic pump for most of the
cases. The direction was selected to be from top to botamely gravitationalln

order to control whether subtle difference occurs when bacteria introduatitiod
changes, at one cassoakinglike method was adopted. No seating or curing

pressure were applied on soil at any stage of the treatments.

Immediately after the treatment stages and before the mechanical tests, issues related
to void ratio alteratios, wetness/dryness and curing conditions remained to be

resolved, similarly. Accordingly, initially calcium carbonate density was considered
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to be either 1.62 g/cfr{Feng and Montoya, 2014) or 2.71 gfcamd modified void
ratios were obtained after findinipe precipitated calcium carbonate amounts.
Indeed, literature findings point out two different approaches while finding the
modified void ratios after treatments. Lin (2016) and Lin et al. (2020) suggest that
for polymorph and amorphous calcite partictee densities are 2.71 g/¢éand 1.62
glen?, respectively Duman (2020) used 1.62 gférfor calcite density in his
calculations, with reference to the study of Weil et al. (20CReng et al. (2013),
Minto et al. (2016) and Zamani (2017) consideredctieite density as 2.71 g/ém
Harran et al. (2022) justified the selection process as opting to use the smallest
number of available range (2.7 gftim 2.95 g/cr), 2.71 g/cr, due to lightness of
biogenic calcite compared to geologic calcite. The rebeaf Lin et al. (2020)
indicate the possibility of obtaining different densities of calcite because of different
crystal morphologies observed during MICP process. In this stodlgium
carbonatalensity of 2.71 g/ciwas used while calculating the emittreatment void

ratios, the more common application.

Further, while monitoring void ratios, thpeximerheight changes due to injections
were also noted. In order to avoid possible deviations in the results due to varying
water contents, thepecimensvere in the end tested in dry conditions with cven
drying ataround60*C until no further mass changes were observed. Besides, the
untreated controspecimensad already been tested under dry conditions. In this
way, possiblesuctionbasedpseudostrengh gains were also eliminated at these
benchi scale experiments. Specimens were cured for predefined time and flushing
with water either before or after curing were applied in order to remove effluents
inside the samples. Thepecimes were placed in theumidity room for curing

purposes, avoiding drying and with no any further intervention (injection etc.).

During the mechanical tests, the maximum load acting on tgpedimensvere
adjusted to 1600 kPa as the ultimate aim was triggering improvemerativehe
shallow foundation conditions. Therefore, greater loads were omitted during the

tests. Both thanks to data obtained while monitoring pilot experiments and as stated
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by Yun and Santamarina (@®) and Lin et al. (2016), for reliable and sufficient

measurements each loading andoading stages were determined to be 15 minutes.

4.2  One-Dimensional Loading Test Applications on MICP Treated Soils

Onedimensional loading tests were initially performed ongpecimensetaining

on conventional oedometer apgius épecimerdimensions with 2 cm height by 5

cm diameter). In some furtheéests as the necessity and curiosity of increasing
specimen heights arosepésimendimensions with 4 cm height by 5 cm diameter),
greater molds with same diameter were prepare¢he laboratory; metal containers
with sufficient wall thicknesses to restrain horizontal strains were cut and formed.
Oedometr cells were in place in all parts of the treatments, in other words, dry
samples were introduced with bacteria, cementasimation, then flushed with
water and cured, ovetiried and subjected to mechanical tests while already inside
the retaining cylinder on the cell. Hence, necessary modifications were made on
oedometer cells so that the circulation; injection and draindgeedia during

treatments was ensured.

Prior to the initiation of experiments, the calibration of devices and tools used was
secured. Linear voltage displacement transducers (LVDT) working with data loggers
were obtained for sensitive measurements. Thedata obtained with data logger
(TDG Ai8b Data Acquisition System) is transmitted to computer through bridge
elements. The calibration of LVDT was made and checked at multiple stages during
the continuation of théestswith micrometers. Moreover, porogsones and filter
papers were used in the experiments and those tools tend to settle for small amounts
under loadings. Hence, in order to maintain the precision of the results, the settlement
of porous stones and filter papers were noticed with variouggooations without

soil. Raw data obtained during the experiments were handled considering the

settlement of those tools. The overview of the loading system is shown in Figure 4.1.
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Figure4.1. Onedimensional loading setup

42.1 ¢ine Sand and Quartz Sand Properties

I n this chapter, bul k of t ISend éh&eofi ment s
the thesis. Besides, QuaBand was also utilized to be able to make inferences about

the possible progress another soil, which is smaller in particle diameters and has
tendency to settle less as shown in upcoming parts. Therefore, although in small

numbers, some tests were made on treated and untreated Saunaisz as well. The
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index properties of these sandhave been determined in the soil mechanics

laboratory. Grain size distributions and index properties are shown in Figures 4.2
4.3 and Table 4.2.
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Figure 4.3. QuartzSand grain size distribution
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Tabled2¢i ne Sand and Quartz Sand i nde)

Properties ¢i ne Sa QuartzSand
Deo (Mm) 0.46 0.202
D3o (Mmm) 0.25 0.14
D10 (mm) 0.14 0.09
Cu 3.29 2.24
Cec 0.97 1.08
USCS Classification SP SP
G.S 2.65 2.66
€max 0.83 1.00
€min 0.51 0.62

The requirements by Standard Test Methods for Specific Gravity of Soil Solids by
Water Pycnometer (ASTM D854), StandardsT Methods for Determination of
Maximum Dry Unit Weight of Granular Soils Using a Vibrating Hammer (ASTM
D7382), Standard Test Methods for PartiSlee Distribution (Gradation) of Soils
Using Sieve Analysis (ASTM D6913) and Standard Test Methods forriviimi
Index Density and Unit Weight of Soils and Calculation of Relative Density (ASTM
D4254) were applied for acquiring index properties of the used soils.

The primary santh the experiments ¢ i n bad ffhasrcahtent of 1.5%Besides,

ki m20W)¢ assi fied the parti eahgelar®bngyae of ¢
Quartz Sand is uniformly graded fine sand composed of factory based crushed quartz
(AhmadirAd | i 2014) . For finding the&anthi ner al
XRD test was performetbr the samplesieved from #100 sieve in dry, at Middle

East Technical University Civil Engineering Department Laboratory of Construction
Materials with BTX Il X-Ray Diffraction Analyzer, 5Ascan range. The peaks

presented in the following figure indieal that the @ample composed of quartz

mineral thanks to MATCH! Phase Analysis using Powder Diffraction software.
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Figure44. X RD mi ner al ogi cal composition detec!

The specimenswere subjectto one dimensional loading tests under untreated
conditions for multiple times in order to form a basis while comparing enhancements
after treatments. All treated soil conditions were already maintained for untreated
ones, as well. Accordingly, untreatetils were tested at same target relative
densities under dry conditions, and conventional retaining rings and greater height
to diameter ratio molds were used. The results of ttesteare also presented in

Results Discussionsind Conclusions

4.2.2 Treatments and Mechanical Tests Program

As stated in the previous chapters, the preparation stages of the experiments were
initiated at METU Biological Sciences laboratory. Each experimental cycle required
bacteria harvesting, resuspending pelletsaictérid sdutions, cementation solution

and fixation fluid preparation phases etc. The treatment stages started and continued
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at METU Civil Engineering Department Soil Mechanics Laboratoact8rialand
cementation solutionsand fixation fluid were transferred the soil samples via
peristaltic pumpLONGER Model BT1001lF Dispersing Peristaltic Pun{gigure

4.5). After the injection of bacteria resuspendetanterialsolutions and fixation

fluid in some cases, retention period of around 6 hours were determNieet the
cementation solutionseregiven to thespecimesn every 12 hours, unless otherwise
stated. Moreover, in some cases for ensuring the continuation of the precipitations,
after the mid number of total cementations, new bacteria pellets resuspended
bacterialsolution were given to the soil, in other words,-tasing operation was
made. The injection rates were determined to be 5 ml/min, as much higher rates could
result in more bacteria flushing out from the samples (van Paassen, 2009). All
injections were in top to bottom direction. Distilled water ¢@hH was used in all

these stages. Briefly, biological side of the treatments were carried out as denoted in
the following Table 4.3

Table4.3 Biological laboratory works

Bacteria 1 Bacteria were initially subjected to precultivation.
Pellets 1 Tubes preserved é80°C, previously prepared in sme
tubes with glycerol, were initially incubated to tl
relatively small Ol values (around 0.5) inside tt
ammonium yeast media (NHYE).

1 Determining the required amount of bactel
ammonium yeast media were poured into bottles,
precultivated bacteria were added with around %1
ratio.

1 Bacteria were harvested when reached tesedMalue of
around 1 via entrifuge at a rate of 5000 rpm for <
minutes.

1 Freshness of samples were maintained by keeping

at-20° C for a short duration until use.
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Table4.3 ( ¢ o nBioldgical laboratory works

Bacterial 30.03gureai 200 ml , was filt
Solution - BS for sterilization
(per 1 liter of 10 g ammonium chloride (N4&l) in 800 ml was
medium) autoclaved separately at 12@ for 15 min.
After cooling down to the room temperatures, the me
were combined@eventually 0.5 M urea)
Fixation 3.676 g of calcium chloride dihydrate (Ca@H,0) (25
Fluid mM) in 1 L was autoclaved.

(per 1 liter of

medium)

Cementation
Solutioni CS
(per 1 liter of

medium)

30.03 g urea in 100 ml,
for sterilization

10 g NHCI and 73.505 g CaGRH.O were mixed in
500 ml water, 3 g Nutrient Broth (NB) was mixed a
400 ml water, then combined and autoclaved at*12:
for 15 min.

After cooling down to the room temperatures, all me
were combinedeventually 0.5 M urea & 0.5 Malcium
chloride dihydrate)

Oedometer cel

Figure4.5. Cementatiorsolution transferred to the sample via peristaltic pump
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The tables provided beloWTables 4.4 to 4.6)yepresent the summary of all
experiments witim the scope of this chapter and the figufegures 4.6 to 4.8)
visualize the treatments. Thaxiliarydetails are also provided regarding the sample
preparations. For instance, use of filter papers or porous stones is necessary to point
out, as livingorganisms may not move through them orgpecimerheights might

not be sufficient for desired solutions. For transmission of the loads, a few different
top caps were used depending on the existence of porous stone or filter paper or free
upper surface othe soil. Hence, all experimental details are provided in the
following tables, for treated samples. During the course of the experiments, the
curing times inside the humidity room (keeping samples wiatfurther treatment

inside the bags before ovenying) were determined to be 72 hours to 100 hours,
moreover, first flushing with water and then curing approach evolved into curing and
then flushing with water to remove effluents, in time. The results and discussions
regarding one dimensional loading testre provided in the following section.
Further, the precipitations alongpeximen depth were investigated without
compressing or breaking through mechanical tests, also. Accordingly, the effects of
modifying cementation volumes, bacteria pellet numbeisjensions of the
specimengetc. were investigated. In various molds, the amounts of precipitations

were noticed additionally.

The ultimate aim of this section is to enhance the loose soil properties. Therefore, all
the tests were made on the samples ekt initially prepared at a target relative

density of around 20%30%. Initial void ratios, for untreated samples and prior to

treatments for treated s aSapdneéQuartz@ead, e O.

respectively. Naturally, calcium carboadbrmations altered the void ratios before

the mechanical tests.
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30/08/2022 22:37

Figure4.7. Treatments in giaer molds
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06/09/2022 17:04

Figure4.8. Submerged treatmenigpe), treatment in detachable molds for

detecting precipitationdawer).

The notations of the samples were arranged based on the treatment and physical
condi ti ons . URNG,dRIATRON Bacdy ,Subfio , Sath, Midd ,Go i
and®PVWi not ati ons witreatgml , yreafiede ,freafed witlo gredter
volumes of cementation solutinbiodosing applicatioa , subfergedgecimens

with no drainagé fisaturated pecimengprior to injection® , spediimen retrieved

from mid portion of already greatespecimen , gredier specimenswith 4 cm

height ,poréivolume of thepecimens, r especti vely.
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4.3 Results, Discussions and Conclusions

In thispart, initially the results of thenedimensionakettlement testare presented.

In order to prevent any possildectionbasedpseudo strength gains or saturation

related differences, the treatexpecimenswere tested under dry conditions.

Moreover, utreated samples were also subject to settlement test. The following
figuresbelow( Fi gur es 4. 9 t @resentthe2dath manitored dormg San d)
tests in terms of settlement values and void ratio changes versus effective stresses in
logarithmic sca and next compression indexes, strains until proposed load are

provided. The data are provided in groups within similar subgroups.

Ma i n | ySand was osed fdoulk ofthetestsand QuartSand was used for small
number of applications. Quar®and aleady shows tendency to settle less compared

t o &anch Bloreover, index properties of Quasand indicated smallerdg Dso,

Dio values. Pilot experiments were performed for determining how to meet soil with
bacteria and media, finding the treatmenediion and draining effluents, prior to
treatment experiments provided here. At the end of the section, unsuccessful

attempts are also provided in order to present failed applications as well.
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Initial and posttreatment void ratios of all treated and untreapdcimensare
shown in Table 4.7For treated samples, constanbnitoring of thespecimen
dimensions was ensured. Accordingly, the changepé@timerheight before and
after the treatments were noted. Becausmalmium carbonatprecipitates inside the
molds, solid and void volumes altered. Overall, consideringettiacts andising
calcium carbonate densitf 2.71 g/cni (as stated above), void ratios could be
calculatedat the end of the treatmentdence, in the figures below regarding void
ratio changes under loading, the beginning void ratio values correspquubit

treatment void ratios.

Table4.7 Pretreatment &posttreatment void ratios of samples

Einitial Eposttreatment
TR-Cine-1 0.764 0.735
2TR-Cine-1 0.764 0.735
TR-Cine-2 0.764 0.740
2TR-Cine-2 0.764 0.732
TR-Bac2Cine1 0.764 0.725
1/2TR-Cine-1 0.764 0.722
2TR-Bac2Cine-1 0.764 0.675
2TR-Bac2Cine-2 0.764 0.714
2TR-Bac2Cine-3-Subm 0.764 0.704
2TR-Bac2Cine-4-Sat 0.764 0.744
UN-Cine-1 0.764
UN-Cine-2 0.764
UN-Cine-3 0.764
G-2TR-Bac2Cine-1 0.764 0.655
G-2TR-Bac2Cine-2 0.764 0.657
G-2TR-Bac2Cine-3-Sat 0.764 0.642
G-TR-Cine-l 0.764 0.665
G-UN-Cine-1 0.764
G-UN-Cine-2 0.764
G-2TR-Bac2Quartzl 0.924 0.785
G-UN-Quartz1l 0.924
G-UN-Quartz2 0.924
2TR-Bac2Quartz1l 0.924 0.746
2TR-Bac2Quartz2-Sat 0.924 0.909
UN-Quartzl 0.924
UN-Quartz2 0.924
UN-Quartz3 0.924
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As abovementiongda sandwith alreadyless tendency to settle, Quartz Sand, was

also subjected to treatmerEsgures 4.13 and 44).
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The outcomes of the data are provided in the following tables. In addition to the
visualization as provided above, numerical values show conclusion in a more

comprehenive way. Accordingly, the results are tabulated in following ways:

x Total strain rates at the end of loading cycles of the experiments were
monitored and compared with the untreated ones.

x Compression indexes for all of the experiments based on lineaniz&89H0
kPa- 1600 kP&left in compression indexdable settlement readings and
400 kPa- 1600 kPa(right in compression indexesblg readings as in
classical soil mechanics approach.

x As literature research indicated more obvious improvement ar lstness
levels, indexes in between 25 kPE00 kPa, 25 kPa200 kPa and 25 kRa

400 kPa were calculated.

Calculationexampledor 25 kPa 100 kPa rangand total strain at maximum loading

level are shown as

0€ani QiQE VL&
i '|'%"
v
6@ & "D (XD & SOQEXP @ TTAD dHé O'QQE Q
YO G N W "QO i QGO0 R &I "D Qi 0 "QE Q

"YE Oiddi & @& QD b

x  The behavior during unloading was also investigated as Ghasen{Réral)

indicated lower strain values during unloading feated soils also.

As stated previousyjUNO , TROAMRTRY , Back , Submd , Satfi, Midé ,Go A a n d
AiPVO not at i ons urdreated |trgafied etieafied with greafer volumes
of cementation solutian, biodosing applicatioa , subfherged samples witio
drainage , satutated samples prior to injectians sped@imen retrieveffom mid
portion of already greater sample, gredter samples with 4 cm height pordi

volume of the samples, r especti vely.
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Table4.8 Total strain rates at the maximum loading level

Total strain rates (%) after final loading (1600 kP3
gH/(Ho prior to loading)

TR-Cine-1 6,8
2TR-Cine-1 4.3
TR-Cine-2 4.6
2TR-Cine-2 53
TR-Bac2Cine-1 4.3
1/2TR-Cine-1 4.1
2TR-Bac2Cine-1 53
2TR-Bac2Cine-2 49
2TR-Bac2Cine-3-Subm 5.2
UN-Cine-1 3.8
UN-Cine-2 45
UN-Cine-3 39
G-2TR-Bac2Cine-1 21
G-2TR-Bac2Cine-2 15
G-2TR-Bac2Cine-3-Sat 14
G-TR-Cine-1 3.8
G-UN-Cine-1 3.7
G-UN-Cine-2 39
G-2TR-Bac2Quartzl 3.0
G-UN-Quartzl 2.6
G-UN-Quartz2 2.2
2TR-Bac2Quartzl 3.7
UN-Quartzl 2.8
UN-Quartz2 25
UN-Quartz3 2.6
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4.3.1 Compression Characteristics in Improved Soils

Based on the data provided above for maximum strain levels and miopre

indexes based on various conditions, the following deductions may be made:

x In terms of maximum strain levels obtained at the end of 1600 kPa loading
l evel , t $sdspecimemnsideiconeentional treatment conditions
did not show enhancemethimited height of specimerier bacteria to settle
without flushing out possible bidilm occurrenceseading to slippery
environment could be the reasons behind this result.

x In greater molds, when subjected to -dmsing and higher number of
treatments ¢ Sandspecimenshowed outstanding behavior. An average
number of 1.7% total strain level in loading indicated less than half settlement
with respect to untreated ones.

x Greater mo ISahd prdvenl rto bé pptineum conditions for the
treatment uder right conditions, as treatment without Hdiesing and in
small numbers did not alter the strain levels compared to untreate@@nes
TR-Cine-1).

x  The untreatedandshad similar strain levels independent of their heights. In
other words, both specimeimsconventional molds (2 cm height) and greater
molds (4 cm height) had very similar loading and unloading behavior.

x Already low settling QuartBands (arounct a rate o6 0 % o fSand)i n e
| agged b &imdimtekmsdof nitigation with the settlemen

Considering the compression indexes, further detailing of the results might be carried

out as follows:

x Aligned with all of the abovementioned outcomes, similar trends were
obviousfor specific loading level based calculations

x In terms of compressionehavior in lower stress levels, even more
noteworthy results were obtained with as low as 0.004 value for one case
under 25 kPa 100 kPa stress level&{2TR-Bac2Cine-3-Sa).
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x In unloading also, the ones with lowest rates happened to be the cases that
were found the most optimum above, a similar finding with the literature
study cited above (Ghasemi et, @022).

Starting from the most basic approaches, the study in time evolved into modified
ones. Reaching to the most successful applications requited &tempts and

lessons learned approaches as well. As will be discussed in the following parts,
having precipitations inside tipores of thesoil sometimes did not directly indicate

better settlement performances. This was the case especially wathdler grained

soil, QuartzSand. Further, in a few cases, nam2RR-Bac2Cine-4-Satand2TR-
Bac2Quartz2-Satboth the precipitation and settlement performances were not as
desired. Either possible experimental errors or the fact that saturated small
specimen$ transmi ssion of bul k of bacteria
molds with small height samples, thanks to relatively higher condugtmityht

have led to these results.

Another approach in the tests was retrieving samples from anyrpoftibe treated
greaterspecimensFor that purpose, a test with a codificatPRETR-Bac2Cine

Mid was designed(Figure 4.15) Unfortunately, retrieving sample that is exactly
fitting sample retainer could not be accomplished and in order to maiatanall
restraint side gaps were filled with untreated sand, yet the test results led to worse

results than untreated ones, probably due to insufficient restraint.

r

Figure4.15. PRETR-Bac2Cine-Mid Specinen
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4.3.2 Calcium Carbonate Precipitation Quantification

The quantification of calcium carbonate precipitatess made via acid washing
technique, in which 2 M HCI solutions were applied and reacted with calcium
carbonate leading to carbon dioxide emission. Ildeorto understand first the
treatment success and then the relation between settlement enhancement and the
amount of precipitated calcium carbonate particles, the quantification had a
significant role. Briefly, after preparing the acid from %37 HCI toqaired molarity

(2 M in this study for keeping molarity within relatively safe levels), a@dpoured

and mixed into samples emintermittent way. Maintaining the samples soaked in
acid for around 48 hours, until no further gas bubbles are visibleumeswere

filtered through filter papers and then allowed to eden The mass difference
between the beginning of these procedures and at the end indicated the amount of

calcium carbonate particles precipitated.

Two approaches have been adopted focigal carbonate precipitation detection.
Accordingly, all one dimensionally testegheximers were used for detection.
Besides, in order to better understand the precipitation and adjust treatment
strategies, during the continuation of settlement experimasts sets have been
prepared (including 6 cm heighb cm diameter specimens) aiming at only gaining
knowledge on the precipitation characteristics. Moreovergraaterdimension
specimes performed better compared gmallerones in terms of settlemenin

order to get prepared for succeeding experimehés precipitation amounts were

also monitored for greater samples, as well.

Figures 4.16 and 4.1%how the calcium carbonate precipitation quantification

procedure.
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Figure4.17. HCI reacting with calcium carbonate particles and filtering
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Figure4.17. ( ¢ o nHCBrehgting with calcium carbonate particles and filtering

The precipitations in percentage (rate of precipitates to total amount of soil sample
tested) are provided below in the following tables and figures.

Table4.11 Precipitations in terms of percentage

¢ ine Sand Settlement Tests

Test No % CaCQ
4 TR-Cine-1 17
) 2TR-Cine-l 1.7
6 TR-Cine-2 14
7 2TR-Cine-2 18
8 TR-Bac2Cine-1 2.3
9 1/2TR-Cine-1 24
10 2TR-Bac2Cine-l 5.2
11 2TR-Bac2Cine-2 29
12 2TR-Bac2Cine-3-Subm 35
13 2TR-Bac2Cine-4-Sat 11
16 G-2TR-Bac2Cine-1 6.3
17 G-2TR-Bac2Cine-2 6.4
18 G-2TR-Bac2Cine-3-Sat 6.9
19 G-TR-Cine-1 59
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Table4.11( ¢ o nPre6igtations in terms of percentage

Quartz SandSettlement Tests

Test No % CaCQ
4 2TR-Bac2Quartzl 10
5 2TR-Bac2Quartz2-Sat 0.8
8 G-2TR-Bac2Quartzl 7.8
¢ ine SandPrecipitation Tests
1 PRETR-Cine-1 21
2 PRETR-Bac2Cine-1 4.0
3 PRE2TR-Bac2Cine-1 6.7
4-top (0-2 cm) PRE2TR-Bac2Cine-Top 6,1
4-mid (2-4 cm) PRE-2TR-Bac2Cine-Mid 8,0
4-bottom(4-6 cm) PRE2TR-Bac2Cine-Bottom 6,9
5-top (0-2 cm) PRE2TR-Bac2Cine-SatTop 6,9
5-mid (2-4 cm) PRE2TR-Bac2Cine-SatMid 6,3
5-bottom(4-6 cm) PRE2TR-Bac2Cine-SatBottom 6,7
8.0
¢ine Sand Settl ement TestG_SZTR_Baczcms_Sat
70 G-2TR-Bac2Cine1 G.2TR-Bac2Cine-2
G-TR-Cine-1
6.0
2TR-Bac2Cine-1
5.0
g
81'0 2TR-Bac2Cine-3-Subm
e 2TR-Bac2Ci
3.0 1/2TRCine-dl
TR-Cinel TR-Bac2Cine-1
2.0 2TRCine1  21vCine
TR-Cine-
1.0
0.0

Figure418.¢i ne Sand & reQpitations z Sand
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Quartz Sand Settlement Tests
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Figure4.18 ( c o nCtidonde) Sand &preQutations z Sand

Dealing with living organisms and their possible tendency to interact with the
environmental factors make it harder tmstruct strict and direct relations between
the results and the variables adopted in the study. However, the results provided

reveal the following conclusions:

x Bio-dosing (bacteria injection for the second time after the 4th cementation
solution, midtreatment, injection) proved to be a useful approach as almost
all thosespecimenswith bio-dosing had higher precipitates compared to

other ones.
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x Using greatespecimengrovided an opportunity for greater areartobilize,
settle and react for bacteria,datherefore more outstanding performance,
whereas considering the whole Isgiecimensaturation prior to treatments
and soaked treatment approach did not significantly alter the results. Even,
saturated conventiongpecimen®f both soils had much lowerecipitations
which could be attributed to higher conductivity in these soils and thus
flushing out of the bacteria.

x  The tests proceeded in an leadapply manner and leading to the most
optimum conditions eventually within the proposed experimental sshem
Accordingl vy, AGo, A2TRO and fABac206 a
specimens(4 cm height), 1.8 pore volumbacterial and cementation
treatments at every 12 houwsd enrichment with bidosinghappened to be
the ultimate proposed conditions (Applicati details in Table 4.4). The
settl ement Samefsrthé absveneiitionéd conditions confirmed
this outcome (Tables 4.8 and 4.9).

x Samples cut and obtained from different portions (Figure 4.19) of treated
greater samples (6 cm height, 5 cm ditarjeshowed similar trends in terms
of precipitationdPRE2TR-Bac2Cine & PRE2TR-Bac2Cine-Sat)

x The highest number of cal cSandmacledr bon a't
as much as 6.9 % for settlement tests and mid portion of precipitation sample

asmuch as 8.0% indicating outstanding results

Figure4.19. Cuttingspecimerinto pieces for detecting precipitations in different

portions
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4.3.3 Treatment and Experimental Procedure Variations

Treatment strategy

Throughout the experiments,ultiple treatment strategies have been applied for

finding the most optimum conditions together with some other modifications. Small

number of treatments did not create a distinctive result in terms of settlements.

Increasing the number of treatments amdumes made difference especially in

precipitations when combined with bomsing approach. The ultimate optimum
conditions occur r ed Samdtoggtmeevdth aforementiohed s f or ¢ i

approaches both in terms of precipitations and settlementrhants.
pH measurements

In the previous chapter, the vital role of variations in pH had been demonstrated with
some tests on bacteria pellets. pH of the environment is both affected by the ureolytic
mechanisms and also affects the whole process in tmeusding system. For
instanceMartinez et al. (20133tates that urea hydrolysis By pasteuriis slower

in lower pH environments than in higher ones in their experimental observations. In
her comprehensive study, Whiffin (2004) observed the effecttbfop urease

activity of S.pasteuriiat room temperature (Figure 4.20).
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L
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Figure4.20. Effect of pH on urease activity &.pasteuriiat room temperature
(Whiffin, 2004)
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Literature findings indicate that the researchers needed to edligrate or at least
monitor pH values of thdacterialand cementation solutions. In other words,
bacteria growth medium and the subsequent treatment media pH values were
adjusted to the required conditions. The values depended on the ingrediesets of th
media, while Gurbuz et al. (2011) opted to use medium with a pH value of 8, for the
case of Lin et al. (2015) pH value was calibrated to 6 with a slightly different
medium. Ozdogan (2010), Kumar Velpuri (2015), Canakci et al. (2015) measured
pH values amultiple stages during the media preparation. Kim et al. (2018) stated
the optimum pH of the ureaalcium chloride medium as 7 not only f®rpasteurii

but also for another species, namé&ysaprophyticusin their experiments. The
bacterial solution pH adjustments were performed in the studies of Arbeleda
Monsalve et al. (2019) and Xiao et al. (2021).

In this study also, pH values of the used media were investigated to control whether
pH adjustment is necessary or not. For the calsaaériakolution (BS), ammonium
chloride wassterilizedthrough autoclaving and befeadter autoclaving pH values

were around 6.2 and 6.4, respectively. Addition of fifterilized urea to the
ammonium chloride changed pH value slightly. Fixation fluid pH value were i
between 7.2 and 7.3 both prior to and after autoclaving. Cementation solution (CS)
pH value initially was around 5.8 and after autoclaving slightly decreased. Addition
of urea to CS increased the pH value and prior to experiments final measurements

indicated value around 6.1.

Monitoring of pH values during the treatments may provide essential data and one
can make inferences regarding the ability of the bacteria to further continue their
work. As stated by Safavizadeh (2018), urea hydrolysis producisarease the pH
levels. Feng and Montoya (2016) indicate a pH value around 9, denoting urea
consumption, also the bacterial activity reported to be decreasing-8figjegtions

that is observed by the level of pH value lower than 8 in the effluerthein
experimental setup. At that point, the researchers injected small amount of bacteria
triggering the bacterial activity, namely bilmsing. In this study, similar procedures
(injecting bacteria not only at the beginning but also during the continuafio
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cementation treatments) were applied at some of the experiments. Besides, in order
to understand bacterial activity, piHeasurementsvere made foiG-2TR-Bac2

Cine-2 specimerafter every injection. The notation indicated the sample on greater
mold, hidher treatment and bacteria Wosing, in short. The results are
demonstrated in Figure 4.21 below. The measurements were made immediately after
the corresponding injection shown on the horizontal axis of the graph. Therefore, the
effluent characteristicactually signs the behavior inside the solil just prior to new
injection, as the new injection flushes out the previtud left inside. Namely, the

effect of new inclusion is obvious in the upcoming measurements.

pH Monitoring

pH Values
»

Treatment Stages

Figure4.21. pH valwes of the effluent during the treatments

Measurement immediately after the fixation skeowhe bacterial activity taking

place at the beginning of the treatments. In other words, bacteria pellets had already
started the urelydrolysisinside thebiologicd solution. The following fluctuations

in between pH =4 highly probably stemmed from the hydrolysis, precipitations,

pH values of the fixation and cementation fluids, and the interactions between all
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those stated. It is noteworthy that, 12 hours afterkicdosing, injection of the
bacteria for the second time, pH values highly increased pointing -@umstging
urea hydrolysis activity. Lower pH values after that point on proved the formation
of calcium carbonate precipitations as precipitations @ taldecrease those values.

Saturation Conditions

The effect of existence of water and varying water contents fospegimensnay

alter the behavior of the MICP treated soils in different ways. Firstly, the hydraulic
conductivity, therefore the transraien of bacteria and media may alter. Moreover,

the biological and chemical reactions, soil suction, bacteria attachment are some of
the factors that might change depending on dryness/wetness conditions. For instance,
Ghasemi et al. (2022) stated for tlase of unsaturated MICP treatment, cementation

mainly occurred on the particle contacts.

While Saracho et al. (2021) injected 2 pore volumes of water by gravity from the top
of the specimen, Arboleddonsalve et al. (2019) passed 2.5 pore volumes of water
through their specimens in order to ensure nearly fully saturated conditions prior to
treatments. Similarly, Lin et al. (2016) flushed two pore volumes of water both for
triaxial and confined compression test samples. Lee et al. (2013) mixed water and

baderia before compacting soil into the molds.

The main experiments provided here aimed at understanding the improvements in
similar conditions for each specimen. Accordingly, the untregpetimensvere

tested under dry conditions. Hence, in order to taarncomparisons under similar
circumstances, the initial conditions prior to treatments were planned to be dry
likewise, for bulk of the treatments. The mechanical tests were also performed on

dry specimengsobtained in the end after ovenying at mild emperaturesafound

60A C) . However, whether both the compre:
alter or not for saturatienear saturation conditions was another question subject to
research for some small number of experiments. In this applic8tipore volumes

of water were slowly flushed througtpeximensprior to injectionsand their

saturation conditions were preserved by covering them duringtregment stages.
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In terms of precipitations, as stated above, in sepatimenshe precipiations were
surprisingly low which could be attributed to the saturation if th&es no
experimental error. For greatgrexsimeron the other hand, in terms of precipitations
there was no meaningful difference between initially saturated and initiallsodry

conditions.

I n terms of compression, a Gane speécimen mol d pr e
showed even a slightly better performance compared to other treated greater mold

¢ i Ba&nd specimerand much better than untreated ones.
Soil Type

The mains o i | throughout the st &ahgintheess. been sel e
However, at some points necessity of use of another sand emerged for making basic
comparisons. Although both of the soils can be named as poorly graded sands, there

had been diffemeces in their index properties. QuaBand showed smaller diameter

particles and initial experiments indicated that it had tendency to settle much less

t han Sahd. ne

In terms of precipitations, quite successful results were obtained for both sands
during the continuation of the experiments. Even, the highest precipitation rates were
obtained for Quart®and. However, the same distinctive resadanotbe proposed

for QuartzSand in terms of settlement enhancements. For a few treated Quartz
Sands, alredy low settling ones had similar trends indicating no better performance.
In other words, settlement improvement trends did not proceed hand in hand with
precipitations in QuartzSand. The probableoccurrence of biofilms, local
degradations, peripheral gipitations instead of particlearticle contacts and gaps

after initial bond losses could have resulted in lower performances.
Sample Dimensions

The lagging performance afpecimensn conventional oedometers and further
experimental program with muchegter soilspecimengequired use of greater

molds. Moreover, extending the heights of thesgmers allowed relatively longer
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path for bacteria and media before flushing out. In order to avoid side friction,

lubricants were used for afoundtheinner sdes of themolds.

At the beginning of the experiments untreated spiécimenswere tested for
reference. The eventual strain rates at maximum loading conditions and index values

proved to be independent frapecimerheights for untreatednes

The mosoptimum conditions both for higher precipitations and settlements emerged

f or Sindstested in greater molds.

Besides, precipitation tests revealed that in 6-hemght specimens, calcium
carbonate rates ranged in between 6:B% along the height @ble 4.11).

434 Conclusions

In conclusion, provided that the necessary conditions are maintained, both
impressive precipitation rates and significant reduction in settlements could be

accomplished for loose sands.

x One of the main outcomes of this study intkch that the rate of
precipitations and the settlement reductions did not have to have a linear
relationship. On the other hand, best performépgcimensin terms of
settlement rates had very high precipitations as well.

x The greater thepgcimenheight, the better performance was obtained
indicating the importance of extending the path.

x Moreover, as also shown with pH measurements and experimental results,

bio-dosing provedo be a very promising approach.

The deductions obtained here paved the waydendation models iigreater box

applications, the details of which is provided in the next chapter.
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CHAPTER 5

FOUNDATION MODEL TESTS

The efficiency of MICP applications could be estimated by representing tHdeeal
conditions in the laboratory vilmundaton model tests. The structure of the thesis

had been formed on small scale applications aiming at enhancing biological activity
and precipitation measurements with fa@structive image techniques, then bench
scale experiments targeting comprehensive rataileding of onelimensional
settlement behavior of treated sands and in the end greater scale loading versus
settlement model tests, the progress of which was based on the findings from

previous chapters.

In this chapter, first the literature findingggegding greater scale box experiments
on treated soils are presented. These findings include a broad range of applications,
namely field trials, foundation models, cyclic loadings, erosion mitigation and

various other investigations.

51 Literature Review

5.1.1 Field Trial Applications

The study of van der Star et al. (2011) revealed the details of one of the earliest
applications of MICP field trial (Figure 5.1). The research focused on improving the
horizontal directional drilling in gravel deposits that tend ¢dlapse leading to
installation failures or loss of equipment. After successful lab scale tests, around
1000 n? volume of soil was treated along Waal river at two locations. Bacteria,
calcium chloride and urea obtained from commercial suppliers weresdjgcbugh

several injection wells; bacteria flushing was followed by cementation solution
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injection. Overall, the integrity of gravel layers was maintained in about 7 days and

throughout the horizontal drilling, gravel layers remained stable.

Figureb.1. a) & b) Application procedures, ¢) monitoring, d) injection / monitoring
well (van der Star et al., 2011)

Gomez et al. (2@) investigated the effect of surficial application of MICP in order

to understandhe developecerosion resistance in the field. 3 test pits and a control

pit were preparedFigure 5.2) the improvement was assessed with dynamic cone
penetration tests and calcium carbonate content measurements. The duration of

treatment applications tended up to 20 days, repeating the procedure every 4 days.

Figure 5.2 Surficial application field and system (Gomez et al., 2015)
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Figure 2. The surficial application system used to apply treatment
solutions included using two separate pumps, mixing totes and
water tanks

Figure5.2. ( ¢ o nSwrGicthlapplicationfield andsystem (Gomez «il., 2015)

Terzis et al. (2020) investigated mitigation of a landslide risk in a slope that was
previously severely affected by intense rainfalls in Switzerland (Figure 5.3). Bio
mineralization through grouting strategy was implemented for part of asii@. z
Accordingly, 51 boreholes with diameters of 53 mm were opened until a depth of
4.5 m and PVC injection pipes were used. The outcomes of the study revealed the
possible applicability of MICP for fine soils. Besides, following the treatments,
displacemat monitoring indicated slower movement of the treated portion

compared to the untreated parts of sliding zone.

Figure5.3. Aerial view of scanned area and {sitabilized zone (Terzis et al., 2020)
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In a field trial application by Zeng et al. (2021hetfeasibility study prior to field
experiments indicated a calcium carbonate content of 2.6 % sufficient for excavating
a slope with 1:2 angle. Within the field trial, the target treated soil volume happened
to be 125 (5 m * 5m * 5m) for each plot with varying calcium carbonate contents
(Figure 5.4) Enrichment of an indigenous ureolytic bacteria from local soil samples
were performed.

* M7 'T-
Plot-1 Plot-2 Plot-3 3
=] o =] ‘i’
o [} o 4 © o @ -] 2.5
* + . + + 4 Trench
90 xS17 % Ceys2? % 13 ? SC x|
) S4 @ S :
I I 75—
o Injection Well (IW) + Extraction Well (EW) Ul: m

® Monitoring Well (M) x Soil samples after treatment (S)

Figure5.4. Toronb Project Site plan view (Zeng et al., 2021)

The field study presented here pointed out that the treatment was limited to 5 % of
total soil volume. The efficiency in terms of conversion lagged behind the
expectations. Moreover, the dispersal of the sutestraxtended the anticipated
boundaries, probably owing to ntwomogenous soil profile with preferential flow
paths.

The trench stability was higher and precipitations were obsgyeethe abundance
of natural calcium carbonate particles in the vicinigde it difficult to distinguish.

Further, CPT tests on the field also did not reveal noteworthy results.

51.2 Foundation Models

In the study of Martinez and DeJong (20@9}ial examples of MICP treatment

beneath thenodel footings were tested. Specimens avgrepared in rectangular
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containers and the treatment aimed at improving a volume of soil with dimensions

of 1.5 times footing width in depth and two times footing width in horizdqfiiglure
5.5).
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(a) (b)

Figure5.5. a) Shallow foundation model b) Grain size distribution of Felt Sand
(Martinez and Dejong, 2009)

Dry pluviated sand with a relative density of 35% together with the installment of
injection portsand extraction ports formed the pteeatment applicatins (Figure

5.6). Then, biological solution and discrete injections of nutrients and calcium
formedthe MICP treatment. In the end, treated samples showed fivefold reduction

in settlement compared to untreated samples.

Figure5.6. Model measurement instruments (Martinez and Dejong, 2009)

113



The failure was accompanied by footing rotation and minimal surface ,redage
surface cracking indicating brittle nature of calcite structure. The bulk of cementation

wasobserved around the injection poffsgure 5.7)
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Figure5.7. Quantitative and qualitative results (Martinez and Dejong, 2009)

The research of Wani and Mir (2DXocused on testing 0.3°model foothg in a 1
m?test tank for representing the field conditions. The weak soil, with considerable
amount of finegrained soils, had shown significant improvements in terms of
bearing capacity. The footing pressure versus deformation curves differed from each
other depending on variation in treatment procedures. However, in the end, all

treated soils had better performances compared to untreatééigune 5.8).
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Figureb.8. Soil top surface after platedding test & Plots with respect to various
treatment conditiond/Nani and Miy 2021)

Kulkarni et al. (2021) conducted plate load tests on MICP treated sands in their
comprehensive study. Accordingly, the ultimate bearing capacity of treated samples
had valies 2.95 to 5.8 times that of untreated samples. Similarly, an outstanding
performance in terms of settlement was alsticed Additionally, the experiments
investigated the effects of sizes and shapes of footings. Various experiments prior to
these mairones provided clues regarding treatment conditions such as optimum
curing times. Further, lower settlements were observed with increased plagnsizes

it could be inferred from the experiments that square plates performed better
compared to circular ples(Figure 5.9)
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Figure5.9. Experimental setup & loadsettlement curves (Kulkarni et al., 2021)
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In the research of Chai et al. (202l alcareous sand foundation model test was
conducted after treatent with a cement. Plate load test setup was formed aiming at
understanding the behavior of1® cm thick cemented layer. The cementation
altered the mechanical properties and failure mode. Accordingly, while untreated
conditions showed general shear faglunode, cement treated cases had punching
failure modg(Figure 5.10)

(b)

Figure5.10. a) Untreated sand foundation failure, b) Cement treated sand
foundation failure (Chai et al., 2021)

5.1.3 Earthquake Conditions

Zhang et al. (2020) developed a different perspective focusingelatively an
uncommon application of MICP. Accordingly, MICP treated calcareous sandy
foundation model was tested against liquefaction resistance via shaking table. Figure
5.11shows theplan and profile views of physical model setups. Injection pipes and
suction pipes were implemented and in order to ensure uniform treatment several
holes were placed along the pipes. An untreated model together with two treated
models with varying cemerttan levels formed the basis of the experimental
program. The shear wave velocities of the treated samples more than doubled the

ones in untreated foundation.
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Shaking table experiments were conducted with a sine wave frequency of 2 Hz, over

a duration oB0 seconds with a base acceleration amplitude of 0.15 g.

The experimental observations included lower excess pore pressure ratio and less
surface settlement along with improved liquefaction resistance whereas amplified

surface accelerations were also morad.
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Figure5.11. Plan and profile views of physical models (Zhang et al., 2020)

In the outstanding work of Zamani et al. (2029¥n radius centrifuge test was
conducted at the Center for Geotechnicaldglong at UC DavigFigures 5.12 and

5.13) In this test, 18 foundations were placed at different sections including
untreated, relatively shallow treated and deep treated zones. Sinusoidal shakings

with peak base accelerations ranging from 0.03 g to &:&rg implemented.
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Figure5.13. Preparation steps of the model (Zamani et al., 2021)

The resuls revealed that MICP treated solil led to lower excess pore pressures and
higher accelerations indicating resistance against liquefaction. Besides, MICP
treated soils showed less settlement and more promising results were obtained with

deepetreated area.

Similarly, Darby et al(2019)also conducted centrifuge mod®sedresearch on
MICP treatmeniFigure 5.14) In this work, a set of MICP treated saturated sand
models were prepared and shaken repeatedly-maddius centrifuge.
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Figure5.14. Plan and side view of the model with measurement locations (Darby et
al., 2019)

Thanks to powerful monitoring setup consisting of accelerometers, pore pressure
transducers and a linear potentiometer, liquefactimeeptibility and cementation

degradation mechanisms were investigated during shaking.

Initially, the results revealed that cone penetration resistagcmdicated up to 9

fold values for heavily cemented models reaching up to 18 MPa, compared to 2 MPa
for untreated ones. Similarly, for same comparison pair, shear wave velocity values
increased from 140 m/s to 660 m/s. Afterwards, peak base accelerations of 0.10 g,
0.17 g and 0.45 g were required for triggering liquefaction in lightly, moderately and
heavily cemented soil conditions. The aforementioned heavily cemented parts had
10 MPa cone penetration resistance and 300 m/s shear wave yepwsty
triggering.
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514 Erosion Susceptibility

The research by Zomorodian et al. (2019) focused on stabilizindasgardtrust via
MICP, eventually aiming at ensuring increased wind erosion resistance. For this
purpose, a container with 500 mm lenty800 mm width* 20 mm depth dimensions

was filled with sand and MICP spray treatment was applied for improving topmost
3 mm layer of specimens. The improvement was tested under various curing
conditions via multiple ways. Accordingly, simple shear strength assessments with

Torvane device formed the initial parts of the experimental progFagare 5.15)

Figure5.15. Crustal layer shear strength determination via Torvane (Zomorodian et
al., 2019)

Next, wind tunnel experiments were performed in a tunnel chamber witma 2
working section length and cressctional dimensianof 300 mm by 400 mm. The
system was capable of producing a maximum wind speed of around 20 m/s. In the
end, based on the results of the experiments, MICP proved to be sufficient and useful

way of dealing with wind erosion and dust control.

Wang et al(2021) worked on application of MICP for sand embankments aiming at

enhancing erosion control via increasing bonding strength. For this purpose, three
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embankment models were subjected to MICP treatment. Sand embankment models

had dimensions of 200 mm * 12@m * 105 mm and the slope angigereadjusted

to be 34A. Four grouting pipes were used
soil (Figure 5.16).

Figure5.16. Experimental setup of MICP treatment &ated embankment models

following curing (Wang et al., 2021)

Following the curing of samples about 30 days, the samples were placed into flumes
and water drip lasting for 2 hours initiated the erosion test. Ultimately, the test results
revealed that MICRreatment indicated much lower erosion mass and detachment
rate, compared to untreated embankment. Besides, the authors suggested possible
variation of slope failure mode. Accordingly, while the ordinary embankment slope
failures would tend to show genesdiear failure behavior inside the embankments,

the treated ones had sufficient resistance at certain depths and scouring / erosion was

inclined to be at relatively shallow depths.
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5.1.5 Other Applications

The research by Lin et al. (201Bjings about fresh pats of view to the MICP
literature as the pulbbutresistance of piles, that were already pervious and allowing
transmission of the treatment fluids, has been investigated. The approach adopted
here aims at not only improving the area around the pilealsateliminating the
obstacles that ordinary large scale applications could face during treatments;like bio
clogging. The results pointed out satisfying results in terms of increased shaft
resistance and ultimate loads of treated pile compared to @utr@ae. Besides, the

limits of treated area around the piles extended 102 mm, more than the pile diameter
(76 mm)(Figures 5.17 and 5.18)

Figure5.17. Instrumentation for pulbut tests & installationrad pullout loading
setup (Lin et al., 2018)
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