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ABSTRACT 

 

LOAD -SETTLEMENT BEHAVIOR OF MICROBIALLY IMPROVED 

SANDS 

 

 

 

Sarē­i­ek, Yēlmaz Emre 

Doctor of Philosophy, Civil Engineering 

Supervisor: Assoc. Prof. Dr. Onur Pekcan 

 

 

 

January 2024, 210 pages 

 

Microbially induced calcium carbonate precipitation (MICP) based improvement 

methods on soils have been increasingly investigated for the last few decades. The 

scale of laboratory experiments and range of soil types are extending. In this study, 

the general framework was constructed on three pillars as biological improvements, 

one-dimensional loading tests and foundation model tests.  

Biological improvements part consists of investigation of innovative bacteria 

cultivation methods, determining viable techniques and media for introducing 

bacteria to the soil and finally image processing utilization for detection of calcium 

carbonate precipitates enabling a non-destructive way especially for surficial 

applications.  

One-dimensional loading tests cover tests on treated ¢ine Sand and Quartz Sand 

specimens prepared under various configurations. These experiments prove that 

under proper circumstances, exceptional precipitation rates can be achieved and 

notable reductions in settlements are obtained. 

Finally, foundation model tests on ¢ine Sand indicate both under dry and wet 

conditions exceptional results in terms of settlement behavior under loading are 



 

 

vi 

 

accomplished. Tests under dry conditions perform better compared to wet 

conditions. Deep and foundation side applications, intermittent bio-dosing provide 

highly satisfying results pointing out the adjustability of MICP to diverse conditions. 

Moreover, the verification of mechanical tests can considerably be succeeded via 

commercial finite element solution software.  

 

Keywords: Microbially Induced Calcium Carbonate Precipitation, S. pasteurii, One-

dimensional Loading, Foundation Model Tests 
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¥Z 

 

MĶKROBĶYOLOJĶK OLARAK  ĶYĶLEķTĶRĶLMĶķ KUMLARIN  Y¦K-

OTURMA DAVRANIķI 

 

 

 

Sarē­i­ek, Yēlmaz Emre 

Doktora, Ķnĸaat M¿hendisliĵi 

Tez Yºneticisi: Do­. Dr. Onur Pekcan 

 

 

Ocak 2024, 210 sayfa 

 

Mikrobiyolojik tabanlē kalsiyum karbonat ­ºkelmesine (MTK¢) dayanan zemin 

iyileĸtirme yºntemleri son dºnemde artan bir ĸekilde araĸtērēlmaktadēr. Laboratuvar 

deneylerinin ºl­ekleri b¿y¿mekte ve uygulama yapēlan zemin t¿rleri artmaktadēr. Bu 

­alēĸmada, genel ­er­eve biyolojik geliĸtirmeler, bir boyutlu y¿kleme testleri ve 

temel model testleri olmak ¿zere ¿­ s¿tun ¿zerine inĸa edilmiĸtir.  

Biyolojik geliĸmeler bºl¿m¿ yenilik­i bakteri b¿y¿tme yºntemleri, bakteriyi zemine 

iletme ama­lē uygulanabilir bakteri yetiĸtirme teknik ve sēvē ortamlarē belirleme ve 

gºr¿nt¿ iĸleme yºntemleri kullanēlarak kalsiyum karbonat ­ºkelmelerinin tespit 

edilmesi bºylece ºzellikle y¿zeysel uygulamalarda tahribatsēz bir ĸekilde 

belirlenmesini saĵlama kēsēmlarēnē kapsamaktadēr.  

Bir boyutlu y¿kleme testleri ¢ine Kumu ve Quartz Kumuônun farklē ĸekillerde 

hazērlanmēĸ iyileĸtirilmiĸ numuneleri ¿zerinde yapēlan testlerden oluĸmaktadēr. Bu 

deneyler, uygun koĸullar altēnda ­ok y¿ksek ­ºkelme oranlarēnēn yakalanabileceĵini 

ve zemin oturmasēnda dikkate deĵer d¿ĸ¿ĸlerin elde edilebileceĵini kanētlamaktadēr. 

Son olarak, ¢ine Kumu ¿zerinde ger­ekleĸtirilen temel model testleri kuru ve ēslak 

koĸullarda y¿k altēnda oturma davranēĸē a­ēsēndan olaĵan¿st¿ sonu­lara 
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eriĸilebildiĵini gºstermektedir. Kuru koĸullarda ger­ekleĸtirilen testler ēslak 

koĸullara gºre daha iyi performans sergilemektedir. Derin ve temel yanē 

uygulamalar, aralēklē bakteri enjeksiyonu uygulamalarē ileri derecede tatmin edici 

sonu­lar vererek, MTK¢ônin farklē koĸullara da uyarlanabilirliĵini gºstermektedir. 

Dahasē, mekanik testler sonlu elemanlar yºntemi kullanan ticari yazēlēmlar ile ciddi 

oranda doĵrulanabilmektedir.  

 

Anahtar Kelimeler: Mikrobiyolojik Tabanlē Kalsiyum Karbonat ¢ºkelmesi, S. 

pasteurii, Bir Boyutlu Y¿kleme, Temel Model Testleri 
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CHAPTER 1  

1 INTRODUCTION   

1.1 General 

The search for the 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 management, 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 of the 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 inclusion 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 inspired by the similarity and possible applicability of the processes in 

recent decades.  

The inspirations, or bio-inspired approaches, are not subject of this thesis. However, 

pointing out the analogy would make it easier to foresee how the future of 

geotechnics could be shaped. Martinez et al. (2022) summarized the similarities and 

potential use areas as; the behavior of worms in sensor placing, tunneling, tree roots 

in increasing the capacity of foundations, anchoring elements and slope, coastal area 

stabilization, silk hierarchical structure and abalone shell for enhancing material 
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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 ant excavation 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 biology-based improvements is utilization 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 habitats (Umar et al., 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 Antarctic lakes 

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 the naked eye, 

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 risks (Putra 

et al., 2020). Besides, the public opinion developed awareness against ñsocietal costò 

of such applications (DeJong, 2015). Moreover, together with increasing population 

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

geotechnical engineers have to deal with bigger problems. DeJong et al. (2010) 

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

as large, complicated and high-energy requiring works. The authors outline the 

framework ñsoil engineering in vivoò, touch upon the stages, crucial variables, some 

possible field applications as shown in Figure 1.1 and enrich the study focusing on 

Microbially Induced Calcite Precipitation (MICP). 
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Figure 1.1. Soil engineering in vivo framework (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: 

× Innovations in bacteria cultivation methods, introducing bacteria to the new 

environment and detection of precipitated calcium carbonate in a non-

destructive way, 

 

× Behavior of two different MICP treated sands (¢ine Sand and Quartz Sand) 

under one dimensional loading conditions with various treatment conditions,  
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× Finally, setting extensive foundation model tests in large boxes with various 

injection configurations and circumstances, and comprehending settlement 

behavior under loading accompanied by numerical validation in the end. 

1.3 Scope and Thesis Organization 

The backbone of thesis was formed upon finding satisfying answers to the 

abovementioned research points. For this purpose, the structure of the study, starting 

from the succeeding chapters, consists of following divisions: 

× 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 cultivation and harvesting, and media preparation aiming at 

familiarizing the reader with the techniques that provided basis for the all 

experimental works throughout the thesis. 

 

× 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 experimental apparatus are 

examined. Finally, detection of precipitated calcium carbonate particles via 

non-destructive way is proposed, with image processing techniques. This last 

part of the chapter is enriched with SEM, EDS detection methods and 

working examples of images.  

 

× One-dimensional loading tests are the core of Chapter 4. The settlement 

behavior of treated ¢ine Sand and Quartz Sand are provided in this chapter 

together with quantification of the precipitations. The effects of treatment 
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strategy, pH values, saturation, sand type and dimensions are 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 experiments. The chapter covers foundation 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 numerical verification attempts of the 

results.  

 

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

present recommendations for future work.  
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CHAPTER 2  

2 MICROBIALLY INDUCED CALCIUM CARBONATE PRECIPITATION  

In this chapter, microbially induced calcium carbonate precipitation (MICP) is 

introduced initially and next the fundamental biological 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 has shown that it has moved to the stage of usability, already 

achieving the proof-of-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 bio-mineralization date back to as early as 

1970ôs and since then at least 60 minerals have been indicated to source from this 

process. The initial applications of MICP made ground in 1990ôs for enhanced oil 

recovery, acting as plugging agent (Fu et al., 2023). Besides, ñBacteriogenic mineral 

pluggingò patent (U.S. Patent 5143,155, September 1,1992) was granted in 1992 

(Wang et al., 2023). Number of researches and fields of applications accelerated 

post-millennium. 

A wide range of 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 strength, erosion and fugitive dust control, mitigating liquefaction, 

bio-clogging, landfill barriers, onshore and offshore soil stabilization, marine 

structure corrosion protection, crack repair, oil and water separation, thermal 

conductivity of soil etc. (Fu 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 
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refer to the research outcomes that propose enabling geothermal applications in arid 

areas. Wang et al. (2023) simply cite the term ñthermal bridgeò for calcite crystals in 

between soil particles.  

 

 

Figure 2.1. MICP applications, (a) fracture filling, (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 mining, use of fertilizers, waste discharge, vehicle 

emission etc. resulted in higher contamination levels in 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 rough conditions, the authors cited literature 

findings indicating removal of arsenic, strontium, chromium, nickel, zinc, copper, 

cadmium, lead and more.  

Conventional ground improvement methods may raise questions regarding their 

energy-intensive, high cost nature (Fu et al., 2023) and environmental concerns bring 
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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. (2023) point out the much less physical 

damage to the soil and surroundings by 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 lower viscosity. 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 al. (2023) address the MICP issue with a little suspicion 

on environmental impacts arguing carbon emissions and energy consumption mainly 

due to used chemical reagents. At that point, they aim at increasing awareness on 

possible use of more eco-friendly reagents such as waste streams. For instance, 

instead of synthetic urea, the authors question availability of human or animal-based 

urine. Similarly, Harran et al. (2023) address the possible environmental impacts by 

implying that some recent studies focused on recycling ammonium to the soil 

fertilizer form and thus replacing unwanted end product with the desirable one. 

Further, Fu et al. (2023) refer to the possible use of zeolites for adsorbing 

ammonium.  

 

 

Figure 2.2. Sustainable Development Goals and MICP (K. Zhang et al., 2023) 
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2.1 Microbially Induced Calcium 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 as a structure of minerals, fluids etc., but instead an interactive 

system. For instance, the vicinity of soil surfaces hosts 109 to 1012 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 main position and thus bacteria are still the vital agents of the 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 soil, bacteria transport 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, temperature, flow 

regime are among the triggering/retarding 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 the success 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 (2005) making comparison 

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

shown here in Figure 2.3. 
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Figure 2.3. Comparison in between soil and bacteria sizes, injection limitations and 

geometric limitations (DeJong et al., 2010) 

An extensive experimental study in the doctoral thesis of Rebata-Landa (2007) 

shows that the most successful attempts for calcium carbonate precipitation were 

observed in fine sands. While the kaolinite samples had no signs of precipitation, 

coarse samples could not maintain the fabric (Figure 2.4). 

 

 

Figure 2.4. Grain size versus calcium carbonate content (Rebata-Landa, 2007) 
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2.1.2 Chemical Reactions and Affecting 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. Additionally, negatively 

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 initiated with various 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 Gibbs Free Energy changes (DeJong et al., 2010). Relatively 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 

straightforward and controllable pathway.  

 

 

Figure 2.5. Alternative metabolic pathways (DeJong et al., 2010) 
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Of all these provided metabolic pathways, ureolysis based reactions develop as 

follows in short: 

× Thanks to the urease enzyme (urea amidohydrolases) inherent in ureolytic 

bacteria, urea is decomposed into ammonia and carbonic acid inside the cell 

(Eq. 2.1), 

× Ammonia equilibrium reaction takes place forming ammonium and 

hydroxide ions, resulting in pH increase in the surrounding environment (Eq. 

2.2).  

× This reaction then is followed by bicarbonate and carbonate formations (Eq. 

2.3) and in the end provided that sufficient calcium source is maintained, 

calcium carbonate particles are formed (Eq. 2.4). 

The reactions in brief (Equations 2.1 to 2.4) and the simple demonstrations (Figure 

2.6 and Figure 2.7) are shown below: 

 

ὅὕὔὌ ςὌὕ O Ὄὅὕ ςὔὌ    ὉήȢ  ςȢρ 

 

ὔὌ Ὄὕ P ὔὌ ὕὌ     ὉήȢ  ςȢς 

 

Ὄὅὕ ᴾὌὅὕ Ὄ ᴾὅὕ ςὌ     ὉήȢ  ςȢσ 

 

ὅὕ ὅὥ ᴾὅὥὅὕ    ὉήȢ  ςȢτ 
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Figure 2.6. (a) Sporosarcina pasteurii cell, (b) MICP reaction stages showing 

intracellular and extracellular reactions (K. Zhang et al., 2023) 

 

Figure 2.7. Soil strengthening via ureolysis-originated MICP (Fu et al., 2023) 
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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, deeper ground 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 utilized Sporosarcina pasteurii (formerly known 

as Bacillus pasteurii) as a ureolytic bacterium. The bacterium is known to be a non-

pathogenic, gram-positive and alkalophilic. Besides, high urease activity and 

withstanding harsh conditions made the bacterium one of the best candidates in this 

field. In this study also, S. pasteurii (ATCC 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 of the term Microbially 

Induced Calcite 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 calcium carbonate could be either anhydrous ones such as 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 calcite 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 tendency for filling the spaces in the 

pores. The stepwise 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 is preferred 

rather than calcite term.  

The distribution of calcium carbonate particles inside the soil pores is the main 

determining factor of treated soil strength. DeJong et al. (2010) describe ñuniformò 

and ñpreferentialò calcium carbonate particle distributions as equal-thickness crystal 

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 these extremes 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. This occurrence could be related to the positioning of bacteria since bacteria 

tend to settle at particle contacts that host more amount of 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 at desired locations accompanied by flow. Also, the crystals that did not 

find place in the main bonding still could improve the frictional capacity and behave 

like fine particles resulting in higher densification, even effective in residual states. 

The researchers additionally refer to the brittle cementing bonds owing to brittle 

nature of calcium carbonate crystal itself and rivalry between existing crystalsô 

growth and new crystal formations, affected by supersaturation conditions of the ions 

and nucleation site availabilities. Finally, the authors address the issue of uniformity 

by stating that heterogenous cementation would not pose a problem as in many 

geotechnical conditions stress distribution is non-uniform, decreasing the importance 

of homogenous cementation.  

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

calcium carbonate precipitates in their study, indicating the microbe beds as well. 



 

 

17 

Besides, the coating of calcium-based minerals 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 enhancement is vital as it tests the success of application, 

effect of precipitates and direct the researchers, engineers for upcoming 

improvement attempts. Field or large-scale laboratory applications could employ 

destructive or nondestructive techniques namely, bacterial 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). 

 

 

Figure 2.8. Calcium carbonate crystals covering the surface and microbe beds 

(Saricicek et al., 2019) 
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Figure 2.9. (a) SEM image, (b) Calcium mapping, (c) Aluminum, 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 stated, in this thesis one of the most common ureolytic bacterium was 

mainly employed, namely S. pasteurii and more specifically S. pasteurii ATCC 

11859 strain. Mitigation of bacteria for injection required some preparation phases. 

Accordingly, during the course of the experiments, glycerol stocks of bacteria were 

kept at -80ÁC for preserving their freshness and from time to time the stocks were 

renewed (Figure 2.10).    
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Figure 2.10. Glycerol stocks of bacteria in microtubes at -80ÁC 

The bacteria, depending on their strain, require nutrients for growing. S. pasteurii 

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 Figure 2.11. 

 

Table 2.1 ATCC Medium 1376 Bacillus pasteurii NH4-YE medium 

Yeast extract  20.0 g 

(NH4)2SO4 (Ammonium sulphate)  10.0 g 

0.13 M Tris buffer (pH 9.0)  1.0 L 

Agar (if needed)  20.0 g 
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Figure 2.11. Tris buffer (left), yeast extract (mid), ammonium sulphate (right) 

pH value of tris buffer is adjusted to 9.0 and these ingredients are autoclaved 

separately (121ÁC, 15 min). After the autoclaving the ingredients 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 taken out of -80ÁC refrigerator and initially pre-cultivation 

and then cultivation operations are performed. Precultivation aims at preparing 

bacteria in a single autoclaved flask and making it grow up to around OD600 = 0.5 to 

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

cultivations.  Figures 2.12 and 2.13 show the stages. Depending on the volume of 

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

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

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

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

airflow.  
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Figure 2.12. Microtube prior to use (left), sterile measuring cylinder and flask, 

bacteria growth medium and microtube inside biosafety cabinet (right) 

 

 

Figure 2.13. 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 sheets of S. 

pasteurii ATCC 11859. Accordingly, growth at 30ÁC in an orbital shaker at 200 rpm 

for at least 48 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 spectrophotometer. The device measures the 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 ultimate aim in this 

study is to harvest bacteria around OD600 of 1.0.   

 

 

Figure 2.14. Orbital shaker, 30ÁC and 200 rpm conditions 

 

Figure 2.15. Flasks with non-grown bacteria (left) and non-grown one (right) 
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Figure 2.16. 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 ml tubes (Figure 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 precipitated bacteria at the bottom are 

transferred to the refrigerator at -20ÁC and preserved there until use (Figure 2.18).  

 

 

Figure 2.17. Bacteria fluid in 15 ml tubes 
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Figure 2.18. 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 molarities, constituents might 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 measurement of ingredients; urea, ammonium chloride (NH4Cl), 

sodium bicarbonate (NaHCO3, for limited times in this thesis) and nutrient broth, is 

the initial step (Figure 2.19) and then these substances are solved in the distilled 

water (Figure 2.20). Mainly, each constituent is solved separately and then 

combined, except for the urea (Figure 2.20).  
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Figure 2.19. Ingredients prior to solution preparation 

 

Figure 2.20. Preparing solutions in distilled water and combined solutions in a 

single bottle 

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

The bottles were autoclaved at 121ÁC for 15 minutes option, though the whole 

process lasting around 2 hours, due to heating and cooling operations, depending 

also on the amount of media (Figure 2.21).  

Preparation of urea has different requirements. 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 0.22 Õm filter inside the biosafety cabinet 

(Figure 2.22).  

Another medium for resuspension of bacteria pellets are prepared in a similar way 

the details of which are presented in the following chapter.  
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Figure 2.21. Autoclaving media 

 

 

Figure 2.22. Preparing urea solution and filtering process 
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CHAPTER 3  

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 the bacteria with laboratory soil samples and finally calcium carbonate 

precipitation detection with a novel method. These steps are named as, ñInnovations 

in bacteria cultivation methodsò, ñBacteria introduction to the new environmentò and 

ñDetecting precipitated calcium carbonate via image processing techniquesò. 

3.1 Innovations in Bacteria Cultivation Methods 

The work provided here aims at understanding urea hydrolysis success and 

productivity of bacteria with various growth media. Inclusion of a variety of material 

into classical growth medium (ATCC Medium 1376) of S. pasteurii (ATCC 11859) 

formed the basis of innovations. Besides, a similar procedure was followed for 

Bacillus licheniformis (ATCC 14580), that normally is grown in ATCC Medium 3.  

Enhancements on classical 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 hydrolysis or not can be investigated with an adaptation of 

Stuartôs urea broth test (Brink, 2010). Moreover, pH measurements can be used as 

an indicator, simultaneously.  

In the literature, one can encounter with use of materials like urea (DeJong et al., 

2006; Onal 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 and treatment 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 growth media 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 of enzyme induced 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 regarding the harmony 

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 

treatment 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 both on 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 understanding the mechanisms and developing a new breath for 

innovating a bacteria cultivation method. As an initial step, bacteria stocks 

previously preserved at -80 ϲC were subjected to precultivation with classical growth 

medium (Table 3.1) under ordinary conditions, namely inside orbital shakers at 200 

rpm at 30ϲC and 37ϲC for S. pasteurii and B. licheniformis, respectively. S. pasteurii 

cells were monitored until they reached an OD600 value of 0.5. For the case of B. 

licheniformis, since the growth pattern of these bacteria is more rapid, even after 9 

hours, OD600 value of 0.95 was maintained. After reaching these values, bacteria 
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were supplemented with the components given in Table 3.2 (500 ɛl bacteria in 50 

ml medium). All bacteria-related works were performed under sterile conditions. 

Solutions (in distilled water, dH2O) 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 added to classical 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 through 0.20-

micron filters for sterilization. Filter sterilization of skimmed milk did not seem to 

be plausible. Further, autoclaving option with adopted approach (at 121 ϲC for 15 

min) caused skimmed milk to be caramelized. Therefore, skimmed milk was 

autoclaved at 105ϲC for 1 min.  

 

Table 3.1 S. pasteurii and B. licheniformis classical growth media (ATCC 1376 & 

Medium 3) 

S. pasteurii  

(ATCC 1376) 

Yeast extract 20 g 

Ammonium sulphate ï (NH4)2SO4 10 g 

0.13 M Tris buffer (pH 9.0) 1 L 

B. licheniformis 

(ATCC Medium 3) 

Peptone 5 g 

Meat Extract 3 g 

The ingredients are autoclaved separately. The media presented here are indicated as ñMò and 

ñNBò for S. pasteurii and B. licheniformis, respectively, in the following parts. 
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Table 3.2 Bacterial growth test samples 

Sample Bacterium Design. 
Fabricated Medium 

Composition 

1 S. pasteurii M 50 ml c. medium 

2 S. pasteurii M+U 40 ml c. medium+10 ml urea 

3 S. pasteurii M+Ni 50 ml c. medium+1 ml NiCl2 

4 S. pasteurii M+U+Ni 40 ml c. m. +10 ml u.+1 ml NiCl2 

5 S. pasteurii M+U+sm 40 ml c. m.+10 ml urea+1 ml sm 

6 S. pasteurii M+sm 50 ml c. medium+1 ml sm 

7 S. pasteurii M+Ni+sm 50 ml c. m.+1 ml sm+1 ml NiCl2 

8 S. pasteurii M+U+sm+Ni 
40 ml c. m.+10 ml u.+1 ml sm+1 

ml NiCl2 

9 B. licheniformis NB 50 ml c. medium 

10 B. licheniformis NB+U 40 ml c. medium + 10 ml urea 

11 B. licheniformis NB+U+sm 40 ml c. m. + 10 ml u. + 1 ml sm 

12 B. licheniformis NB+Ni 50 ml c. medium + 1 ml NiCl2 

NC 1 - M 30 ml c. medium 

NC 2 - NB 30 ml c. medium 

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

NB: nutrient broth (for B. licheniformis) 

U: urea  sm: skimmed milk powder  Ni: nickel chloride    NC: control sample 

 

The aforementioned orbital shaker arrangements (temperature and rotation rate) 

were maintained for the rest of the incubation process. OD600 measurements 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 samples. At t = 20 h, S. pasteurii samples had not 

shown any turbidity, in other words no sign of growth. By the end of the 44 h, most 

of S. pasteurii samples had reached to OD600 values greater than 1.5. All of the 

samples containing urea both solely and with other components 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 denoted the success of 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 showed success 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.  

 

Table 3.3 OD600 measurements at various times 

 

Immediately after the abovementioned steps, Stuartôs urea broth test given in Brink 

(2010) was employed. The test was originally developed for understanding the 

urease activity: ureolysis mechanism leading to pH increase and eventually changing 

the color of the medium. The higher the pH, the more fuchsia-like color 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 given in Table 3.4 were 

dissolved in 1 liter of distilled water, filter sterilized and for each sterile test tube 3 

ml of broth was added.  

Sample Bacterium Designation t=0 t=20h  t=32h  t=44 h 

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 1.71 

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 0.95 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  - 
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Table 3.4 Stuartôs urea broth test ingredients (Brink, 2010) 

Ingredient Amount 

Yeast extract 0.1 g 

Potassium phosphate, monobasic 9.1 g 

Potassium phosphate, dibasic 9.5 g 

Urea 20 g 

Phenol red 0.01 g 

 

 

Following the inclusion of heavy inoculum - both the requirement of the test and to 

minimize the effect of variations of OD600 values - from grown bacteria samples, the 

tubes were preserved inside an incubator at a temperature of 35 ϲC. Observations 

regarding the color changes were made at 8, 12, 24 and 48 hours. Starting with 

yellow-orange color, the occurrence of bright pink (fuchsia) color indicates the 

urease production. Figure 3.1 shows the start-of-experiment and end-of-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 measurements as well in Table 3.5 

together with end-of-experiment pH measurements. Since Sample 7 did not show 

growth behavior, it was not tested with Stuartôs urea broth. The samples were 

prepared in triplicate. The third samples of each sample set were used for pH 

measurements. In case of urea hydrolysis, the production of ammonia leads to 

increase in pH value. Throughout the test, control and B. licheniformis samples did 

not react with the broth, or if any only slightly, in other words no transitions from 

orange to pink were observed. This occurrence was confirmed with pH levels of 

these samples. For samples containing S. pasteurii, although the immediate reactions 

of Samples 1, 3 and 6 were not as powerful as the others, starting from the second 

measurements all the samples turned out to be in the same color. These observations 

confirmed the success of urea hydrolysis of all grown S. pasteurii bacteria. Also, the 
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questions and suspicions regarding the urea hydrolysing inability of B. licheniformis 

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

t = 0, (left to right) 

NC 1, Samples 1, 2, 3, 4 

t = 0, (left to right) 

NC 1, Samples 5, 6, 8 

   t = 0, (left to right) 

NC 2, Samples 9, 10, 11, 12 

   

t = 48 h, (left to right) 

NC 1, Samples 1, 2, 3, 4 

t = 48 h, (left to right) 

NC 1, Samples 5, 6, 8 

   t = 48 h, (left to right) 

NC 2, Samples 9, 10, 11, 12 

   

Figure 3.1. Stuartôs urea broth sample reactions at t = 0 and t = 48 h 

 

Table 3.5 Color codes of every sample at all time-based measurements 

Sample Start (t=0) t=8 h t=12 h t=24 h t=48 h pH  

(t=48 h) 

NC1-1 + + + + +  

NC1-2 + + + + +  

NC1-3 + + + + + 6.56 

1-1 1.5 + ++++ ++++ ++++ ++++  

1-2 ++ ++++ ++++ ++++ ++++  

1-3 1.5 + ++++ ++++ ++++ ++++ 9.21 

2-1 +++ ++++ ++++ ++++ ++++  

2-2 +++ ++++ ++++ ++++ ++++  

2-3 +++ ++++ ++++ ++++ ++++ 9.21 

3-1 + ++++ ++++ ++++ ++++  
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Table 3.5 (contôd) Color codes of every sample at all time-based measurements  

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

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

4-1 +++ ++++ ++++ ++++ ++++  

4-2 +++ ++++ ++++ ++++ ++++  

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

5-1 +++ ++++ ++++ ++++ ++++  

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 

10-1 + + + + +  

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  +: ora nge                  

 

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 spent for growth phase, in 
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the new modified experiment scheme, the approaches denoted in Table 3.6 were 

adopted. Initial OD600 values were calibrated to 0.5 for all bacteria samples and the 

bacteria were collected at t = 15 h. More frequent pH measurements were made in 

this part. Precultivation, this time, was made in two stages, the bacteria were then 

arranged to OD600 = 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. Accordingly, these time-based 

measurements indicated that when urea and skimmed milk are used together, more 

cultivation time might be required for reaching higher OD600 values. In the previous 

set of experiments, their working harmony was evident. The more freshness and 

double cultivation might have resulted in earlier high OD600 values for Sample 1 and 

Sample 6 compared to previous set. The success of Sample 6 could also be related 

to the skimmed milk. Furthermore, OD600 value obtained for Sample 7 was 

outstanding. The new approach for Sample 3 was also superior to the previous set. 

In terms of Stuartôs urea broth test results, the behavior pattern was quite similar with 

the preceding set. Samples 1, 3 and 6 reacted slowly together with Samples 5 and 8 

this time. For the last two of these, smaller OD600 values might have affected. 

However, overall pH measurements starting from t = 8 h are consistent and almost 

same. Considering the fact that, all grown S. pasteurii bacteria are capable of urea 

hydrolyzing somehow, the best way seemed to be comparing their calcium carbonate 

precipitation abilities in a different environment. For this purpose, to maintain equal 

conditions, growing all samples to the OD600 values of around 1 and then comparing 

them is a reasonable attitude. The details of this proposed work can be found under 

the heading of ñ3.3 Detecting precipitated calcium carbonate via image processing 

techniquesò. 
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Table 3.6 Bacterial growth test samples for the modified stage 

Sample Bacterium Design. Fabricated Medium Composition 

1 S. pasteurii M 50 ml c. medium 

2 S. pasteurii M+U 40 ml c. medium+10 ml urea 

3 S. pasteurii M+Ni 50 ml c. medium+1/3 ml NiCl2 

4 S. pasteurii M+U+Ni 40 ml c. m.+10 ml urea+1/3 ml NiCl2 

5 S. pasteurii M+U+sm 40 ml c. m.+10 ml urea+2 ml sm 

6 S. pasteurii M+sm 50 ml c. medium+2 ml sm 

7 S. pasteurii M+Ni+sm 50 ml c. m.+2 ml sm+1/3 ml NiCl2 

8 S. pasteurii 
M+U+sm+

Ni 

40 ml c. m.+10 ml u.+2 ml sm+1/3 

ml NiCl2 

9 B. licheniformis NB 50 ml c. medium 

10 B. licheniformis NB+U 40 ml c. medium+10 ml urea 

11 B. licheniformis NB+U+sm 40 ml c. medium+10 ml urea+ 2ml 

sm 
12 B. licheniformis NB+Ni 50 ml c. medium+1/3 ml NiCl2 

NC 1 - M 30 ml c. medium 

NC 2 - NB 30 ml c. medium 

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

B. licheniformis) 

U: urea         sm: skimmed milk powder        Ni: nickel chloride 

 

Table 3.7 OD600 measurements at various times for the modified stage 

Sample Bacterium Designation t = 0 t = 10 h t = 15 h 

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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Table 3.8 Color codes of every sample at all time-based measurements for the 

modified stage 

 

 

 

Sample Start  

(t = 0) 

pH (t=0) t = 8 h pH  

(t=8 h) 

t = 12 h pH 

(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 1.5 + 6.99 ++++ 9.26 ++++ 9.27 

4-3 +++ 7.55 ++++ 9.29 ++++ 9.29 

5-3 1.5 + 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 = 24 h pH (t=24 h) t = 48 h pH (t= 48 h) 

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 

10-3 + 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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Figure 3.2. pH values of samples at t = 0, 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 to experience 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 in the results or not. Bacteria preservation 

temperature prior to tests (either at -20 ϲC or +4 ϲC), bacteria resuspension medium 

and dissolving bacteria pellets with shaking by hand or use of vortex mixer are 

variables subjected to research in this sub-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 good-working bacterial solution (BS) 

for continuing experiments, the candidates given in Table 3.9 were subjected to tests. 

These media (7 ml each) were added to S. pasteurii pellets (grown in classical growth 

medium ATCC Medium 1376, OD600 å 1). 5 hours after initial applications, 2 ml of 

a cementation 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 literature, used as cementation solutions. Even at the very 

beginning of the media inclusions, as can be expected probably due to immediate 

calcium carbonate precipitations, these two sample groups had precipitates at the 

bottom of the tubes. So, it can be inferred that 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 included the abovementioned variables 

also, are provided in Table 3.10. The letters ñH, V and Mò refer to ñShaking by hand, 

vortex and modified temp, +4ϲCò, respectively. Figures 3.3 to 3.6 indicate the effects 

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 has a tendency of decreasing pH.  
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Table 3.9 Bacterial solution (BS) candidate media 

 

 

Table 3.10 pH measurements of samples at various conditions and times 

-20 ϲC, 

mix with 

shaking 

Day 1,  

t = 0 

Day 1,  

t = 5 h 

Cementation 

med. poured 

Day 3 Day 5 Day 8 

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 

       

-20 ϲC, 

vortex mix 

Day 1,  

t = 0 

Day 1,  

t = 5 h 

Cementation 

med. poured 

Day 3 Day 5 Day 8 

1-V 8.86 8.79  8.81 8.59 8.58 

2-V 9.37 9.57  9.35 9.34 9.34 

3-V 9.57 9.75  9.45 9.45 9.48 

Sample Medium Constituents 

1 ATCC Growth 

Medium 1376 

Yeast Extract ï 20 g, (NH4)2SO4 ï 10 g, Tris 

buffer ï 15.75 g (per liter) 

2 Urea + NH4Cl 1 g NH4Cl, 3.003 g urea (per 100 ml) 

3 Urea 3.003 g urea (per 100 ml) 

4 Urea + NH4Cl + 

NaHCO3 

0.212 g NaHCO3, 1 g NH4Cl, 3.003 g urea (per 

100 ml) 

5 Urea+ NH4Cl + 

NaHCO3 + 

CaCl2 + NB 

3.003 g urea, 1 g NH4Cl, 0.212 g NaHCO3, 5.545 

g CaCl2, 0.3 g NB (per 100 ml) 

6 Urea + CaCl2 3.003 g urea, 2.7725 g CaCl2 (per 100 ml) 

7 Urea + NH4Cl + 

NaHCO3 + NB 

3.003 g urea, 1 g NH4Cl, 0.212 g NaHCO3, 0.3 g 

NB (per 100 ml) 
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Table 3.10 (contôd) pH measurements of samples at various conditions and times  

4-V 9.39 9.64  9.39 9.35 9.38 

5-V 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 ϲC, mix 

with 

shaking 

Day 1,  

t = 0 

Day 1,  

t = 5 h 

Cementation 

med. poured 

Day 3 Day 5 Day 8 

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 ϲC, 

vortex mix 

Day 1,  

t = 0 

Day 1,  

t = 5 h 

Cementation 

med. poured 

Day 3 Day 5 Day 8 

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 9.41 9.39 

M5-V 7.78 7.76  8.18 8.26 8.25 

M6-V 8.23 9.08  9.15 9.11 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 samples did not pose significant variation on the adopted dissolution, 

either mix with shaking by hand or vortex mix, and pellet preserving methods, either 

storing at -20ϲC or +4ϲC. The overall trends of Samples 2, 3, 4 and 7 could be 

attributed to first urea hydrolysis (increase in pH) and then calcium 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 consisted of conventional 

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 

the molarity of [OH-] generated from NH4
+ must be much greater than [Ca2+] for 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 passed 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 in medium 7 was another concerning factor, 

although it was used previously in 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 carbonate 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 next section: ñDetecting 

precipitated calcium carbonate via image processing techniquesò  

 

Figure 3.3. pH values for mix with shaking by hand at -20ϲ C condition 
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Figure 3.4. pH values for mix with shaking by hand at +4ϲ C condition 

 

Figure 3.5. pH values for vortex mix at -20ϲ C condition 
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Figure 3.6. pH values for vortex mix at +4ϲ 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, reduction in tendency 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: ñDetecting precipitated calcium carbonate via image processing 

techniquesò. Most of the studies in the literature detect the amount of calcium 

carbonate particles with the use hydrochloric acid, as the hydrochloric acid reacts 

with calcium carbonate forming calcium chloride (require rinsing with water then), 

water and carbon dioxide. For the soil samples inherently having calcium carbonate 
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acid itself may pose some danger in case of incautious use. After all, hydrochloric 

acid still seems one of the easiest and 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 D4373-14 

Standard Test Method for Rapid Determination of Carbonate Content of Soils, also 

(Choi et al., 2017).  In this part, observing the precipitations in a different, infrequent 

way was aimed; via image processing techniques. Further, since the technique was 

applied in a non-destructive way on a thin layer of soil particles, the precipitates were 

also visible to the naked-eye. 

In order to be able to better catch the contrast and avoid similar colors from 

misguiding, colored sand samples were used. The classification parameters and grain 

size distribution of the sample are given in Table 3.11 and Figure 3.7. Besides, for 

finding the mineralogical composition of the sand, XRD tests were performed on 

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 II X-Ray Diffraction Analyzer, 0-55Á scan range. The peaks 

presented in Figure 3.8 indicated that the sand composed of quartz mineral thanks to 

MATCH! Phase Analysis using Powder Diffraction software.  

Table 3.11 Colored sand index properties 

Soil Properties 

D10 1.14 mm 

D30 1.56 mm 

D50 1.81 mm 

D60 2.08 mm 

Cu  1.82 
 

Cc 1.03 
 

USCS classification SP 
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Figure 3.7. Colored sand grain size distribution  

 

 

Figure 3.8. XRD mineralogical composition detection of colored sand 
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namely wet-dry, varying filter papers, top-bottom injections were tested for 

obtaining the optimum conditions of the treatment. Whatman Grade 309 filter paper 

happened to be the most convenient filter paper eventually. The camera used for 

picturing at the end of the tests had the following properties: CANON 600d 18 MP, 

lens: CANON EF-S 18-55 mm lens f/3.5-5.6. The available best position for the light 

sources and camera were adjusted. For the case of bacteria pellets, application of 

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 

harvesting the 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 +4ÁC until use.  

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 of bacterial solution and subsequent cementation solutions 

(10 times) were given on a daily basis. After a few days following the end of final 

treatment, the samples were oven-dried at 60ÁC for a couple of days. Based on the 

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 bacteria 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 in Table 3.6 

again only for S. pasteurii samples. The bacteria were grown in orbital shaker 

(Zhicheng, China) at 30ÁC with 200 rpm until all the bacteria reach around OD600 of 

1.00. In order to be able to compare the bacteria groups under similar conditions, 

frequent OD measurements were made with UV-visible 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 4000g for 20 min. Medium 2 given in Table 3.9 was selected to 

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

bacterial solution (Table 3.12, 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 3.12. 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 the initiation of the experiments are shown in Figure 3.10.  

 

Table 3.12 The details of IMG_BS, IMG_CS and IMG_Fix media  

Medium Ingredient Amount Sterilization Method 

IMG_BS  

(500 ml) 

Urea 15.015 g  

(0.5 M) 

Filter 

NH4Cl 5 g Autoclave 

IMG_CS (1 L) Urea 30.03 g Autoclave 

NH4Cl 10 g Autoclave 

Nutrient 

Broth 

3 g Autoclave 

CaCl2.2H2O 73.505 g  

(0.5 M) 

Autoclave 

IMG_Fix  

(300 ml) 

CaCl2.2H2O 1.103 g  

(25 mM) 

Autoclave 

 

STEP 1 

 

 

 

 

 

Metal containers with colored sands (~10 g in each) were 

prepared for bacteria grown with respect to conditions 

given in Table 3.6 in duplicates, together with control 

samples, on which no bacteria were applied (Figure 3.10). 
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STEP 2 

 

 

 

 

STEP 3 

 

 

 

 

 

 

STEP 4 

 

 

 

 

 

 

 

 

 

After sufficient time for resuspension of the bacteria in 

IMG_BS (10 ml for each pellet), bacteria were given to 

the sand samples with 2 ml/min rate via peristaltic pump.  

After the first application of bacteria in IMG_BS, the 

liquid for each sample was collected and passed through 

the samples one more time. Next, the fixation liquid 

(IMG_Fix) with an amount of 5 ml was given for each 

with a rate of 2 ml/min. 

Sufficient retaining time was given for the bacteria (12 

hours). The first cementation solution (IMG_CS) was 

given to the samples in the same day (5 ml IMG_CS for 

each with a rate of 2 ml/min).  
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STEP 5 

 

 

 

 

 

Figure 3.9. Treatment procedure on colored sand samples 

 

Figure 3.10. 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 Table 3.6. The details regarding the initial and subsequent set of experiments 

are provided in Table 3.13. In the codifications, first numbers indicate the sample 

number and rightmost numbers indicate the duplication. For the samples in the 

second set, letter ñAò is added to the right side of codes indicating altered 

cementation solution compositions. Bacterial solution and its re-pass, fixation 

solution and other procedural applications were same in the second set. An important 

observation at that point was about the cementation solutions in which skimmed-

milk inclusions were made. The tubes containing these substances had some 

IMG_CS were given to the samples in total of 7 times 

with around 12 hours intervals (Figure 3.11). In the end, 

after waiting without further injection for 3 days, the 

samples were oven-dried for 3-4 days at 60ÁC. The 

pictures were taken in some of these intervals. SEM 

images were also captured for some of the samples. 
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solidified substances at the bottom (Figure 3.12). A reaction might have taken place 

between the skimmed-milk and ingredients of our ordinary cementation solution. 

Moreover, since samples 1 and 2 already contained at most a urea (neither skimmed 

milk nor nickel chloride), these samples did not take place in the modified new 

experimental procedure. The picture taking process proceeded as same in the 

previous set. Following the termination of the experiments, from representative 

samples SEM and EDS (Energy-dispersive X-ray Spectroscopy) images (Figures 

3.13-3.15) were taken at the Central Laboratory, METU on the specimens coated 

with gold-palladium tested with FEI Quanta 400 F with EDAX equipment.  

 

 

  

Figure 3.11. General view of the all samples during treatments 
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Table 3.13 Chemical composition details for all samples  

Set Sample Growth media compositon CS composition 

1 

1-1 & 1-2 M IMG_CS 

2-1 & 2-2 M + U IMG_CS 

3-1 & 3-2 M + Ni IMG_CS 

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 & 8-2 M + U + sm + Ni IMG_CS 

2 

3-1A & 3-2A M + Ni IMG_CS + Ni 

4-1A & 4-2A M + U + Ni IMG_CS + Ni 

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 + sm + 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 

 

 

Figure 3.12. Solidified substances at the tube bottom in skimmed milk ï IMG_CS 

mixations 
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Figure 3.13. SEM and EDS examples of Sample 1-1 

 

 

Figure 3.14. SEM examples of Sample 3-2 

CaCO3 

crystals 

CaCO3 

crystals 

CaCO3 

crystals 

CaCO3 

crystals 

CaCO3 crystals 



 

 

54 

 

 

Figure 3.15. SEM and EDS examples of Sample 3-1 (upper) and Sample 4-1 

(lower) 

SEM images revealed the abundancy of precipitated calcium carbonate particles. The 

smaller calcium carbonate crystal structures covered almost all of the tested sample 

surfaces. Besides, crystal structures with diameters as much as 50 microns with 

unordinary shapes were also visible. EDS compositions confirmed the existence 

these precipitates in harmony with the SEM images (with calcium and oxygen 

elements in a certain proportion). These images denoted the precipitations in the 

small area of soil particles and did not reveal any quantification. Quantity based 

outcomes are obtained via image processing techniques as outlined 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 Sample 1-1 and 1-2 retrieved at the initiation stage of the 

experiments and end of the experiments are provided in Figures 3.16 and 3.17, 

respectively. The precipitations were even visible to the naked-eye at the end. For 

detection in terms of quantification, white-colored precipitates had to be extracted 

from the sample thanks to the contrast between sand color and precipitates. 

 

 

Figure 3.16. Imaging setup 

The initial attempts for detecting the precipitation sections focused on use of some 

well-known filtering operations and edge detection algorithms. The operations were 

made on grayscale images. Namely, ñcolfilt, average, disk, gaussian, laplacian, log, 

prewitt, sobel, unsharp, minimum, maximum, median, median with noise, prewitt 

edge, canny edge and sobel edgeò algorithms were adopted, readily available as 

embedded in MATLAB, for understanding how these algorithms worked in our case. 

The results for the case of Sample 1-1 all together is shown in Figure 3.18. While 

some of the algorithms failed to detect and separate precipitations, some others 

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 mislead the results. 

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.  

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17. The images for Sample 1-1 and 1-2 retrieved at the beginning and the 

end of the experiments 
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Figure 3.18. Filtering and edge detection algorithms 

The modified procedure stages are demonstrated in Figure 3.19 and to further grasp 

the background work, the algorithm formed for this work may be summarized as 

follows: 

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

boundary of the metal containers, and if necessary with the help of another 

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 centered with respect to boundary 

coordinates, threshold values were determined for detecting precipitates. In 

grayscale images while pixel value of 0 corresponds to black color, 255 

corresponds to white color.  

3) After initial trials and errors on images together with threshold detection 

algorithms such as Otsuôs method (embedded in MATLAB as well), the 

appropriate threshold values for precipitate colors were selected to be in 

between 130 and 150. The ratio between the pixel values greater than those 

numbers, in other words grey to white color band, and the values within 
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masked area indicated the precipitation rates. The graphs denoting 

precipitation rates of each sample are available in Figures 3.20 to 3.23 and 

Tables 3.14 and 3.15.  

 

 

Figure 3.19. Image at the end of the experiment (upper), boundary detection (mid), 

extracted image (lower left) and mask & threshold application (lower right) 
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Figure 3.20. Set 1 precip. rates (blue: thres. value 130, orange: 140 & grey: 150) 

 

 

Figure 3.21. Set 1 avg. rates for each pair (blue: thres. value 130, orange: 140 & 

grey: 150) 
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Figure 3.22. Set 2 precip. rates (blue: thres. value 130, orange: 140 & grey: 150) 

 

 

Figure 3.23. Set 2 avg. rates for each pair (blue: thres. value 130, orange: 140 & 

grey: 150) 
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Table 3.14 Set 1 precipitation rates 

SET 1 Threshold 

130 
Avg 

Threshold 

140 
Avg 

Threshold 

150 
Avg 

1-1 10,0% 
8,0% 

7,0% 
5,5% 

5,0% 
4,0% 

1-2 6,0% 4,0% 3,0% 

2-1 13,0% 
9,5% 

9,0% 
6,5% 

7,0% 
5,0% 

2-2 6,0% 4,0% 3,0% 

3-1 7,0% 
7,0% 

5,0% 
5,0% 

4,0% 
4,0% 

3-2 7,0% 5,0% 4,0% 

4-1 10,0% 
7,5% 

8,0% 
5,5% 

6,0% 
4,0% 

4-2 5,0% 3,0% 2,0% 

5-1 3,0% 
3,0% 

2,0% 
2,0% 

1,5% 
1,4% 

5-2 3,0% 2,0% 1,2% 

6-1 3,0% 
4,5% 

2,0% 
3,0% 

1,2% 
1,6% 

6-2 6,0% 4,0% 2,0% 

7-1 3,0% 
2,7% 

1,8% 
1,7% 

1,2% 
1,2% 

7-2 2,4% 1,6% 1,1% 

8-1 2,1% 
4,1% 

1,4% 
2,7% 

1,0% 
2,0% 

8-2 6,0% 4,0% 3,0% 

Control 1 3,0% 
2,6% 

2,0% 
1,7% 

1,5% 
1,2% 

Control 2 2,1% 1,3% 0,8% 

 

Table 3.15 Set 2 precipitation rates 

SET 2 
Threshold 

130 
Avg 

Threshold 

140 
Avg 

Threshold 

150 
Avg 

3-1 A 6,3% 
5,4% 

3,7% 
3,3% 

2,3% 
2,1% 

3-2 A 4,5% 2,8% 1,8% 

4-1 A 3,4% 
6,0% 

2,1% 
4,1% 

1,3% 
2,8% 

4-2 A 8,5% 6,0% 4,2% 

5-1 A 4,0% 
4,1% 

2,2% 
2,4% 

1,3% 
1,5% 

5-2 A 4,1% 2,6% 1,7% 

6-1 A 4,2% 
4,5% 

2,6% 
2,8% 

1,7% 
1,7% 

6-2 A 4,8% 2,9% 1,6% 

7-1 A 4,1% 
3,9% 

2,4% 
2,5% 

1,5% 
1,7% 

7-2 A 3,7% 2,5% 1,8% 

8-1 A 4,6% 
4,5% 

2,7% 
2,9% 

1,6% 
2,0% 

8-2 A 4,4% 3,1% 2,3% 
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The figures show not only each duplicate sample but also their averages for both sets 

of experiments. For 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 be 2-1, 1-1 and 4-1 in the first set. For the 

second set, 4-2A sample 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 superiority 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 growth medium, 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 fluctuations occurred 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 media, enrichment of the bacteria 

growth media indicated better results except for the case of bacteria growth 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 non-destructive 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 hydrochloric acid applications.  
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CHAPTER 4  

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 to one-dimensional loading. The outcomes 

and inferences in this chapter not only provide an insight for small dimension 

specimens but 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 

One-dimensional loading tests simply refer 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 

one-dimensional loadings. In geotechnical engineering, the significance of the test 

on sands stems from its widely use in breakage and crushability detection. Moreover, 

the test conditions give idea on the settlement of the sands. Furthermore, the ñlittle 

or no lateral yielding conditionò happens to be frequent in some naturally occurring 

sediments and during the deposition of man-made fills (Al-Hussaini and Townsend, 

1975). Also, soil may be subjected to k0 conditions in the case of, for instance, below 

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

The researchers have witnessed the expansion of knowledge on MICP via various 

experiments, in time. One dimensional loading tests on the improved soils have also 

gained attention especially over the last decade. In Table 4.1, literature review on 

one-dimensional loading 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: 

× The compressibility usually decreases and the effect of precipitation is more 

noticed in lower stress levels. 

× The higher the calcium carbonate precipitated, the greater amount of decrease 

in compressibility was observed.  

As MICP treatment on soil samples has been on the table for only 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 beginning and during the continuation of the one-dimensional loading 

tests presented 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 undercompaction were considered, when necessary. Moreover, for one 

dimensional specimens conventional oedometer samplers were used and for greater 

dimension specimens metal, stiff and high wall-thickness containers were available. 

To eliminate possible friction effects, the 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, 2016) were used.  

Bacteria and media for specimen were injected with peristaltic pump for most of the 

cases. The direction was selected to be from top to bottom, namely gravitational. In 

order to control whether subtle difference occurs when bacteria introduction method 

changes, at one case, soaking-like 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 alterations, 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/cm3 (Feng and Montoya, 2014) or 2.71 g/cm3 and modified void 

ratios were obtained after finding the 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 particles, the densities are 2.71 g/cm3 and 1.62 

g/cm3, respectively. Duman (2020) used 1.62 g/cm3 for calcite density in his 

calculations, with reference to the study of Weil et al. (2012). Cheng et al. (2013), 

Minto et al. (2016) and Zamani (2017) considered the calcite density as 2.71 g/cm3.  

Harran et al. (2022) justified the selection process as opting to use the smallest 

number of available range (2.7 g/cm3 to 2.95 g/cm3), 2.71 g/cm3, due to lightness of 

biogenic calcite compared to geologic calcite. The research of Lin et al. (2020) 

indicate the possibility of obtaining different densities of calcite because of different 

crystal morphologies observed during MICP process. In this study, calcium 

carbonate density of 2.71 g/cm3 was used while calculating the end of treatment void 

ratios, the more common application.  

Further, while monitoring void ratios, the specimen height changes due to injections 

were also noted. In order to avoid possible deviations in the results due to varying 

water contents, the specimens were in the end tested in dry conditions with oven-

drying at around 60Á C until no further mass changes were observed. Besides, the 

untreated control specimens had already been tested under dry conditions. In this 

way, possible suction-based pseudo strength gains were also eliminated at these 

bench ï 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. The specimens were placed in the humidity room for curing 

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

During the mechanical tests, the maximum load acting on top of specimens were 

adjusted to 1600 kPa as the ultimate aim was triggering improvement beneath the 

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 (2005) and Lin et al. (2016), for reliable and sufficient 

measurements each loading and unloading stages were determined to be 15 minutes.  

4.2 One-Dimensional Loading Test Applications on MICP Treated Soils 

One-dimensional loading tests were initially performed on the specimens retaining 

on conventional oedometer apparatus (specimen dimensions with 2 cm height by 5 

cm diameter). In some further tests, as the necessity and curiosity of increasing 

specimen heights arose (specimen dimensions with 4 cm height by 5 cm diameter), 

greater molds with same diameter were prepared in the laboratory; metal containers 

with sufficient wall thicknesses to restrain horizontal strains were cut and formed. 

Oedometer cells were in place in all parts of the treatments, in other words, dry 

samples were introduced with bacteria, cementation solution, then flushed with 

water and cured, oven-dried 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 drainage of media 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. The raw data 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 the tests with micrometers. Moreover, porous stones 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 various configurations 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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Figure 4.1. One-dimensional loading setup 

4.2.1 ¢ine Sand and Quartz Sand Properties 

In this chapter, bulk of the experiments were performed on ¢ine Sand, the core of 

the thesis. Besides, Quartz Sand was also utilized to be able to make inferences about 

the possible progress in 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 Quartz Sands, as well. The 
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index properties of these sands have 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.  

 

 

Figure 4.2. ¢ine Sand grain size distribution  

 

 

Figure 4.3. Quartz Sand grain size distribution  
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Table 4.2 ¢ine Sand and Quartz Sand index properties 

Properties ¢ine Sand Quartz Sand 

D60 (mm) 0.46 0.202 

D30 (mm) 0.25 0.14 

D10 (mm) 0.14 0.09 

Cu 3.29 2.24 

Cc 0.97 1.08 

USCS Classification SP SP 

G.S 2.65 2.66 

emax 0.83 1.00 

emin 0.51 0.62 

 

The requirements by Standard Test Methods for Specific Gravity of Soil Solids by 

Water Pycnometer (ASTM D854), Standard Test Methods for Determination of 

Maximum Dry Unit Weight of Granular Soils Using a Vibrating Hammer (ASTM 

D7382), Standard Test Methods for Particle-Size Distribution (Gradation) of Soils 

Using Sieve Analysis (ASTM D6913) and Standard Test Methods for Minimum 

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 sand in the experiments, ¢ine Sand, had fines content of 1.5%.  Besides, 

ķimĸek (2017) classified the particle shape of ¢ine Sand as sub-angular to angular. 

Quartz Sand is uniformly graded fine sand composed of factory based crushed quartz 

(Ahmadi-Adli, 2014). For finding the mineralogical composition of the ¢ine Sand, 

XRD test was performed for the sample sieved from #100 sieve in dry, at Middle 

East Technical University Civil Engineering Department Laboratory of Construction 

Materials with BTX II X-Ray Diffraction Analyzer, 5-55Á scan range. The peaks 

presented in the following figure indicated that the sample composed of quartz 

mineral thanks to MATCH! Phase Analysis using Powder Diffraction software.  
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Figure 4.4. XRD mineralogical composition detection of ¢ine Sand 

The specimens were subject to 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, untreated soils 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 these tests are also presented in 

Results, Discussions and 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 pellets in bacterial solutions, 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 Laboratory. Bacterial and 

cementation solutions, and fixation fluid were transferred to the soil samples via 

peristaltic pump, LONGER Model BT100-1F Dispersing Peristaltic Pump (Figure 

4.5). After the injection of bacteria resuspended in bacterial solutions and fixation 

fluid in some cases, retention period of around 6 hours were determined. Next, the 

cementation solutions were given to the specimens 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 in 

bacterial solution were given to the soil, in other words, bio-dosing 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 (dH2O) was used in all 

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

the following Table 4.3  

 

Table 4.3 Biological laboratory works 

Bacteria 

Pellets 

¶ Bacteria were initially subjected to precultivation.  

¶ Tubes preserved at -80o C, previously prepared in small 

tubes with glycerol, were initially incubated to the 

relatively small OD600 values (around 0.5) inside the 

ammonium yeast media (NH4-YE). 

¶ Determining the required amount of bacteria, 

ammonium yeast media were poured into bottles, and 

precultivated bacteria were added with around %1 v/v 

ratio.  

¶ Bacteria were harvested when reached to OD600 value of 

around 1 via centrifuge at a rate of 5000 rpm for 30 

minutes.  

¶ Freshness of samples were maintained by keeping them 

at -20o C for a short duration until use. 
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Table 4.3 (contôd) Biological laboratory works  

Bacterial 

Solution - BS 

(per 1 liter of 

medium) 

¶ 30.03 g urea in 200 ml, was filtered through 0.2 ɛm filter 

for sterilization 

¶ 10 g ammonium chloride (NH4Cl) in 800 ml was 

autoclaved separately at 121 o C for 15 min.  

¶ After cooling down to the room temperatures, the media 

were combined (eventually 0.5 M urea). 

Fixation 

Fluid 

(per 1 liter of 

medium) 

¶ 3.676 g of calcium chloride dihydrate (CaCl2.2H2O) (25 

mM) in 1 L was autoclaved.  

Cementation 

Solution ï CS 

(per 1 liter of 

medium) 

 

¶ 30.03 g urea in 100 ml, was filtered through 0.2 ɛm filter 

for sterilization 

¶ 10 g NH4Cl and 73.505 g CaCl2.2H2O were mixed in 

500 ml water, 3 g Nutrient Broth (NB) was mixed and 

400 ml water, then combined and autoclaved at 121 o C 

for 15 min.  

¶ After cooling down to the room temperatures, all media 

were combined (eventually 0.5 M urea & 0.5 M calcium 

chloride dihydrate). 

 

 

Figure 4.5. Cementation solution transferred to the sample via peristaltic pump 
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The tables provided below (Tables 4.4 to 4.6) represent the summary of all 

experiments within the scope of this chapter and the figures (Figures 4.6 to 4.8) 

visualize the treatments. The auxiliary details are also provided regarding the sample 

preparations. For instance, use of filter papers or porous stones is necessary to point 

out, as living organisms may not move through them or the specimen heights 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 of the 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 with no further treatment 

inside the bags before oven-drying) 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 tests are provided in the following section. 

Further, the precipitations along specimen depth were investigated without 

compressing or breaking through mechanical tests, also. Accordingly, the effects of 

modifying cementation volumes, bacteria pellet numbers, dimensions of the 

specimens etc. 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 that were initially prepared at a target relative 

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

treatments for treated samples, were 0.764 and 0.924 for ¢ine Sand and Quartz Sand, 

respectively. Naturally, calcium carbonate formations altered the void ratios before 

the mechanical tests.  
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Figure 4.6. Treatment in conventional retaining ring 

 

 

Figure 4.7. Treatments in greater molds 
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Figure 4.8. Submerged treatment (upper), treatment in detachable molds for 

detecting precipitations (lower). 

The notations of the samples were arranged based on the treatment and physical 

conditions. Accordingly, ñUNò, ñTRò, ñ2TRò, ñBac2ò, ñSubmò, ñSatò, ñMidò, ñGò 

and ñPVò notations simply refer to ñuntreatedò, ñtreatedò, ñtreated with greater 

volumes of cementation solutionò, ñbiodosing applicationò, ñsubmerged specimens 

with no drainageò, ñsaturated specimens prior to injectionsò, ñspecimen retrieved 

from mid portion of already greater specimenò, ñgreater specimens with 4 cm 

heightò, ñpore volume of the specimensò, respectively. 

Submerged 

specimen with 

no drainage  

6 cm-high specimens, precipitations 

were controlled at top, mid, bottom 

heights  
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4.3 Results, Discussions and Conclusions 

In this part, initially the results of the one-dimensional settlement tests are presented. 

In order to prevent any possible suction-based pseudo strength gains or saturation 

related differences, the treated specimens were tested under dry conditions. 

Moreover, untreated samples were also subject to settlement test. The following 

figures below (Figures 4.9 to 4.12 for ¢ine Sand) present the data monitored during 

tests in terms of settlement values and void ratio changes versus effective stresses in 

logarithmic scale and next compression indexes, strains until proposed load are 

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

Mainly, ¢ine Sand was used for bulk of the tests and Quartz Sand was used for small 

number of applications. Quartz Sand already shows tendency to settle less compared 

to ¢ine Sand. Moreover, index properties of Quartz Sand indicated smaller D60, D30, 

D10 values. Pilot experiments were performed for determining how to meet soil with 

bacteria and media, finding the treatment direction 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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Figure 4.9. Settlement behavior in conventional oedometers (upper) for all ¢ine 

Sand specimens & (lower) for treated ¢ine Sand specimens 
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Initial and post-treatment void ratios of all treated and untreated specimens are 

shown in Table 4.7. For treated samples, constant monitoring of the specimen 

dimensions was ensured. Accordingly, the changes in specimen height before and 

after the treatments were noted. Because of calcium carbonate precipitates inside the 

molds, solid and void volumes altered. Overall, considering these facts and using 

calcium carbonate density of 2.71 g/cm3 (as stated above), void ratios could be 

calculated at the end of the treatments. Hence, in the figures below regarding void 

ratio changes under loading, the beginning void ratio values correspond to post-

treatment void ratios.  

Table 4.7 Pre-treatment & post-treatment void ratios of samples 

 einitial  epost-treatment 

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-Bac2-Cine-1 0.764 0.725 

1/2TR-Cine-1 0.764 0.722 

2TR-Bac2-Cine-1 0.764 0.675 

2TR-Bac2-Cine-2 0.764 0.714 

2TR-Bac2-Cine-3-Subm 0.764 0.704 

2TR-Bac2-Cine-4-Sat 0.764 0.744 

UN-Cine-1 0.764  

UN-Cine-2 0.764  

UN-Cine-3 0.764  

G-2TR-Bac2-Cine-1 0.764 0.655 

G-2TR-Bac2-Cine-2 0.764 0.657 

G-2TR-Bac2-Cine-3-Sat 0.764 0.642 

G-TR-Cine-1 0.764 0.665 

G-UN-Cine-1 0.764  

G-UN-Cine-2 0.764  

G-2TR-Bac2-Quartz-1 0.924 0.785 

G-UN-Quartz-1 0.924  

G-UN-Quartz-2 0.924  

2TR-Bac2-Quartz-1 0.924 0.746 

2TR-Bac2-Quartz-2-Sat 0.924 0.909 

UN-Quartz-1 0.924  

UN-Quartz-2 0.924  

UN-Quartz-3 0.924  
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Figure 4.10. Void ratio changes in conventional oedometers (upper) for all ¢ine 

Sand specimens & (lower) for treated ¢ine Sand specimens 

0.50

0.55

0.60

0.65

0.70

0.75

0.80

1 10 100 1000 10000

V
o

id
 R

a
ti
o

, 
e
 

ů' (kPa, log scale)

Void Ratio vs log ů'

TR-Cine-1

2TR-Cine-1

TR-Cine-2

2TR-Cine-2

TR-Bac2-Cine-1

1/2TR-Cine-1

2TR-Bac2-Cine-1

2TR-Bac2-Cine-2

2TR-Bac2-Cine-3-Subm

0.50

0.55

0.60

0.65

0.70

0.75

0.80

1 10 100 1000 10000

V
o

id
 R

a
ti
o

, 
e
 

ů' (kPa, log scale)

Void Ratio vs log ů'

UN-Cine-1

UN-Cine-2

UN-Cine-3

TR-Cine-1

2TR-Cine-1

TR-Cine-2

2TR-Cine-2

TR-Bac2-Cine-1

1/2TR-Cine-1

2TR-Bac2-Cine-1

2TR-Bac2-Cine-2

2TR-Bac2-Cine-3-Subm



 

 

86 

 

Figure 4.11. Settlement behavior for ¢ine Sand specimens in greater molds, all 

specimens (upper) and treated specimens (lower) 
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Figure 4.12. Void ratio changes for ¢ine Sand specimens in greater molds, all 

specimens (upper) and treated specimens (lower) 
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As abovementioned, a sand with already less tendency to settle, Quartz Sand, was 

also subjected to treatments (Figures 4.13 and 4.14).  

Figure 4.13. Settlement behavior for Quartz Sand specimens with conventional 

oedometers (upper) and greater molds (lower) 
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Figure 4.14. Void ratio changes Quartz Sand specimens with conventional 

oedometers (upper) and greater molds (lower) 
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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 

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

× Total strain rates at the end of loading cycles of the experiments were 

monitored and compared with the untreated ones. 

× Compression indexes for all of the experiments based on linearization of 800 

kPa - 1600 kPa (left in compression indexes table) settlement readings and 

400 kPa - 1600 kPa (right in compression indexes table) readings as in 

classical soil mechanics approach.  

× As literature research indicated more obvious improvement at lower stress 

levels, indexes in between 25 kPa - 100 kPa, 25 kPa - 200 kPa and 25 kPa - 

400 kPa were calculated. 

Calculation examples for 25 kPa - 100 kPa range and total strain at maximum loading 

level are shown as: 

ὅέάὴὶὩίίὭέὲ ὭὲὨὩὼ
Ὡ       Ὡ       

ÌÏÇ
ρππ
ςυ

  

Ὕέὸὥὰ ίὸὶὥὭὲ ὥὸ ρφππ Ὧὖὥ Ϸ  
ὅὬὥὲὫὩ Ὥὲ ὬὩὭὫὬὸ όὲὸὭὰ ὩὲὨ έὪ ρφππ Ὧὖὥ ὰέὥὨὭὲὫ

ὛὥάὴὰὩ ὬὩὭὫὬὸ ὥὪὸὩὶ ὸὶὩὥὸάὩὲὸί ὥὲὨ ὴὶὭέὶ ὸέ ὸὩίὸὭὲὫ
 

 

× The behavior during unloading was also investigated as Ghasemi et al. (2022) 

indicated lower strain values during unloading for treated soils also. 

As stated previously, ñUNò, ñTRò, ñ2TRò, ñBac2ò, ñSubmò, ñSatò, ñMidò, ñGò and 

ñPVò notations simply refer to ñuntreatedò, ñtreatedò, ñtreated with greater volumes 

of cementation solutionò, ñbiodosing applicationò, ñsubmerged samples with no 

drainageò, ñsaturated samples prior to injectionsò, ñspecimen retrieved from mid 

portion of already greater sampleò, ñgreater samples with 4 cm heightò, ñpore 

volume of the samplesò, respectively. 
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Table 4.8 Total strain rates at the maximum loading level 

Total strain rates (%) after  final loading (1600 kPa) 

ȹH/(H0 prior to loading)  

TR-Cine-1 6,8 

2TR-Cine-1 4.3 

TR-Cine-2 4.6 

2TR-Cine-2 5.3 

TR-Bac2-Cine-1 4.3 

1/2TR-Cine-1 4.1 

2TR-Bac2-Cine-1 5.3 

2TR-Bac2-Cine-2 4.9 

2TR-Bac2-Cine-3-Subm 5.2   

UN-Cine-1 3.8 

UN-Cine-2 4.5 

UN-Cine-3 3.9 

  

G-2TR-Bac2-Cine-1 2.1 

G-2TR-Bac2-Cine-2 1.5 

G-2TR-Bac2-Cine-3-Sat 1.4   

G-TR-Cine-1 3.8   

G-UN-Cine-1 3.7 

G-UN-Cine-2 3.9   

G-2TR-Bac2-Quartz-1 3.0 

G-UN-Quartz-1 2.6 

G-UN-Quartz-2 2.2   

2TR-Bac2-Quartz-1 3.7 

UN-Quartz-1 2.8 

UN-Quartz-2 2.5 

UN-Quartz-3 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 compression 

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

× In terms of maximum strain levels obtained at the end of 1600 kPa loading 

level, tests on ¢ine Sand specimens inside conventional treatment conditions 

did not show enhancement. Limited height of specimens for bacteria to settle 

without flushing out, possible bio-film occurrences leading to slippery 

environment could be the reasons behind this result. 

× In greater molds, when subjected to bio-dosing and higher number of 

treatments, ¢ine Sand specimens showed outstanding behavior. An average 

number of 1.7% total strain level in loading indicated less than half settlement 

with respect to untreated ones.  

× Greater molds for ¢ine Sand proved to be optimum conditions for the 

treatment under right conditions, as treatment without bio-dosing and in 

small numbers did not alter the strain levels compared to untreated ones (G-

TR-Cine-1). 

× The untreated sands had similar strain levels independent of their heights. In 

other words, both specimens in conventional molds (2 cm height) and greater 

molds (4 cm height) had very similar loading and unloading behavior.  

× Already low settling Quartz Sands (around at a rate of 60% of ¢ine Sand) 

lagged behind ¢ine Sand in terms of mitigation with the settlement.  

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

out as follows: 

× Aligned with all of the abovementioned outcomes, similar trends were 

obvious for specific loading level based calculations. 

× In terms of compression behavior 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 levels (G-2TR-Bac2-Cine-3-Sat). 
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× 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 al., 2022).  

Starting from the most basic approaches, the study in time evolved into modified 

ones. Reaching to the most successful applications required failed attempts and 

lessons learned approaches as well. As will be discussed in the following parts, 

having precipitations inside the pores of the soil sometimes did not directly indicate 

better settlement performances. This was the case especially with the smaller grained 

soil, Quartz Sand. Further, in a few cases, namely 2TR-Bac2-Cine-4-Sat and 2TR-

Bac2-Quartz-2-Sat both the precipitation and settlement performances were not as 

desired. Either possible experimental errors or the fact that saturated small 

specimensô transmission of bulk of bacteria directly outside of the conventional 

molds with small height samples, thanks to relatively higher conductivity, might 

have led to these results.  

Another approach in the tests was retrieving samples from any portion of the treated 

greater specimens. For that purpose, a test with a codification PRE-TR-Bac2-Cine- 

Mid was designed (Figure 4.15). Unfortunately, retrieving sample that is exactly 

fitting sample retainer could not be accomplished and in order to maintain lateral 

restraint side gaps were filled with untreated sand, yet the test results led to worse 

results than untreated ones, probably due to insufficient restraint.  

 

Figure 4.15. PRE-TR-Bac2-Cine-Mid Specimen 
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4.3.2 Calcium Carbonate Precipitation Quantification 

The quantification of calcium carbonate precipitates was made via acid washing 

technique, in which 2 M HCl solutions were applied and reacted with calcium 

carbonate leading to carbon dioxide emission. In order to 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 HCl to a required molarity 

(2 M in this study for keeping molarity within relatively safe levels), acid was poured 

and mixed into samples in an intermittent way. Maintaining the samples soaked in 

acid for around 48 hours, until no further gas bubbles are visible, mixtures were 

filtered through filter papers and then allowed to oven-dry. 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 for calcium carbonate precipitation detection. 

Accordingly, all one dimensionally tested specimens were used for detection. 

Besides, in order to better understand the precipitation and adjust treatment 

strategies, during the continuation of settlement experiments, new sets have been 

prepared (including 6 cm height - 5 cm diameter specimens) aiming at only gaining 

knowledge on the precipitation characteristics. Moreover, as greater dimension 

specimens performed better compared to smaller ones in terms of settlements, in 

order to get prepared for succeeding experiments, the precipitation amounts were 

also monitored for greater samples, as well.  

Figures 4.16 and 4.17 show the calcium carbonate precipitation quantification 

procedure.  
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Figure 4.16. Preparation for calcium carbonate detection and HCl application 

 

Figure 4.17. HCl reacting with calcium carbonate particles and filtering 
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Figure 4.17. (contôd) HCl reacting 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.  

Table 4.11 Precipitations in terms of percentage 

¢ine Sand Settlement Tests 

Test No 
 

% CaCO3  

4 TR-Cine-1 1.7 

5 2TR-Cine-1 1.7 

6 TR-Cine-2 1.4 

7 2TR-Cine-2 1.8 

8 TR-Bac2-Cine-1 2.3 

9 1/2TR-Cine-1 2.4 

10 2TR-Bac2-Cine-1 5.2 

11 2TR-Bac2-Cine-2 2.9 

12 2TR-Bac2-Cine-3-Subm 3.5 

13 2TR-Bac2-Cine-4-Sat 1.1 

16 G-2TR-Bac2-Cine-1 6.3 

17 G-2TR-Bac2-Cine-2 6.4 

18 G-2TR-Bac2-Cine-3-Sat 6.9 

19 G-TR-Cine-1 5.9 

Bubbles 

indicating 

reaction 
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Table 4.11 (contôd) Precipitations in terms of percentage  

¢ine Sand Precipitation Tests 

1 PRE-TR-Cine-1 2.1 

2 PRE-TR-Bac2-Cine-1 4.0 

3 PRE-2TR-Bac2-Cine-1 6.7 
   

4-top (0-2 cm) PRE-2TR-Bac2-Cine-Top 6,1 

4-mid (2-4 cm) PRE-2TR-Bac2-Cine-Mid 8,0 

4-bottom (4-6 cm) PRE-2TR-Bac2-Cine-Bottom 6,9 
   

5-top (0-2 cm) PRE-2TR-Bac2-Cine-Sat-Top 6,9 

5-mid (2-4 cm) PRE-2TR-Bac2-Cine-Sat-Mid 6,3 

5-bottom (4-6 cm) PRE-2TR-Bac2-Cine-Sat-Bottom 6,7 

 

 

Figure 4.18. ¢ine Sand & Quartz Sand precipitations  
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Test No 
 

% CaCO3  

4 2TR-Bac2-Quartz-1 10 

5 2TR-Bac2-Quartz-2-Sat 0.8 

8 G-2TR-Bac2-Quartz-1 7.8 
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Figure 4.18. (contôd) ¢ine Sand & Quartz Sand precipitations  

Dealing with living organisms and their possible tendency to interact with the 

environmental factors make it harder to construct strict and direct relations between 

the results and the variables adopted in the study. However, the results provided 

reveal the following conclusions:  

× Bio-dosing (bacteria injection for the second time after the 4th cementation 

solution, mid-treatment, injection) proved to be a useful approach as almost 

all those specimens with bio-dosing had higher precipitates compared to 

other ones.  
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× Using greater specimens provided an opportunity for greater area to mobilize, 

settle and react for bacteria, and therefore more outstanding performance, 

whereas considering the whole list specimen saturation prior to treatments 

and soaked treatment approach did not significantly alter the results. Even, 

saturated conventional specimens of both soils had much lower precipitations 

which could be attributed to higher conductivity in these soils and thus 

flushing out of the bacteria.  

× The tests proceeded in an learn-apply manner and leading to the most 

optimum conditions eventually within the proposed experimental scheme. 

Accordingly, ñGò, ñ2TRò and ñBac2ò approach, in other words greater 

specimens (4 cm height), 1.8 pore volume bacterial and cementation 

treatments at every 12 hours and enrichment with bio-dosing happened to be 

the ultimate proposed conditions (Application details in Table 4.4). The 

settlement results of ¢ine Sand for the abovementioned conditions confirmed 

this outcome (Tables 4.8 and 4.9).  

× Samples cut and obtained from different portions (Figure 4.19) of treated 

greater samples (6 cm height, 5 cm diameter) showed similar trends in terms 

of precipitations (PRE-2TR-Bac2-Cine & PRE-2TR-Bac2-Cine-Sat).   

× The highest number of calcium carbonate precipitated for ¢ine Sand reached 

as much as 6.9 % for settlement tests and mid portion of precipitation sample 

as much as 8.0% indicating outstanding results. 

 

Figure 4.19. Cutting specimen into pieces for detecting precipitations in different 

portions 
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4.3.3 Treatment and Experimental Procedure Variations 

Treatment strategy 

Throughout the experiments, multiple 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 and volumes made difference especially in 

precipitations when combined with bio-dosing approach. The ultimate optimum 

conditions occurred on greater molds for ¢ine Sand together with aforementioned 

approaches both in terms of precipitations and settlement enhancements. 

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 the surrounding system. For 

instance, Martinez et al. (2013) states that urea hydrolysis by S. pasteurii is slower 

in lower pH environments than in higher ones in their experimental observations. In 

her comprehensive study, Whiffin (2004) observed the effect of pH on urease 

activity of S. pasteurii at room temperature (Figure 4.20).  

 

 

Figure 4.20. Effect of pH on urease activity of S. pasteurii at room temperature 

(Whiffin, 2004) 
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Literature findings indicate that the researchers needed to either calibrate or at least 

monitor pH values of the bacterial and 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 ingredients of the 

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 at multiple stages during the media preparation. Kim et al. (2018) stated 

the optimum pH of the urea-calcium chloride medium as 7 not only for S. pasteurii 

but also for another species, namely S. saprophyticus in their experiments. The 

bacterial solution pH adjustments were performed in the studies of Arboleda- 

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 case of bacterial solution (BS), ammonium 

chloride was sterilized through autoclaving and before-after autoclaving pH values 

were around 6.2 and 6.4, respectively. Addition of filter-sterilized urea to the 

ammonium chloride changed pH value slightly. Fixation fluid pH value were in 

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 products can increase the pH 

levels. Feng and Montoya (2016) indicate a pH value around 9, denoting urea 

consumption, also the bacterial activity reported to be decreasing after 6-8 injections 

that is observed by the level of pH value lower than 8 in the effluent, in their 

experimental setup. At that point, the researchers injected small amount of bacteria 

triggering the bacterial activity, namely bio-dosing. In this study, similar procedures 

(injecting bacteria not only at the beginning but also during the continuation of 
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cementation treatments) were applied at some of the experiments. Besides, in order 

to understand bacterial activity, pH measurements were made for G-2TR-Bac2-

Cine-2 specimen after every injection. The notation indicated the sample on greater 

mold, higher treatment and bacteria bio-dosing, 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 characteristics actually signs the behavior inside the soil just prior to new 

injection, as the new injection flushes out the previous fluid left inside. Namely, the 

effect of new inclusion is obvious in the upcoming measurements. 

 

 

Figure 4.21. pH values of the effluent during the treatments 

Measurement immediately after the fixation showed the bacterial activity taking 

place at the beginning of the treatments. In other words, bacteria pellets had already 

started the urea hydrolysis inside the biological solution. The following fluctuations 

in between pH = 6-7 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 after the bio-dosing, injection of the 

bacteria for the second time, pH values highly increased pointing out re-ensuring 

urea hydrolysis activity. Lower pH values after that point on proved the formation 

of calcium carbonate precipitations as precipitations tended to decrease those values.  

Saturation Conditions 

The effect of existence of water and varying water contents for wet specimens may 

alter the behavior of the MICP treated soils in different ways. Firstly, the hydraulic 

conductivity, therefore the transmission 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 the case 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, Arboleda-Monsalve 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 

bacteria before compacting soil into the molds.  

The main experiments provided here aimed at understanding the improvements in 

similar conditions for each specimen. Accordingly, the untreated specimens were 

tested under dry conditions. Hence, in order to maintain comparisons 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 specimens, obtained in the end after oven-drying at mild temperatures (around 

60Á C). However, whether both the compression behavior or precipitation quantities 

alter or not for saturation-near saturation conditions was another question subject to 

research for some small number of experiments. In this application, 3 pore volumes 

of water were slowly flushed through specimens prior to injections and their 

saturation conditions were preserved by covering them during inter-treatment stages.  



 

 

106 

In terms of precipitations, as stated above, in small specimens the precipitations were 

surprisingly low which could be attributed to the saturation if there was no 

experimental error. For greater specimen on the other hand, in terms of precipitations 

there was no meaningful difference between initially saturated and initially dry soil 

conditions.  

In terms of compression, a greater mold previously saturated ¢ine Sand specimen 

showed even a slightly better performance compared to other treated greater mold 

¢ine Sand specimens and much better than untreated ones.  

Soil Type 

The main soil throughout the study has been selected to be ¢ine Sand in the tests. 

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 differences in their index properties. Quartz Sand showed smaller diameter 

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

than ¢ine Sand.  

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 Quartz Sand. However, the same distinctive results cannot be proposed 

for Quartz Sand in terms of settlement enhancements. For a few treated Quartz 

Sands, already 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 Quartz Sand. The probable occurrence of biofilms, local 

degradations, peripheral precipitations instead of particle-particle contacts and gaps 

after initial bond losses could have resulted in lower performances.  

Sample Dimensions 

The lagging performance of specimens in conventional oedometers and further 

experimental program with much greater soil specimens required use of greater 

molds. Moreover, extending the heights of the specimens 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 all around the inner sides of the molds.  

At the beginning of the experiments untreated soil specimens were tested for 

reference. The eventual strain rates at maximum loading conditions and index values 

proved to be independent from specimen heights for untreated ones.  

The most optimum conditions both for higher precipitations and settlements emerged 

for ¢ine Sands tested in greater molds. 

Besides, precipitation tests revealed that in 6 cm-height specimens, calcium 

carbonate rates ranged in between 6.1% - 8% along the height (Table 4.11). 

4.3.4 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.  

× One of the main outcomes of this study indicated that the rate of 

precipitations and the settlement reductions did not have to have a linear 

relationship. On the other hand, best performing specimens in terms of 

settlement rates had very high precipitations as well.  

× The greater the specimen height, the better performance was obtained, 

indicating the importance of extending the path. 

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

bio-dosing proved to be a very promising approach.  

The deductions obtained here paved the way for foundation models in greater box 

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

5 FOUNDATION MODEL TESTS  

The efficiency of MICP applications could be estimated by representing the real-life 

conditions in the laboratory via foundation model tests. The structure of the thesis 

had been formed on small scale applications aiming at enhancing biological activity 

and precipitation measurements with non-destructive image techniques, then bench 

scale experiments targeting comprehensive understanding of one-dimensional 

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 findings regarding 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.  

5.1 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 to collapse leading to 

installation failures or loss of equipment. After successful lab scale tests, around 

1000 m3 volume of soil was treated along Waal river at two locations. Bacteria, 

calcium chloride and urea obtained from commercial suppliers were injected through 

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.  

 

Figure 5.1. a) & b) Application procedures, c) monitoring, d) injection / monitoring 

well (van der Star et al., 2011) 

Gomez et al. (2015) investigated the effect of surficial application of MICP in order 

to understand the developed erosion resistance in the field. 3 test pits and a control 

pit were prepared (Figure 5.2), the improvement was assessed with dynamic cone 

penetration tests and calcium carbonate content measurements. The duration of 

treatment applications extended 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 5.2. (contôd) Surficial application field and system (Gomez et al., 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 a slip zone. 

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, 

displacement monitoring indicated slower movement of the treated portion 

compared to the untreated parts of sliding zone.  

 

 

Figure 5.3. Aerial view of scanned area and bio-stabilized zone (Terzis et al., 2020) 
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In a field trial application by Zeng et al. (2021), the feasibility 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 m3 (5 m * 5 m * 5 m) for each plot with varying calcium carbonate contents 

(Figure 5.4). Enrichment of an indigenous ureolytic bacteria from local soil samples 

were performed.  

 

 

Figure 5.4. Toronto 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 substrates extended the anticipated 

boundaries, probably owing to non-homogenous soil profile with preferential flow 

paths.  

The trench stability was higher and precipitations were observed, yet the abundance 

of natural calcium carbonate particles in the vicinity made it difficult to distinguish. 

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

5.1.2 Foundation Models 

In the study of Martinez and DeJong (2009) initial examples of MICP treatment 

beneath the model footings were tested. Specimens were prepared 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 horizontal (Figure 

5.5). 

 

 

Figure 5.5. 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 ports and extraction ports formed the pre-treatment applications (Figure 

5.6). Then, biological solution and discrete injections of nutrients and calcium 

formed the MICP treatment. In the end, treated samples showed fivefold reduction 

in settlement compared to untreated samples. 

 

 

Figure 5.6. Model measurement instruments (Martinez and Dejong, 2009) 
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The failure was accompanied by footing rotation and minimal surface heave, also 

surface cracking indicating brittle nature of calcite structure. The bulk of cementation 

was observed around the injection ports (Figure 5.7).   

 

 

 

Figure 5.7. Quantitative and qualitative results (Martinez and Dejong, 2009) 

The research of Wani and Mir (2021) focused on testing 0.3 m2 model footing in a 1 

m3 test tank for representing the field conditions. The weak soil, with considerable 

amount of fine grained 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 untreated one (Figure 5.8).  
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Figure 5.8. Soil top surface after plate loading test & Plots with respect to various 

treatment conditions (Wani and Mir, 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 values 2.95 to 5.8 times that of untreated samples. Similarly, an outstanding 

performance in terms of settlement was also noticed. Additionally, the experiments 

investigated the effects of sizes and shapes of footings. Various experiments prior to 

these main ones provided clues regarding treatment conditions such as optimum 

curing times. Further, lower settlements were observed with increased plate sizes and 

it could be inferred from the experiments that square plates performed better 

compared to circular plates (Figure 5.9).  

 

 

Figure 5.9. Experimental setup & load ï settlement curves (Kulkarni et al., 2021) 
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In the research of Chai et al. (2021) a calcareous sand foundation model test was 

conducted after treatment with a cement. Plate load test setup was formed aiming at 

understanding the behavior of 5-10 cm thick cemented layer. The cementation 

altered the mechanical properties and failure mode. Accordingly, while untreated 

conditions showed general shear failure mode, cement treated cases had punching 

failure mode (Figure 5.10).  

 

 

Figure 5.10. 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 focusing on relatively an 

uncommon application of MICP. Accordingly, MICP treated calcareous sandy 

foundation model was tested against liquefaction resistance via shaking table. Figure 

5.11 shows the plan 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 cementation 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 of 30 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 monitored. 

 

 

Figure 5.11. Plan and profile views of physical models (Zhang et al., 2020) 

In the outstanding work of Zamani et al. (2021), 9-m radius centrifuge test was 

conducted at the Center for Geotechnical Modeling at UC Davis (Figures 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 0.5 g were implemented. 
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Figure 5.12. Model 3D and plan views (Zamani et al., 2021) 

 

 

Figure 5.13. Preparation steps of the model (Zamani et al., 2021) 

The results revealed that MICP treated soil 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 

deeper treated area.  

Similarly, Darby et al. (2019) also conducted centrifuge model-based research on 

MICP treatment (Figure 5.14). In this work, a set of MICP treated saturated sand 

models were prepared and shaken repeatedly via 1-m radius centrifuge.   
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Figure 5.14. 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, liquefaction susceptibility and cementation 

degradation mechanisms were investigated during shaking.  

Initially, the results revealed that cone penetration resistance (qc) indicated 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 velocity, post-

triggering.  
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5.1.4 Erosion Susceptibility 

The research by Zomorodian et al. (2019) focused on stabilizing sand layer crust via 

MICP, eventually aiming at ensuring increased wind erosion resistance. For this 

purpose, a container with 500 mm length *  300 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 program (Figure 5.15).  

 

 

Figure 5.15. Crustal layer shear strength determination via Torvane (Zomorodian et 

al., 2019) 

Next, wind tunnel experiments were performed in a tunnel chamber with a 2-m 

working section length and cross-sectional dimensions of 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 * 120 mm * 105 mm and the slope angles were adjusted 

to be 34Á. Four grouting pipes were used for meeting the treatment solutions with 

soil (Figure 5.16).  

 

 

 

Figure 5.16. Experimental setup of MICP treatment & treated 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 MICP treatment 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 general shear 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. (2018) brings about fresh points of view to the MICP 

literature as the pull-out resistance 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 pile, but also eliminating 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 untreated one. 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). 

 

 

 

Figure 5.17. Instrumentation for pull-out tests & installation and pull-out loading 

setup (Lin et al., 2018) 
















































































































































































