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Abstract 
 

The use of microbially-mediated processes to deal with geo-environmental problems has 

raised the interest of geotechnical engineers over the last decade. Of particular interest to 

this study is the use of bacteria cells to catalyse chemical reactions that can potentially 

improve the properties of the ground. These bio-mediated methods are based on naturally-

occurring processes and provide effective, sustainable and economic engineering solutions. A 

frontier of this area of research is the development of the so-called engineered responsive 

living systems. These systems normally involve the use of bacteria cells that have been 

engineered to respond intelligently to inputs from their environment, and they provide 

benefits that conventional bio-mediated processes are not able to offer. 

The work presented in this thesis contributes to the development of engineered responsive 

living systems for their use in geotechnical applications. One possible way of developing these 

responsive systems is to use agarose gels as a substitute for soils for the development of early 

stage physical and computational demonstrators. Agarose gels allow easier monitoring of the 

performance of the microbes, greater control of the chemical composition of the 

environment, a controlled simulation over the mechanical properties and a minimised risk of 

contamination, compared to soils. Thus, the ultimate aim of this research is to characterise at 

the micro and macro-scale an agarose-based system capable of testing engineered bacteria 

in a highly controllable environment and monitoring their response to external stimulus. 

The first part of this thesis involves a full-scale characterisation of Agarose Low Melt gel 

through a series of geotechnical testing techniques, including SEM, triaxial and oedometer 

testing; the second part focuses on understanding the growth and distribution of bacteria 

colonies within a volume of agarose gel and exploring the factors that influence their 

behaviour; and the final part describes the development of a computational model that 

integrates geotechnical simulations with biological data and simulates the effect of a 

pressure-responsive gel-based biocementation system. The successful implementation of 

such gel-based model will help in the early development of a pressure-responsive bacteria-

based system and will assist in the validation of the proof of concept. 
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Introduction 

 

1.1. Background 

Microorganisms and microbially-mediated processes are present in every environment on 

the Earth (Lopez-Garcia et al., 2005). Of particular interest to this thesis is the use of living 

bacteria cells to mediate geoenvironmental processes such as soil biomineralization. 

Mitchell and Santamarina (2005) reported that the most abundant microorganisms in 

soils are bacteria (between 101 and 109 cells per gram of soil) and they are able to survive 

in extreme conditions, e.g. low to high acidity environments, below freezing to above 

boiling temperatures or resist very high pressures (Madigan et al., 2008). Their growth 

and survivability depends on the environmental conditions they live in such as 

temperature, pH, oxygen concentration, soil suction, pore structure of the matrix or 

presence of toxic substances (Jiang G, Noonan MJ, 2006; Phadnis and Santamarina, 2011). 

According to (Gadd, 2007), many of the physical and chemical alterations occurring in 

geomaterials are generated by bio-mediated processes, including biomineralization, 

oxidation/reduction of chemical compounds and dissolution/degradation of minerals, 

amongst others. 

Researchers have realised the potential of using bio-mediated processes for effective and 

sustainable ground improvement processes and extensive studies have been performed 

worldwide over the last decade (Umar et al., 2016). Following this growing interest, a new 

and promising area of investigation has emerged called Construction Microbial 

Biotechnology which includes microbially-mediated construction processes and microbial 

production of construction materials as the two main pillars (Stabnikov et al., 2015). 

Focusing on the former, it has been shown that construction-related microbial 

biotechnologies offer many advantages over conventional construction processes, 
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including low cost and sustainability – both environmental and socio-economic (Chu et 

al., 2009; Ivanov and Chu, 2008; Stabnikov et al., 2015).  

In particular, the use of living bacterial cells to mediate construction processes has raised 

great interest amongst researchers. Microbially-mediated or bio-mediated methods could 

be implemented in a wide range of geotechnical engineering applications, including soil 

erosion control, liquefaction mitigation or remediation of contaminated soil  (DeJong et 

al., 2010; James K. Mitchell and Santamarina, 2005a). Bio-mediated processes have the 

potential for significant reduction in embodied energy and carbon emissions, relative to 

conventional practices which mainly rely on the use of Portland cement. Additionally, 

another advantage of bio-mediated methods is that they can cover large distances due to 

their low viscosity, and can be deployed beneath and around existing structures, 

generating a lower impact on the society (e.g. less noise or reduced disruption of 

congested sites). 

The above-mentioned bio-mediated construction processes can be divided into three 

main categories: 

1) Soil biocementation. A process in which bacteria acts as a catalyst for soil 

biomineralization through Microbially-Induced Calcite Precipitation (MICP), bonding the 

soil particles, reducing the hydraulic conductivity and strengthening the soil matrix 

(DeJong et al., 2010; Ivanov and Chu, 2008; Whiffin et al., 2007). 

2) Soil biodesaturation. A process by which the saturation of soils is decreased due to the 

bio-mediated production of biogas in-situ, reducing the potential of liquefaction (Burbank 

et al., 2013; Jian Chu et al., 2009). 

3) Soil bioremediation. A process by which microorganisms remove or immobilize soil 

pollutants and contaminants (Stabnikov et al., 2015). 

 

Of particular interest to this project is the process of soil biocementation through MICP, 

which has been proved to be a more sustainable and cheaper alternative to mechanical 

or chemical ground improvement methods, as well as having a reduced impact on the 

geoenvironment (see 2.4.4. Biocementation through Microbially-Induced Calcite Precipitation 
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(MICP)). The precipitation of calcium carbonates by bacteria via urea hydrolysis is the most 

commonly exploited mechanism and, although the production of ammonium through this 

mechanism increases considerably the pH of the environment, it is believed to be a more 

eco-friendly solution than, for instance, cement-based practices. 

Overall, microorganisms for ground improvement offer many potential advantages over 

traditional geotechnical engineering practices. However, significant multidisciplinary 

research is still required to optimise and develop these complex processes for industrial 

use. One of the reasons geotechnical engineers are reluctant to implement microbially-

mediated practices in-situ is the poor control over the bio-mediated processes and the 

uncertainty of the final outcomes, which in turn has a strong dependency on the 

conditions of the environment. 

 

1.2. Engineered responsive living systems 

The microbially-mediated construction processes defined in the previous section rely on 

the potential of bacteria to change the composition of the ground at scales relevant to 

the built environment (Dade-Robertson, 2015). For instance, treating the soil with MICP 

processes involves the insertion of certain types of urease-producing bacteria into the 

ground in order to induce specific reactions that change the chemical composition of the 

soil matrix and ultimately precipitate calcium carbonate crystals, leading to soil 

cementation (see 2.4.4. Biocementation through Microbially-Induced Calcite Precipitation 

(MICP) for more details). This bio-mediated process depends on many parameters such as 

bacteria concentration, pH of the environment or calcium ions concentration and 

consequently, the magnitude and location of the cemented areas is often uncertain 

(DeJong et al., 2010; Ng et al., 2012; Whiffin et al., 2007). Additionally, the MICP process 

lacks real-time measurements and there is limited scope to control the performance of 

the microbes and their influence in changing the mechanical properties of the ground. 

The process of bio-mediated soil cementation through MICP is in a certain way responsive 

to the conditions of the environment – e.g. crystal precipitation will only occur if a certain 

pH level is reached or if the amount of reagents exceeds a specific concentration. Another 

example of responsive systems using living organisms is the potential of bacteria cells to 
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seal cracks in concrete by responding to changes in the environment. This research 

demonstrates that bacteria spores introduced into the matrix of concrete materials can 

react to concrete cracking by germinating the spores into living cells and precipitating 

sealing materials – such as carbonates – that close partially or fully the cracks generated 

(Jonkers et al., 2010). In addition, another process in which a responsive living system is 

employed as an economical and sustainable solution is the process of soil bioremediation. 

This technique uses living bacteria cells to detect pollutants in the geoenvironment – such 

as heavy metals – and degrade them through processes of oxidation-reduction (Li et al., 

2013; Megharaj et al., 2011; Tabak et al., 2005). To some extent, all these processes 

respond naturally to stimulus from the environment, however, having a tight control over 

the response and outcomes of these bio-mediated processes is often very complicated. 

A new field of research is therefore arising which goes beyond the use of bio-mediated 

naturally-occurring processes and aims to engineer biological systems to detect stimulus 

that they would not instinctively detect or to behave in ways that they would not naturally 

do. Thus, by engineering these biological systems to react to specific instructions from 

their environment, a greater control and, therefore, a better optimised response over 

their behaviour can be achieved. For instance, the process of bio-cementation is not 

responsive to external inputs such as physical forces, it only occurs in areas where the 

bacterial solution and the reagents have been injected. However, if the behaviour of 

bacteria cells could be engineered to detect pressure changes from their environment and 

respond by synthesizing bio-cements, a responsive bio-cementation system could be 

developed.  

In connection to this, it is known that some types of bacteria (e.g. barophilic) can only live 

under high-pressure conditions, meaning that some of their genes are capable of sensing 

the level of stress in their environment (Kato and Barlet, 1997). Therefore, by using the 

pressure-sensing capability of some genes, a bio-cementation system – based on 

genetically-modified bacteria cells – that responds to pressure changes in the 

environment could potentially be developed. 

A system of this kind would go beyond the use of the natural behaviour of microorganisms 

to change the properties of the ground, and it would establish the fundaments of a new 

generation of engineered responsive systems that would couple the capability of living 
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bacteria to synthesize bio-cements with the ability to respond to meaningful inputs from 

the environment. 

Therefore, a frontier of microbially-mediated construction processes is the development 

of these so-called engineered responsive living systems which would perform in ways they 

would not naturally do (Dade-Robertson et al., 2018; Nguyen et al., 2018). 

Synthetic Biology (SynBio) has the potential to promote the development of such 

engineered systems, by genetically altering (programming) microorganisms to respond 

intelligently to inputs from the environment (Dade-Robertson, 2015). This discipline is 

defined as “the design and construction of novel artificial biological pathways, organisms 

and devices as well as the redesign of existing natural biological systems” (Voigt, 2012). In 

other words, Synthetic Biology, which is based on Genetic Engineering, offers the ability 

to modify the DNA of microorganisms and engineer them in such a way that their 

properties and functions are controllable (Endy, 2005). A section describing the principles 

of SynBio and the mechanism to engineer biological systems can be found in section 2.5.1. 

Definition of Synthetic Biology and Design Principles. 

SynBio systems are traditionally used for biomedical applications and industrial 

biochemical synthesis of materials (König et al., 2013; Voigt, 2012). However, such 

systems offer an enormous range of possibilities in many other fields. An example of this 

is Thinking Soils (Dade-Robertson et al., 2016), a research project at Newcastle University 

which aims to develop an engineered responsive living system through SynBio approaches 

for its use in geotechnical applications. The work described in this thesis contributed to 

this project and the preceding pilot project Computational Colloids, described in the 

following section. 

 

1.2.1. Introduction to the Computational Colloids and Thinking Soils project 

Thinking Soils (EP/R003629/1), and the preceding pilot project Computational Colloids 

(EP/N005791/1), are EPSRC (Engineering and Physical Sciences Research Council) funded 

projects which involve the collaboration between researchers from Newcastle University 

and Northumbria University. Both projects propose a system of responsive bio-cementing 
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in which engineered bacteria cells living within the soil matrix detect pressure changes in 

their environment upon loading and respond by synthesizing crystals that bind the soil 

particles together and increase the strength of the ground only where it is needed. 

As described above, the proposed system goes beyond the use of biological systems to 

mediate natural processes. Instead, Thinking Soils is trying to develop an intelligent 

system, based on programmable bacteria cells, able to synthesize materials in response 

to physical changes in their environment. Developing such a system would not only have 

practical implications for geotechnical engineers by creating a responsive bio-mediated 

ground improvement method which would strengthen the soil itself when loaded, but 

also it would lead to the development of the first generation of a responsive and self-

assembling bio-based material system. For a more comprehensive description of the 

Thinking Soils project, see 2.5.3. Computational Colloids and Thinking Soils Projects. 

The Thinking Soils project is still in its early stages and the main priority is to find gene 

promoters sensitive to pressure changes of the same magnitude of those found in loaded 

soils. The next steps will involve the assembling and development of an engineered 

pressure-sensitive urease-producing strain of bacteria using SynBio methods and the 

validation of the proof of concept.  

The validation of the proof of concept involves an assessment of the feasibility of this 

responsive self-assembling system for real-world applications. This process is part of a 

series of actions that assess the level of maturity of the proposed application. Thus, for an 

application to be proven successful for its use in an operational environment (i.e. real 

world), its development process must go through nine levels of technological maturity or 

Technology Readiness Levels (TRL) (Mankins, 1995). This procedure was originally 

conceived in the early 70s by NASA, who formally adopted the current nine level scale in 

1990, and has since then gained acceptance worldwide both in industry and applied 

research (see Figure 1-1 for a brief description of each of the TRL).  



7 
 

 

Figure 1-1. Technology Readiness Levels  

(extracted from https://alopexoninnovation.com/2013/09/10/innovation-diffusion-from-

university-rd/) 

 

TRL 3 and TRL 4 include the validation of the proof of concept in a research laboratory 

environment and an assessment of the technical feasibility for real world applications, 

which are the actions that this research project aims to resolve.  

In order to achieve the above-mentioned proof of concept validation, a scenario is 

proposed where the engineered bacteria cells are inoculated into a small volume of 

material, and a differential pressure is generated through the application of an external 

force onto the surface, to model the effect of a shallow foundation. Thus, as the force is 

applied, the engineered microbes will detect these pressure changes and will respond by 

producing more urease which will lead to increased calcium carbonate precipitation 

(through the process of MICP), leading to a differential soil bio-cementation. That way, 

the level of stress will dictate the amount of crystals precipitated (for more details on how 

stresses distribute through the soil underneath a foundation, see section 5.3.4. Mechanical 

behaviour). 

https://alopexoninnovation.com/2013/09/10/innovation-diffusion-from-university-rd/
https://alopexoninnovation.com/2013/09/10/innovation-diffusion-from-university-rd/
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In our case, an ideal scenario would involve laboratory trials in which the engineered 

bacteria are tested in a prototype soil-based demonstrator to evaluate their responsive 

behaviour to stress changes in a realistic environment and assess the feasibility as a 

responsive ground improvement method. However, the implementation of SynBio 

systems into a dynamic, complex and difficult to control environment such as soil presents 

several challenges, including risk of cross-contamination, poor control over the physical 

and chemical conditions and poor monitoring of the bacterial growth rates and cell 

distribution. Engineered biological systems are very complex and sensitive to their 

environment so, in early development processes such as a proof-of-concept physical 

demonstrator, a high degree of control over the testing conditions is required (Rodriguez-

Corral et al., 2018). 

 

1.3. Research rationale 

One possible way of developing engineered biological systems is to use agarose gels as a 

substitute for soils for the development of early stage physical and computational 

demonstrators. Agarose gels are routinely used in microbiology for culturing and 

monitoring bacterial growth. They allow easier monitoring of the performance of the 

microbes, greater control of the chemical composition of the environment, a controlled 

simulation over the mechanical properties and a minimised risk of contamination, 

compared to soils. Additionally, these type of gels have a porous structure comparable to 

cohesive or organic soils and have similar relevant mechanical properties to soils, as 

described in Chapter 3. Agarose gel as a Soil Analogue. The reasoning behind the selection 

of this particular type of hydrogel is also described in Chapter 3. Use of this type of gel 

enables cultivation of the engineered bacteria homogeneously within the matrix of the 

gel and control of the forces exerted onto the gel volume, so that the response of the 

bacteria-based responsive system can be evaluated. Furthermore, the implementation of 

agarose gels allows studying the behaviour of bacteria in a three-dimensional volume in a 

detailed and rather simple way (on the contrary, obtaining an accurate representation of 

the behaviour of bacteria in a soil environment is a challenging process). Additionally, it 

allows equivalents to be drawn to the expected behaviour of the system in a soil-based 
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environment. Therefore, the implementation of agarose gels as a soil analogue for 

bacteria testing presents many advantages and will promote the development of 

engineered living systems for the geoenvironment. 

This thesis presents the design of gel-based physical and computational models that can 

be used to study the behaviour and performance of engineered bacteria cells. In 

particular, the implementation of such model will help in the early development of a 

pressure-responsive bacteria-based system, as well as assist in the validation of the proof 

of concept and assess the feasibility of the system as a bio-mediated responsive ground 

improvement method for real-world applications. This gel-based model bridges the gap 

between nano-scale biological laboratory experiments and the macro-scale context in 

which the engineered organisms may be deployed. 

Furthermore, the successful implementation of such gel-based model would establish the 

first steps towards the development of a new type of biotechnology that uses SynBio 

approaches to deal with geo-environmental problems. 

 

1.4. Aim and objectives 

The ultimate aim of this research is to develop physical and computational hydrogel-based 

models, in which genetically modified bacteria can be tested under specific conditions and 

the outcomes of the associated bio-mediated processes can be assessed. In order to 

achieve this aim, the following objectives will be considered: 

1) To review the established understanding of ground improvement involving 

microorganisms and the associated bio-mediated processes as well as review the current 

literature on SynBio approaches and the possibilities to engineer bacteria in order to deal 

with geo-environmental problems. 

2) To characterise the mechanical properties of agarose gels at a macro-scale relevant to 

geotechnical engineering. 

3) To establish an experimental procedure for mixing bacteria cells uniformly with agarose 

gels and visualise their growth and activity in a volume of hydrogel. 
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4) To analyse the effect of agarose concentration on the microstructure of the gel and the 

interaction with bacteria cells 

5) To develop a methodology to analyse cell distribution and patterning in order to study 

the formation of bacterial communities as colloids within the matrix of the gel. 

6) To determine the effects different environmental conditions such as pH or temperature 

have on the growth behaviour of bacterial colonies both at the micro and macro scale. 

7) To design and build a computational model that integrates all the experimentally-

obtained data as well as hypothetical data of a pressure-sensitive crystal-producing strain 

of bacteria in order to develop a full nano-micro-macro characterisation of the so-called 

responsive ground improvement method. 

8) To provide model simulations that display the outcomes/behaviour of such a system 

and allow comparison with a prospective gel-based physical demonstrator. 

 

Figure 1-2 illustrates the three main components of the gel-based prototype model 

alongside some parameters investigated in this thesis. The figure clearly shows how the 

data obtained experimentally feeds the computational model, which in turn supports the 

development of a physical demonstrator. Furthermore, all these actions are part of a 

strategy to validate the Thinking Soils proof of concept. 
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Figure 1-2. Thinking Soils proof of concept strategy 

 

 

1.5. Thesis structure 

Chapter 1 introduces this research as part of a bigger investigation related to the use of 

Synthetic Biology approaches to engineer microorganisms to detect inputs from their 

environment and respond in a useful (synthetic) way. The term engineered responsive 

living systems is introduced here alongside the relationship between this research and the 

EPSRC-funded Thinking Soils project. 

Chapter 2 constitutes a comprehensive literature review on the use of microbial-

mediated processes to deal with geoenvironmental problems, with an emphasis on the 

process of bio-cementation through urea hydrolysis. This chapter also presents a section 

describing the properties and parts of bacteria cells and their interaction with the 

geoenvironment. Additionally, this chapter introduces the field of Synthetic Biology and 
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discusses the current advances on the development of responsive bacteria-based living 

systems. This chapter addresses objective 1. 

Chapter 3 describes a program of geotechnical testing to determine the mechanical 

properties of low melting point (LM) agarose gels. The microstructure of the gels is also 

analysed in this chapter alongside the effect agarose concentration has on the porous 

matrix. In addition, this chapter describes the similarities between agarose gels and some 

types of soils and assesses their suitability as a soil analogue for the development of a bio-

mediated responsive gel-based prototype system. This chapter addresses objective 2 and 

part of objective 4. 

The methods to prepare and monitor the growth and distribution of bacteria-seeded 

agarose gels are presented in Chapter 4. This chapter analyses the growth of bacterial 

communities within the matrix of agarose gels as well as the effect of a range of 

environmental conditions on the growth behaviour. Chapter 4 addresses objectives 3,4,5 

and 6.  

Finally, Chapter 5 integrates the data obtained experimentally and presented in chapters 

3 and 4, by developing a computational model that simulates the behaviour of a pressure-

sensitive and crystal-producing gel-based prototype system. The chapter defines the basis 

of this bio-mechanical coupled system that combines the nano-scale behaviour of 

pressure-sensitive cells with the macro-scale behaviour of loaded gels. The chapter also 

describes, step by step, the development of the software and the features included in the 

model. Simulations of the model representing the behaviour of this pressure-responsive 

system under different growing conditions and loading scenarios are also included in this 

chapter. Additionally, the limitations of the model and suggestions for further 

improvement are presented at the end of the chapter. This chapter addresses objectives 

7 and 8. 

Chapter 6 draws together the main conclusions of the research, highlighting the 

integration of the experimental work into the computational model. This is followed by 

recommendations for future work as the next phase of the project, and suggestions for 

the development of the proof-of-concept physical demonstrator.
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Literature Review 

 

2.1. Introduction 

The previous chapter set out the aim and objectives of this research project and introduced 

several key topics that give context to the overall research/thesis. The purpose of this chapter 

is to explore further on these topics, by reviewing the current understanding of the processes 

and methods relevant to this research. The chapter is divided into four sections. Section 2.2 

describes the microbial mediated processes that naturally occur in soils. The impact these 

processes have on the behaviour of the geoenvironment is also discussed, highlighting the 

process of biomineralization. This section also introduces a new practice of research in which 

soils are not considered biologically inert, and where microorganisms are defined as the 

fourth parameter of the soil’s matter. 

Section 2.3 reviews the classification of unicellular organisms, providing with a 

comprehensive description of bacteria and their properties. The bacterial growth behaviour 

is also described in this section along with the parameters that play a role in the growth 

behaviour of bacteria. Additionally, the interaction between bacteria and soils is also 

discussed in this section. 

Section 2.4 aims to review the current understanding on soil improvement practices and 

critically discusses the necessity for alternative and more sustainable techniques. The 

potential of using microbial-mediated processes as a soil reinforcement solution is examined, 

with an emphasis on the process of Microbially-Induced Calcite Precipitation (MICP), including 

the latest research trends on the topic. 

The last section, section 2.5 introduces the field of Synthetic Biology and its role in the design 

of engineered living systems. The design principles are briefly described in this section 

alongside a review on the most promising engineered living systems for the geoenvironment. 
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Finally, this section provides an in-depth description of the techniques and methods used for 

the development of the pressure-sensitive bacteria strain, reviews the results obtained 

experimentally and discusses the latest advancements and direction of work. 

 

2.2. Microorganisms as the fourth parameter in soils 

Traditionally, the study of soil behaviour has been focused on mechanical principles, 

geological processes, mineralogy and the chemistry of colloids within their structure (Mitchell 

& Santamarina 2005). Likewise, geotechnical engineering has concentrated on the 

mechanical and physical properties of geomaterials (i.e. materials of geological origin), 

without taking into consideration the effect biological activities may cause on them. For 

instance, Terzaghian soil mechanics ignores the influence of microbial activities on the matrix 

of geomaterials and the alteration they produce on the overall engineering behaviour. 

In addition, according to conventional geotechnical engineering, geomaterials are considered 

to be biologically inert and the effect of microorganisms and plants on soil behaviour has been 

neglected (Shashank et al., 2016a). 

However, it is known that microorganisms have lived in the geoenvironment for more than 3 

billion years (Kennedy 1999) and have been ‘active geotechnical engineers’ for much longer 

than humans (Kohnhauser, 2007). Microorganisms are present in soils at notably high 

concentrations and great part of these microorganisms are bacteria and archaea (DeJong et 

al. 2013). According to some authors (Mitchell & Santamarina 2005; Fragaszy et al. 2011; 

Christensen et al. 1999; Sharma et al. 2014) more than 1012 bacteria cells are expected to be 

found in a kilogram of soil near the surface. Bacteria are also found at depths relevant to 

geotechnical engineering - i.e. 2 to 30m - although the population decreases to about 1011 to 

106cells per kilogram of soil as the depth increases (Whitman et al., 1998). 

It has been shown by many researchers that microorganisms play a crucial role in the 

formation of fine-grained soils and may modify the properties of coarse-grained soils, such as 

stiffness or permeability (Burbank et al., 2011; DeJong et al., 2010; Fukue et al., 2011; Whiffin 

et al., 2007), as well as stimulate some geochemical reactions which, in turn, accelerate the 
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weathering of rocks (Barkay and Schaefer, 2001; Gadd, 2010; Stocks-Fischer et al., 1999; 

Wierzchos and Ascaso, 1998). 

Some bio-mediated processes such as bio-weathering and bio-mineralization also alter the 

initial composition of the soil matrix, consequently changing the mechanism of interaction 

between phases. These alterations further lead to changes in the pore structure, such as pore 

dimensions or porosity, which are critical parameters for the identification of the hydrological 

properties of the soil (Shashank et al., 2016a). 

Furthermore, it is known that microorganisms secrete enzymes near nucleation sites (Wilson 

and Jones, 1993), consequently producing different fluids such as Extracellular Polymeric 

Substances(EPS), a principal component of biofilms (Decho, 2010; Edwards et al., 2005; Hazen 

et al., 2008) and altering the composition of the pore fluid. Thus, this phenomenon 

contradicts the traditional assumption of one single pore fluid within the pore space (Sharma 

et al. 2014). 

Additionally, the presence of microorganisms within the saturated soil matrix leads to several 

processes of cellular metabolism (i.e. the chemical reactions occurring in living organisms in 

order to maintain life) which, in turn, contributes to the generation of gases (Dettling et al., 

2007; Rebata-landa and Santamarina, 2012; Unger et al., 2009) and can result in an 

unsaturated soil. 

Therefore, even though traditional soil mechanics ignores the influence of microorganisms on 

the mineralogical alteration of soil’s matter, the impact of microbial activity on the 

mechanical behaviour of geomaterials is clearly demonstrated. 

Due to this permanent biological presence in soils, there has been a lot of research in the last 

few decades in understanding the relationship between microorganisms and soils and their 

involvement in promoting most geochemical reactions (Mitchell & Santamarina 2005). From 

this a new geotechnical perspective has arisen in which soils are not treated as an inert 

construction material but a living ecosystem (DeJong et al. 2013). 

Classical soil mechanics clearly defines three phases of matter – soil solids, water and air – 

and the interaction between them is well understood. However, if microorganisms are 

demonstrated to change soil behaviour and alter the interaction between the three phases 

of matter, traditional theory requires the introduction of microbial organisms as the fourth 
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parameter of matter (Sharma et al. 2014). Hence, some authors are beginning to consider 

living organisms as the fourth parameter of soil matter, in addition to the conventional three 

phase system (soil solids, water and air) (Shashank et al., 2016b). 

 

2.2.1. Natural microbial mediated processes in soils and impact on the geoenvironment 

This section explores the several processes caused by the effect of biological activities in soils 

and how they impact on the geoenvironment, from a geotechnical engineering point of view. 

Mitchell (1975) observed that the macro-scale behaviour in the geoenvironment strongly 

depends on the chemical reactions occurring at the micro-scale structure of soils. It is 

therefore essential to analyse all the processes happening at the micro-scale in order to 

understand the macro-scale changes taking place in soils and to be capable of controlling and 

monitoring them. 

However, before further detailing the processes regulated by microorganisms and how they 

influence the behaviour of soils, it is important to understand that biological activity by itself 

does not affect directly the properties of the geomaterials. Instead, this change in the soil 

properties is governed by the geochemical reactions occurring at the micro-scale level and 

stimulated by the presence of microorganisms (Dejong et al. 2010; DeJong et al. 2013). 

Furthermore, it is known that geochemical processes also occur without the presence of 

microorganisms – but at a smaller rate. Hence, the role of microbes is to create particular 

conditions around cell populations in order to trigger the geochemical reactions. That way, 

microorganisms act as biocatalyst and can control where, when and the rate at which the 

geochemical process will occur (DeJong et al. 2013). 

The main microbial mediated processes that have been identified in soils are listed as follows, 

alongside a list of references which describe their nature and how they impact the 

environment. However, only biomineralization is strictly relevant to this project/study and it 

is the only biogeochemical process that is further reviewed. 

1) Oxidation/reduction of chemical compounds (Chapelle, 2001; Dupraz et al., 2009; Ehrlich, 

1998; Madigan et al., 2000; James K. Mitchell and Santamarina, 2005b; Nordstrom and Alpers, 

1999) 

2) Dissolution/degradation of minerals (Burns, 1982; Ehrlich, 1998; Mapelli et al., 2012; 

Rogers and Bennett, 2004; Xiao et al., 2012) 
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3) EPS and biofilm formation (Bhaskar and Bhosle, 2005; Flemming et al., 2000; Lear and 

Lewis, 2012; Staudt et al., 2004; Sutherland, 2001) 

4) Biomineralization 

Biomineralization is a common phenomenon occurring in the geoenvironment which refers 

to the precipitation of minerals due to its chemical alteration caused by biological activity 

(Stocks-Fischer et al., 1999). According to Sarikaya (1999), biomineralization can lead to the 

formation of more than 60 different mineral species. A review of the different  

biomineralization processes and engineering applications is presented in (Phillips et al., 2013). 

As reported by several authors (Dupraz et al., 2009; Frankel and Bazylinski, 2003), there are 

three different mechanisms for the formation of such minerals: 

- Biologically induced mineralization, a process whereby the microorganisms secrete 

metabolites (i.e. intermediate products of metabolic reactions) in the 

geoenvironment which consequently react with the present ions or organic 

compounds, and due to supersaturated conditions (i.e. concentration increment 

beyond the saturation point of a solution), mineral precipitation occurs (Stocks-

Fischer et al., 1999). The formation of minerals through this mechanism does not 

involve any control from the microorganisms on the mineral morphology, structure or 

crystallinity (Gadd, 2010; Hamilton, 2003).  

- Biologically controlled mineralization, in which the nucleation, location and growth of 

the precipitated mineral together with the structure and morphology are controlled 

by the microorganisms (Benzerara et al., 2011; Gadd, 2010; Phillips et al., 2013).  

- Biological influenced mineralization, where the mineral is precipitated due to the 

effect of external geoenvironmental factors on microbial metabolites, independently 

of microbial activity. In this case, the structure, morphology and composition of the 

precipitated mineral is influenced by a ‘passive formation of minerals by the organic 

matrix’ (Dupraz et al., 2009). This process is mainly caused by the presence of EPS 

substances and biofilms (Phillips et al., 2013). 

 

Additionally, as reported by Dhami et al. (2013), the minerals precipitated by 

biomineralization can be either extracellular inorganic crystals (e.g. carbonate precipitation) 

or intracellular inorganic crystals (e.g. sulphates or phosphates). 
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Of special interest to this project is the process of microbiological precipitation of CaCO3, 

which is thoroughly analysed in Stocks-Fischer et al., (1999). 

In relation to the impact of biomineralization in the geoenvironment, it has been reported by 

some authors (e.g. Dejong et al. 2010) that the precipitation of minerals in the soil matrix due 

to the effect of microorganisms does affect the properties of the geomaterials such as 

permeability, compressibility or strength, amongst other factors. In particular, some bacteria 

species (e.g. Bacillus type) are known to crystallise calcium carbonates in calcium rich 

environments. This biomineralization process called Microbially-Induced Calcite Precipitation 

is of great interest for this study and it is therefore reviewed further in section 2.4.4. 

Biocementation through Microbially-Induced Calcite Precipitation (MICP), where its impact on the 

soil mechanical properties, the chemical reactions involved in the process and the potential 

applications of the process as a soil improvement technique are thoroughly analysed. 

 

2.3. Bacteria and their properties 

This section reviews the classification of unicellular microorganisms, with an emphasis on 

bacteria and their properties. The interaction between microorganisms and soils is also 

discussed as well as the bacterial growth behaviour and the different parameters that play a 

role in the growth rate of bacteria. 

2.3.1. General classification microorganisms 

Living organisms can be divided into two main categories – prokaryotes and eukaryotes – and 

although the former are only single-celled organisms and the latter can be either single or 

multi-celled organisms, the main difference lies in their structure. Figure 2-1, extracted from 

Mitchell and Santamarina (2005), presents an overview on the different types and properties 

of living organisms. Prokaryotes – which include bacteria and archaea – have a simple cell 

structure, without a nucleus within their cell wall. Eukaryotes – which include algae, fungi and 

protozoa – possess a nucleus within the cell structure. Moreover, while the genetic 

information in prokaryotic cells is not membrane-bound, the DNA of eukaryotic cells is 

contained within the nuclei (Prescott et al. 2002; Madigan et al. 2000).  

Additionally, according to Madigan et al. (2000), some microorganisms (including bacteria) 

can live in harsh conditions such as extreme pH concentrations (ranging from 2 to 10) and 
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salinities greater than seawater. Also, according to Doran et al. (2003), bacteria can resist 

pressures of hundreds of atmospheres and extreme temperatures, both below freezing and 

above boiling. Therefore, due to this ability to withstand extreme conditions, some 

microorganisms such as bacteria can be expected to be omnipresent. 

2.3.2. Bacteria cell structure 

Bacteria are a type of prokaryotic microorganism which are present in almost every habitat 

on Earth, due to their ability to live in very harsh environments (Chapelle, 2001; Ehrlich, 1996; 

Madigan et al., 2000). Their entire organism consists of a single cell, without the nuclear 

membrane typical of an eukaryotic organism, in which the bacterial chromosomal DNA floats 

freely forming loops, which in turn generate a twisted thread mass called the nucleoid (Figure 

2-2). The DNA is a single molecule which is found inside the cytoplasm (i.e. all the material 

within the cell). Additionally, bacterial cells contain a type of spherical units in which the 

proteins are assembled from individual amino acids. Furthermore, bacterial DNA can also be 

found in small pieces called plasmids, separated from the nucleoid, which can easily be 

transmitted from one cell to another. This ability to exchange genes makes bacteria a very 

adaptable microorganism and the favourite of genetic engineers, due to their ability to adopt 

new genes easily (Kohnhauser, 2007).
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Figure 2-1. Properties unicellular microorganisms (after Mitchell and Santamarina, 2005)



21 
 

The cytoplasm is comprised of a layered structure called the cell envelope, which serves to 

protect bacteria from hostilities in the environment. This cell envelope is composed of an 

inner cell membrane and an outer cell wall and can be divided into two categories: a gram-

positive type and a gram-negative type (see following section for definition), which at the 

same time is used to classify bacteria (Goering et al., 2013; Kleanthous and Armitage, 2015) 

Additionally, according to Saunders (2013), the surfaces of a bacterial cell are often covered 

by pilus, which help the cell to attach to host surfaces, and some types of bacteria also present 

a flagellum, which facilitates mobility. 

 

 

Figure 2-2. Different parts of a bacteria cell 

(extracted from https://www.thoughtco.com/prokaryotes-meaning-373369) 

 

In relation to their morphology, bacteria can have a number of different shapes, including 

spheres, rods or spirals. 

 

2.3.3. Bacterial classification 

Bacteria can be classified according to different classification systems, which include Gram 

stain, Cell morphology or Growth requirements, amongst others. The former was invented by 

H.C. Gram in 1884 (Gram, 1884) and it still remains as a very useful and quick technique to 

identify and classify bacteria. The method consists of dyeing bacteria cells using crystal violet 

(e.g. iodine). Gram-positive bacteria retain the purple colour when stained with iodine, 

https://www.thoughtco.com/prokaryotes-meaning-373369
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destained with alcohol and counter-stained again with safranin. Gram-negative bacteria lose 

their initial purple colour when the alcohol is added and stains pink as the counter-stain is 

used. This difference in staining behaviour is associated with the peptidoglycan layer present 

in the cell wall, which is much thinner in Gram-negative types and it dissolves after alcohol is 

added. 

Another important classification system is to group bacteria according to their oxygen needs 

for growth (Slonczewski and Foster, 2013). For instance, strictly anaerobic bacteria only grow 

in environments where there is limited or no oxygen. On the contrary, aerobes only grow if 

significant amounts of oxygen are present in the environment. Additionally, facultatively 

anaerobic bacteria can grow under both oxygen-rich or oxygen-limited conditions, which 

makes them the most versatile type. Figure 2-3 represents the above-mentioned classification 

systems and provides examples of bacteria species for each category. 

 

 

 

Figure 2-3. Bacterial classification system 

 (extracted from http://www.columbia.edu/itc/hs/medical/pathophys/id/2009/introNotes.pdf)  

 

http://www.columbia.edu/itc/hs/medical/pathophys/id/2009/introNotes.pdf
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Additionally, bacteria can also be classified according to the environmental parameters that 

control their growth, such as temperature or pH (see section 2.3.5. Factors affecting bacteria 

growth for more details). 

2.3.4. Bacterial growth 

Bacterial growth refers to an increase in the number of cells and it occurs by a process called 

binary fission.  

A bacteria cell, typically known as the parent, replicates the DNA within the cytoplasm and 

grows in size until the point where the cell splits into two genetically identical new cells, called 

daughter cells. Binary fission is a rather simple process and the rate at which it occurs is mainly 

dictated by the conditions of the environment. In rod-shaped cells – such as Bacillus subtilis 

or Escherichia coli – the division point usually lies at the midpoint of the rod, and it occurs 

perpendicular to the long axis of the cell (Harry et al., 2006). The cell division process by binary 

fission is illustrated in Figure 2-4. 

 

 

Figure 2-4. Representation of binary fission in bacteria 

(extracted from http://biology-pictures.blogspot.com/2011/11/binary-fission-in-bacteria.html) 

http://biology-pictures.blogspot.com/2011/11/binary-fission-in-bacteria.html
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In a laboratory environment, bacteria are grown under high levels of nutrients in order to 

produce large amounts of cells in a cheap and relatively quickly manner. However, in a soil 

environment, the amount of nutrients is limited and bacteria do not reproduce indefinitely. 

Additionally, the physicochemical conditions in soils are often not ideal for optimum growth 

and the growth rates are considerably lower than the maximum experimental rates obtained 

in a laboratory environment (Konhauser, 2007). 

All bacteria undergo the same growth cycle when entering a new environment. This cycle is 

composed of four phases, which can be distinguished in Figure 2-5, and it is commonly known 

as a growth curve or growth profile. 

 

Figure 2-5. Typical growth curve of a bacterial culture. Time (0) represents inoculation 

(after (Konhauser, 2007)) 

 

The first phase is known as lag phase and it refers to the period of time when the cells are still 

adapting to the new surroundings and grow at a very low rate. Once the cells are acclimatized, 

a second phase called the exponential or log phase begins, in which cells reproduce very 

rapidly. As an example, E. coli cells tend to divide every 20-30 minutes under standard 

laboratory conditions (i.e. a liquid batch containing highly-rich nutrients) during the 

exponential phase. During this phase nutrients are metabolised very efficiently until the point 

where the cells begin to run out of required nutrients and the growth rate slows down. 

Additionally, towards the end of the exponential phase, the amount of waste accumulates 

and the new composition of the environment reaches toxic levels, impacting negatively the 
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microbial cells and limiting their growth. Is it at this point when the stationary phase begins. 

During this phase, some cells continue dividing and others begin to die, and it is considered 

that the cell population remains constant. This phase often last much longer than the other 

preceding phases together. The stationary phase is finally followed by the death phase, where 

the amount of cells dying exceeds the amount of new formed cells and the population begins 

to decrease in number (Konhauser, 2007; Slonczewski and Foster, 2013; Zwietering et al., 

1990). 

 

2.3.5. Factors affecting bacteria growth in soils 

Microorganisms are found everywhere in soils, independently of the physical and chemical 

conditions of the system (DeJong et al. 2013). However, the microbial activity and the growth 

rate are dependent on two ‘limiting parameters’: the availability of space for their growth or 

geometric compatibility, and the environmental conditions (DeJong et al., 2010; Shashank et 

al., 2016a). The former refers to the space that microorganisms need for their motility and 

reproduction, and is mainly restricted by the soil pore size. According to Mitchell and 

Santamarina (2005), “the maximum bacteria count in soil pore fluid can be estimated as the 

ratio between the pore fluid volume and the volume of a bacterium”. Therefore, the geometric 

compatibility limits the maximum amount of cells that can be found within the pore space as 

well as restricting their motility. Figure 2-6 compares the size of microorganisms and soil 

particles (reproduced from Mitchell and Santamarina (2005)) and shows that bacteria are not 

likely to move through pore throats smaller than 0.4 m. 

 



26 
 

 

Figure 2-6. Comparative size of microorganisms and soil particles 

(after Mitchell and Santamarina, 2005) 

 

Although geometric compatibility is the most restrictive parameter, the environmental 

conditions also affect the survival and reproduction rate of microorganisms (Ehrlich, 1998). 

Each particular species is subject to different environmental conditions that affect their 

microbial activity and growth rate. These environmental conditions can be divided into three 

‘restrictive factors’: nutrient availability, water availability and other environmental factors 

(Mitchell & Santamarina 2005). 

• Nutrient availability. Nutrients are essential for the growth and survival of microorganisms 

as they are used as both cellular material and as energy source (Shashank et al., 2016a). 

Additionally, according to Mitchell & Santamarina (2005), bacterial reproduction in many 

soil systems might be hindered due to the absence of organic constituents.  

• Water availability. Water is fundamental for microorganisms since it constitutes a great 

part of their cellular material. It also plays an important role by stimulating nutrient 

transport, triggering many chemical reactions and controlling the pH of the system 

amongst many other functions (Hattori, 1973). It is therefore evident that systems with 

poor water availability will hinder microbial activity and reproduction. Nonetheless, when 

the system is close to a saturated state, the availability of oxygen is then limited due to the 

low diffusion rate of oxygen through water - leading to anaerobic conditions (Mitchell & 
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Santamarina 2005). According to Horn & Meike (1995) the optimum condition for aerobic 

microbial activity occurs when the degree of saturation in the soil is about 60% to 80%. 

• Other environmental factors. The main factors affecting microbial activity and growth in 

soils are the following (Ehrlich, 1998; Paul and Clark, 1996; Slonczewski and Foster, 2013): 

 

- Temperature 

Microbial cells cannot control their own temperature and therefore changes in 

temperature affect every aspect of their physiology and consequently affect the rate 

at which they divide and grow. Each species has an optimum growth temperature as 

well as limits of growth, which are defined by the range of temperatures at which the 

cells grow. Microorganisms can be classified according to their limits of growth into: 

psychrophiles, mesophiles, thermophiles and hyperthermophiles. Figure 2-7 shows the 

relationship between growth rate and temperature for the different groups of 

microorganisms. 

 

 

Figure 2-7. Optimum growth temperatures for different bacterial groups 

 (after Slonczewski and Foster (2013)) 

 

- pH 

Similarly to temperature, each species of microorganisms has a range of pH (i.e. 

concentration of hydroxide ions) at which growth occurs. The hydrogen ion 

concentration has an effect on cell molecular structures and therefore an impact on 
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the growth rate. Bacteria can be classified according to their optimum growth pH into 

acidophile, neutrophile and alkaliphile (Figure 2-8). 

However, while bacterial cells cannot regulate their internal temperature and it 

normally equals the external one, microbial cells have developed a mechanisms called 

homeostasis which maintains their internal pH within the 5-8 range in order to prevent 

destruction of its cytoplasmic macromolecules, independently of the pH of the 

environment. 

 

 

Figure 2-8. Optimum growth pH for different bacterial groups 

 (after Slonczewski and Foster (2013)) 

 

- Oxygen 

As described in section 2.3.3. Bacterial classification, bacteria can be classified according to their 

oxygen needs for efficient growth into be strictly aerobic, strictly anaerobic or facultative 

aerobic. For instance, E. coli is a facultative aerobic microorganism since it can metabolise 

energy both aerobically and anaerobically. On the contrary, B. subtilis only grows under the 

presence of oxygen, being considered traditionally a strict aerobe. However, some evidence 

exists that B. subtilis can also grow under specific anaerobic conditions, making it a facultative 

anaerobe (Nakano and Zuber, 1998). 

Additionally, other parameters such as osmotic pressure, redox potential, presence of growth 

inhibitors, soil suction or cation exchange capacity  are also expected to influence microbial 
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activity in soils, but at a lesser extent (Ehrlich, 1998; Jiang et al., 2006; Paul and Clark, 1996; S 

et al., 2014). 

 

2.4. Bacteria and ground improvement 

This section outlines the importance of soil improvement to civil engineering practices, 

provides a classification of the most traditional ground improvement methods, discusses the 

necessity for alternative soil improvement techniques and reviews the potential of microbial 

mediated processes for soil reinforcement, highlighting one of the most promising processes: 

bio-cementation through Microbially-Induced Calcite Precipitation. 

2.4.1. Ground improvement – a worldwide necessity 

The current rapid growth of population and the consequent urbanisation and growth of cities 

requires the development of new infrastructure. However, this demand for infrastructure can 

sometimes be restricted by the existence of inadequate soil conditions (Shahin, 2016). In the 

past, engineers used to avoid construction on problematic soils, but today treatments are 

required to improve the quality of these unstable soils due to the limitation of land (Kumar et 

al., 2015). These problematic soils – being the majority collapsible and soft soils – raise some 

concerns for geotechnical engineers due to low bearing capacity and high compressibility 

(Shahin, 2016). 

In order to allow the development of infrastructure in poor soil conditions, it is therefore 

necessary to employ techniques that improve the quality of the ground (Moseley and Kirsch, 

2004).The purpose of soil improvement techniques is to transform a problematic and 

unstable soil into a good-quality, workable and reliable soil – i.e. soil with adequate strength, 

good settlement resistance, proper permeability and high durability (resistant to 

deterioration) (Purushothama, 2005). DeJong et al. (2010) reported that more than 40,000 

soil improvement projects are executed worldwide annually. 

 

2.4.2. Traditional methods of ground improvement 

Soil improvement methods have been used extensively since ancient times – as an example, 

the soil underneath the Great Wall of China was reinforced using branches of trees acting as 
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tensile elements (Kumar et al., 2015). However, the concept of modern soil reinforcement 

was developed by Henry Vidal, a French engineer, in 1966, after patenting a soil 

reinforcement method called ‘Reinforced earth’ (Vidal, 1969). Since then, ground 

improvement techniques have been employed widely in civil engineering applications (Kumar 

et al., 2015). 

Many different techniques and processes have been developed throughout the years, from 

the inclusion of metal strips into the soil (Vidal, 1969) to the development of grouting 

techniques to inject additives into the ground in order to improve its properties. A universal 

classification of ground improvement methods has, however, not been established and the 

processes can be classified according to different parameters, i.e. physical, hydraulic, 

mechanical or chemical methods; grouting techniques or soil mixing; reinforcement, 

improvement or treatment techniques; ground improvement in cohesive soils v non-cohesive 

soils, ground improvement with or without admixtures, etc. One such classification of ground 

improvement methods is show in Figure 2-9, with examples for each category. 

 

Figure 2-9. Classification ground improvement methods (based on Moseley & Kirsch 2004) 

 

2.4.3. Need for alternative methods 

All the processes included in Figure 2-9 have been proved to be successful in many applications 

throughout the years. However, the implementation of these methods often generates 

sustainability issues such as high energy demands and use of fossil fuels, the continuous 

modification and consequent degradation of natural ecosystems or the increasing use of 
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natural geo-resources which will limit future generations from using them (Fragaszy et al., 

2011).  

Amongst the most environmental unfriendly soil improving methods is the injection of 

chemical grouts. Increasing the pH of the groundwater to highly alkaline levels or 

contamination of the geoenvironment due to their toxicity are some consequences of the use 

of chemical grouts to improve soils (Karol, 2003; DeJong et al. 2006). Moreover, the use of 

chemical grouts is an expensive solution for soil improvement and also involves other 

problems such as non-uniform distribution along the soil mass and a relatively high 

uncertainty of execution (DeJong et al. 2009). Additionally, one of the most common 

materials used for grouting techniques is Portland cement, which according to Li et al. (2013) 

accounts for more than 7% of the global carbon dioxide emissions. Countries like USA have 

started to ban some chemical grouts due to their potential hazard for the geoenvironment 

and the need of reducing cement usage considering the associated environmental issues 

(DeJong et al., 2010). 

On the other hand, methods involving compaction/densification of the ground might appear 

to be less hazardous for the environment, however, these methods have associated problems 

of noise and vibration, which can be an issue for existing buildings and congested sites. 

Therefore, considering the continuing demand for soil reinforcement projects, there is an 

extreme need for developing alternative, sustainable, harmless and cost-effective methods 

(DeJong et al. 2009; Shahin 2016). 

One method that shows good potential to fulfil these requirements is the use of biological 

microorganisms, and in particular, the use of bacteria (Mitchell and Santamarina, 2005) to 

improve soil properties. Bio-mediated soil improvement is a relatively new method in which 

microorganisms are used to stimulate some chemical reactions within the soil matrix, and is 

currently being investigated by many researchers across the world as a potential soil 

improvement method (DeJong et al., 2010). The implementation of these so-called bio-

mediated processes has the potential to modify many soil properties, including physical 

(density, saturation or porosity), conduction (hydraulic, thermal or electrical), mechanical 

(compressibility, stiffness, cohesion or friction angle) and chemical properties (reactivity or 

cation exchange capacity) (DeJong et al., 2010; Shahin, 2016; Whiffin et al., 2007). This can 

enhance bearing capacities, reducing liquefaction risk and controlling soil erosion, amongst 
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many other benefits (DeJong et al. 2010; Whiffin et al. 2007). Additionally, their further 

development would provide with the ability of dealing with some current geotechnical 

problems that traditional techniques are unable to solve or that involve an excessive cost, 

such as the creation of subsurface storage spaces, carbon dioxide sequestration at great 

depths, subsurface hydraulic flow control or stabilization of sink holes (DeJong et al. 2013). 

The potential development of bio-mediated soil improvement methods could provide many 

advantages, including (DeJong et al. 2013): 

- Low impact to the geoenvironment since they are based on natural processes. 

- Reduced levels of energy required. 

- Applicability to both new and existing structures (without disturbance to the existing ones). 

- Ability to cover large areas due to their low viscosity and injection pressure. 

In addition, the use of living organisms provides a higher degree of control over the response 

of the reinforcement system, and this response can be further enhanced by genetically 

modifying the DNA of the microbes (see section 2.5. The role of Synthetic Biology for further 

details). 

Additionally, Ivanov and Chu (2008) performed an approximate analysis between the raw 

material cost for microbial grouting ($0.5-9 per cubic meter of soil) and chemical grouting ($2-

72 per cubic meter of soil), being the bio-mediated solution considerably cheaper. Therefore, 

since the scale of geotechnical construction tends to be relatively large – e.g. land reclamation 

– microbial mediated treatments could provide with a cost effective solution in comparison 

to the expensive treatments involved in the use of traditional methods. 

Many bio-mediated ground improvement processes have been investigated during the last 

two decades, although only one method has shown promising potential for industrial use. 

This method is called biocementation through Microbially-Induced Calcite Precipitation 

(MICP) and a lot of emphasis has been put in the development and upscaling from laboratory 

to field-scale applications (Ivanov & Chu 2008; DeJong et al. 2013). The next section describes 

the mechanisms involved in soil cementation through MICP and reviews the latest research 

on the topic. 
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2.4.4. Biocementation through Microbially-Induced Calcite Precipitation (MICP) 

Microbial cementation or biocementation is a bio-mediated process by which the soil particles 

bind together due to the precipitation of inorganic materials – carbonates, silicates, 

phosphates, sulphides and hydroxides (Ivanov and Chu, 2008) – which leads to an increased 

soil strength and stiffness (DeJong et al., 2007). 

MICP is a biological process that occurs naturally in geomaterials (e.g. digenesis from sand to 

sandstone) and researchers have attempted to imitate it in a laboratory under controlled 

conditions in order to use it as a ground improvement technique (Soon et al., 2013; Whiffin 

et al., 2007). 

In MICP, a process of biomineralization (calcium carbonate or calcite precipitation) occurs as 

a consequence of metabolic microbial activity via several pathways, such as hydrolysis of urea 

(Ivanov and Chu, 2008, Burbank et al., 2011). Although other microbial processes have been 

proved to potentially lead to biocementation – i.e. denitrification (Montoya, 2012; van 

Paassen et al., 2010), sulphate or iron reduction (Boquet et al., 1973; Frankel and Bazylinski, 

2003), etc. – enzymatic hydrolysis of urea is the most energy efficient process in terms of 

Gibbs Free energy (see DeJong et al., (2010) for more details on urea hydrolysis). 

 

2.4.5. Mechanism for calcite precipitation 

Urease positive bacteria are widespread in the environment and some particular strains – 

such as Sporosarcina pasteurii and Bacillus megaterium – produce relatively high levels of 

urease (Anbu et al., 2016; Bachmeier et al., 2002). 

The idea of MICP is to use these urease-producing bacteria strains in order to hydrolyse urea 

(urease catalyses the hydrolysis of urea 1014 times faster than the normal urea hydrolysis 

(Mobley et al., 1995)) and produce carbonate ions in situ which then react with a calcium-rich 

solution and precipitate calcium carbonate (Cheng et al., 2013; De Jong et al., 2009; Hammes 

et al., 2003; Li et al., 2013; Ng et al., 2012; Stocks-Fischer et al., 1999). The process is described 

as follows: 
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1) The urease enzyme produced in situ by bacteria - which is a by-product of bacterial 

metabolic activity – decomposes urea injected within the soil matrix through a process called 

hydrolysis of urea. The resulting products of this reaction are ammonium and carbonate ions. 

 

2) The generated carbonate ions react with calcium ions (the presence of a calcium source 

such as calcium chloride is needed) due to an increase in the local pH of the environment 

generated by the production of ammonia in the system. If there is a sufficient concentration 

of 𝐶𝑎2+and 𝐶𝑂3
2− in the environment, calcium carbonate crystals begin to precipitate at the 

bacterial nucleation sites (Figure 2-10).  

 

These crystals (commonly known as calcite) are then responsible for the soil particle binding 

and the consequent bio-cementation process (Ng et al., 2012). 

 

 

Figure 2-10. Ureolysis-driven calcite precipitation  

(after De Muynck et al. 2010) 

 

The urease enzyme generated by the microbial activity is therefore essential for calcite 

precipitation to take place (Bachmeier et al. 2002). Phang et al., (2018) performed an 

investigation to understand the relationship between cell concentration and urease activity 
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for different Bacillus species. The results (see Figure 2-11) demonstrated that the amount of 

urease released in the environmental is not proportional to the number of cells. This has clear 

implications for the biomineralization process since a larger number of cells does not 

necessarily lead to a higher degree of calcite precipitation. Therefore, understanding the 

optimum cell concentration that produces larger quantities of urease activity is an essential 

factor. Additionally, it was demonstrated by Singh et al., (2017) that the urease activity 

increases linearly from 20°C to 37°C, and decreases considerably after that point. Several 

authors (e.g. Stocks-Fischer et al. 1999; D. J. Evans et al. 1991; Arunachalam et al. 2010) have 

confirmed that urease activity reaches its peak at pH 8 and gradually decreases with a further 

increase in pH. 

 

 

Figure 2-11. Correlation between urease activity and cell concentration for two different species 

 (after Phang et al., (2018)) 

 

Additionally, Achal & Pan (2014) stated that, although many calcium sources can be used to 

induce calcite precipitation, calcium chloride provides with the best results. 

According to several authors, the rate at which calcite precipitates is mainly governed by four 

parameters – the calcium ion concentration, the dissolved inorganic carbon concentration, 

the pH of the environment and the availability of nucleation sites within the soil matrix 

(Castanier et al., 1999; Kile et al., 2000; Ng et al., 2012). 
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In addition, Phillips et al. (2013) stated that in order to have stable and continuous 

𝐶𝑎𝐶𝑂2 formation, the availability of nucleation sites is essential. In the biomineralization 

process, bacteria are used as nucleation sites due to their negatively charged cell surfaces, 

attracting divalent cations – such as 𝐶𝑎2+– and attaching them onto their surface at neutral 

pH, providing ideal conditions for calcite precipitation (Ferris et al., 2004; Li et al., 2013; Lian 

et al., 2006; Stocks-Fischer et al., 1999). 

 

2.4.6. Macromechanics of bio-cemented soils 

In bio-cemented soils, the 𝐶𝑎𝐶𝑂3 precipitated through MICP bridges between adjacent soil 

grains at the particle-particle contact (Figure 2-12), forming a cemented soil structure similar 

to that of calcareous rocks (DeJong, Jason T., Michael B. Fritzges, 2006).  

 

Figure 2-12. Examples of calcite precipitated between soil particles 

 (after Cheng et al. 2013 (left) and Ivanov et al., (2015) (right)). 

 

Thus, this new bio-cemented soil structure has enhanced mechanical properties, some of 

which are summarised as follows: 

- Substantial increases in shear strength has been demonstrated by many researchers 

(Chu et al., 2012; DeJong, Jason T., Michael B. Fritzges, 2006; Whiffin et al., 2007), as 

well as increases in small-strain stiffness by three orders of magnitude (DeJong, Jason 

T., Michael B. Fritzges, 2006; van Paassen, 2011). 
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- Decreased compressibility of the soil has also been demonstrated by many 

researchers, e.g. DeJong et al. (2010), where a ten-fold change was obtained. 

- Permeability can be also reduced due to the precipitation of calcite in the pore space 

and the partial plugging of the soil that reduced water flow through the pore throat 

(Anbu et al., 2016; Chu et al., 2012; DeJong, Jason T., Michael B. Fritzges, 2006; Whiffin 

et al., 2007). Martinez et al. (2013) showed hydraulic conductivity decreased by 

greater than two orders of magnitude. However, one of the key properties of MICP 

treated soils is the capacity to retain sufficient permeability, providing enough 

drainage and dissipation of the excess pore water pressure upon loading (Cheng et al., 

2014; Shahin, 2016). 

 

2.4.7. Factors/parameters affecting MICP performance 

The performance of MICP treated soils depends on several physical and environmental 

parameters which have been comprehensively analysed by many authors. This section 

outlines the main factors analysed in the literature and proposes the best conditions for 

optimum MICP soil treatment. Additionally, section 2.4.8. Applicability, limitations and upscaling 

principles discusses some other factors that might also impact the effectiveness of MICP for 

field-scale projects – such as the geometric compatibility of bacteria, the fixation and 

distribution of bacteria in soil and the injection method. 

- Type of bacteria  

The preferred organisms for MICP are facultative anaerobic bacteria due to their ability to 

respond under both aerobic and anaerobic conditions (Ivanov and Chu, 2008). Additionally, 

bacteria used in MICP applications must be able to catalyse the hydrolysis of urea. Hence, 

most of the species commonly used are urea positive bacteria such as the Bacillus group 

(Hammes et al., 2003; Kucharski et al., 2008).  

- Bacteria cell concentration  

The importance of bacteria cells in providing nucleation sites for calcite precipitation was 

discussed in previous sections. It was confirmed by Okwadha and Li (2010) and (Stocks-Fischer 

et al., 1999) that higher bacterial cell concentration leads to an increased amount of calcite 

precipitation (from to 106 to 108 cells). Hence, if enough cementation reagents are provided 



38 
 

to the system, the rate of urea hydrolysis is directly proportional to the bacterial cell 

concentration (Ng et al., 2012). 

- pH  

The urease enzyme is essential in the process of decomposing urea and triggering calcite 

precipitation. As described above, urease activity is highly dependent on the pH of the 

environment and, therefore, the amount of calcite precipitated is also influenced by the pH. 

Therefore, it must be taken into consideration that the production of ammonia will increase 

the pH of the system, consequently reducing urease activity. Additionally, Lowenthal and 

Marais (1976) stated that if low pH levels are present in the environment, calcium carbonate 

crystal will dissolve, rather than precipitate. 

Ferris et al. (2004) and Dupraz et al. (2009) demonstrated that most calcium carbonate 

precipitation takes place under alkaline conditions from pH 8.7 to pH 9.5, and Cheng et al. 

(2014) performed an analysis which shows the effect of acidity and alkalinity on the strength 

of MICP treated soil samples (Figure 2-13). The figure also shows that, although the amount of 

𝐶𝑎𝐶𝑂3  precipitated was higher, the unconfined strength of the soil samples might be lower. 

This phenomenon might be associated to the morphology and attachment of the crystals to 

the soil grains. In addition, Harkes et al. (2010) stated that the pH of the system also alters 

the transport and adhesion of bacteria, leading to non-homogenous distribution problems.    

 

Figure 2-13. Unconfined compressive strength and CaCO3 content of MICP treated soil samples at 
different pH 

 (after Cheng et al. 2014) 
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- Temperature 

According to Mitchell & Ferris (2005) and Okwadha & Li (2010), the rate of hydrolysis is 

temperature dependent, with optimum values reached between 20 and 37°C for most 

urease-producing bacterial species. Nemati et al. (2005) stated that hydrolysis rate is higher 

at 30°C than 20°C and an increase of further temperature does not lead to an accelerated 

urea decomposition rate. 

In addition, Cheng et al. (2014) demonstrated that MICP samples treated at 25°C are stronger 

than the same samples treated at 50°C, the latter ones showing 60% less strength. It can be 

seen from Figure 2-14 that, although the amount of 𝐶𝑎𝐶𝑂3  increases, the shear strength of 

the samples decreases. According to the author, this behaviour occurs due to the fact that 

the crystals formed at 50ºC are considerably smaller (2-5 m diameter) than those formed at 

25°C (15 – 20 m). Hence, the formation of bigger crystals contributes to strength 

development due to the gap filling effect between soil grains. It is therefore concluded that 

the strength improvement is not governed by the amount of 𝐶𝑎𝐶𝑂3  crystals, but the size of 

them (Cheng et al., 2014).  

 

Figure 2-14. Unconfined compressive strength and CaCO3  content of MICP treated soil samples at 
different temperatures 

(after Cheng et al. 2014) 

 

- Reactant (Urea and Ca+) concentration 

The introduction of urea and calcium chloride (or other calcium source) into the soil is 

essential to precipitate calcium carbonate. Achal & Pan (2014) analysed the calcite 

precipitated through MICP using different calcium sources and concluded that calcium 
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chloride is the most efficient one. Rivadeneyra et al. (2004) stated that the concentration of 

the reagents influences the rate at which calcite precipitates. Nemati et al. (2005) and De 

Muynck et al. (2010) demonstrated that increasing the urea and calcium chloride 

concentrations results in larger amounts of calcite precipitation. Moreover, De Muynck et al. 

(2010) reported that 0.5M and 0.25M concentrations of urea and CaCl2 respectively are the 

optimal ones for efficient calcite precipitation. In addition, Okwadha & Li (2010) reported that 

higher reactant concentrations than 0.5M decrease the efficiency of calcium carbonate 

precipitation. 

On the other hand, the negative effect of high salinity solutions was analysed by Rivadeneyra 

et al. (2000) and it was stated that large amounts of calcium would inhibit microbial activity 

and further calcite precipitation due to the high salinity. Additionally, Okwadha & Li (2010) 

demonstrated that 𝐶𝑎2+concentration has a bigger influence than urea concentration on the 

process of 𝐶𝑎𝐶𝑂3 precipitation.  

- Nutrient availability  

It is well-known that nutrients are the source of energy for bacteria and are essential for their 

survivability and growth (Ng et al., 2012). Mitchell and Santamarina (2005) provided a list of 

the most common nutrients, including 𝐶𝑂2, N, K, Mg, Fe, P, Ca, etc. Hence, it is crucial to 

supply the ground with these nutrients during the treatment process since geological systems 

often lack them or they are not present in sufficiently large amounts (DeJong et al., 2007). 

DeJong et al. (2006) and Qabany et al. (2011) introduced 3g per litre of nutrient broth into 

the treatment solution in order to maintain a desired growth rate of urease positive bacteria 

long enough for the biocementation process to be effective. 

 

2.4.8. Applicability, limitations and upscaling principles 

Bio-cementation through MICP stands as a promising environmentally-friendly and cost-

effective soil reinforcement method; however, in order to establish this technique for 

industrial applications, a few considerations must be taken into account and a few limitations 

must be overcome. 
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Bio-mediated processes have a considerably lower impact on the geoenvironment than 

chemical grouting techniques. Nevertheless, the by-products generated from the urea 

hydrolysis process such as ammonium and nitrate are toxic and hazardous to humans and 

microorganisms if present at high concentrations, which makes MICP not completely 

environmental friendly (van Paassen et al., 2010). In addition, microbial processes are more 

complex than chemical processes since they depend on many environmental factors such as 

pH, temperature, concentration of nutrients and concentrations of donors and acceptors of 

electrons (Ivanov and Chu, 2008). Thus, the design of bio-mediated applications must 

consider many other aspects apart from soil conditions and grouting solutions – e.g. 

microbiological aspects (growth, biosynthesis, enzymatic activity, etc.), ecological aspects, 

physico-chemical processes (precipitation, formation insoluble compounds, etc.) – which 

makes their applicability much more complex than conventional grouting techniques (Ivanov 

and Chu, 2008).  

The nutrients used to grow bacteria cultures in the laboratory are relatively cheap. However, 

for field applications, where large amounts of nutrients are needed, the use of laboratory 

grade nutrient sources may become an economic limitation (Anbu et al., 2016). Therefore, 

alternative economical nutrient sources need to be investigated in order to successfully 

upscale MICP projects from laboratory to field-scale applications. According to Mitchell et al. 

(2010) and Phillips et al. (2013), other nutrient sources such as corn steep liquor or lactose 

mother liquor could provide an inexpensive solution to address this problem. 

Similarly, the production of large volumes of reactants (e.g. calcium chloride) may be seen as 

an economic disadvantage in comparison to traditional grouting and, therefore, prevent the 

progress of bio-cementation into a commercial scale. The use of alternative calcium sources 

has been investigated by Cheng et al. (2014). The author proposed the use of seawater as a 

substitute to conventional bio-cementation reagents in order to reduce the cost of MICP-

based projects and position this soil improvement technique one step closer to its 

commercialisation. Figure 2-15 shows the results of using seawater as a chemical reagent 

compared to a cementation solution (i.e. calcium chloride). It can be seen that, as reported 

previously, the strength increases exponentially by increasing the amount of calcite 

precipitated. However, samples treated with seawater clearly show an increased strength 

compared to samples treated with a cementation solution, for the same amount of carbonate 
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precipitation. As commented in previous sections, this phenomenon may occur due to the 

fact that, although higher concentrations of urea and calcium chloride produce a relatively 

large amount of calcite, the efficiency of the crystals formed is lower than those crystals 

formed at reduced concentrations of calcium – i.e. using seawater. However, in order to 

achieve these results, the amount of seawater flushed through the specimens is much larger 

than the amount needed using conventional calcium chloride. Hence, this result shows the 

potential of using seawater as a cementation reagent and could position bio-cementation as 

the preferred ground improvement method for marine environments.  

 

Figure 2-15. Unconfined compressive strength and CaCO3 content of MICP treated soil samples with 
seawater as a calcium source 

 (after (Cheng et al., 2014) 

 

Another study where an alternative calcium source is used for bio-cementation of sand is the 

one presented by Choi et al., (2016). The authors investigated the effect of using eggshell as 

the calcium source to induce calcium carbonate precipitation via MICP. The study 

demonstrated that samples treated using calcium from eggshell generate the same strength 

and permeability values than samples treated with calcium chloride, indicating that the use 

of calcium from eggshell for soil improvement is a feasible option. 

On the other hand, the geometric compatibility between bacteria and soil is essential for 

successful implementation of a bio-cementation project. According to (De Jong et al., 2009), 

sufficiently large pore throats are necessary in order to allow microbial mobility through the 

soil structure. Small soil pore throats restrict the transport of bacterial cells leading to non-

uniformity problems. Maier et al. (2009) stated that bacteria cells with diameter between 0.3 
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to 2 m can move freely through the pore structure of sandy soils with size particles between 

0.05 and 2 m. However, the presence of fine particles would have a negative effect on the 

distribution of bacteria cells due to an obstruction of some pore throats (Ng et al., 2012). 

Cheng and Shahin (2015) analysed the effect of clay particles on MICP treated sand samples 

and concluded that bio-cementation treatment using conventional injection methods may 

not be suitable for sandy soils containing a clay content higher than 5% due to filter effect 

and further accumulation of cells at the injection end and the consequent bio-clogging, 

impeding a uniform distribution of cementation.  

Another important consideration that needs to be further analysed is how to achieve a 

uniform distribution of the bio-cementation reagents and the bacteria-medium solution. A 

uniform cementation distribution is essential for ground improvement field applications. 

However, achieving uniform distribution through the soil matrix is not a straight-forward 

process since filtration of bacteria cells through the porous structure results in a logarithmic 

reduction of cell concentration (Ginn et al., 2002). Hence, since lower concentration leads to 

reduced cementation, injection methods need to be improved in order to achieve an even 

distribution of microbes and reactant concentrations across the injection path (De Jong et al., 

2009). Martinez et al. (2011) demonstrated that the stopped-flow injection (intermittent 

injections, opposite to continuous injection) of cementation fluids provides a more uniform 

distribution than continuous injection methods due to the accumulation of precipitated 

calcite next to the injection port by the latter method and a decreased concentration as 

distance from injection increases. Therefore, stopped-flow injection is capable of distributing 

evenly all the fluids before calcite begins to precipitate. Alternatively, Boving et al. (2008) 

have developed a method called push-pull injection through which uniform cementation can 

be achieved. The idea of this method is to inject microbes at an artificial hydraulic gradient 

and nutrients at a reversed hydraulic gradient. In this way, areas with lower concentration of 

microbes are supplied with more nutrients than areas with higher concentration (i.e. near the 

injection point) and uniform distribution of the treatment is accomplished throughout the 

treated area.  

In addition, another aspect that must be taken into consideration is the original composition 

of the pore fluid. According to Lebron and Suarez (1996), the chemical composition of the 

pore fluid can influence the reactions taking place and may benefit or inhibit the production 
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of carbonates. These authors stated that while high calcium concentration groundwater 

assists in the production of calcite, groundwater with high organic content may hinder its 

precipitation. Therefore, analysing the groundwater chemistry is essential prior to treatment 

application.  

Lastly, the permanence of MICP treated soils is crucial for successful field implementation, 

although fewer investigations have been performed on this aspect to date. The design life of 

MICP bio-cementation projects must equal that of the associated civil infrastructure. 

Therefore, for areas where calcite stability is not completely assured, it is extremely important 

to monitor the state of the treated soil throughout its service life (De Jong et al., 2009). 

All these limitations are currently hindering the commercialisation of MICP as a ground 

improvement method, mainly due to the poor control and uncertainty of the outcome. 

However, there have been a few field-scale projects worldwide in which bio-mediated 

processes, including MICP, have been performed. The contractor Visser and Smit Hanab 

applied a MICP treatment in the Netherlands in 2010 using bio-augmentation (injection urea-

positive microbes into the ground) of bacteria with urea and calcium chloride as cementation 

reagents in order to induce calcite precipitation and stabilise a gravel soil before horizontal 

drilling. The successful treatment allowed the drilling for gas pipelines without failure of the 

loose gravel ground (van Paassen, 2011). Another field trial was performed in the United 

States using bio-stimulation (stimulation of native urea-positive bacteria) of the indigenous 

species. The aim of this project was to analyse the performance of calcium carbonate 

precipitation as a heavy metals immobilisation method. The trial took place in the US 

Department of Energy site in Rifle, Colorado (Fujita et al., 2010). Additionally, according van 

Meurs et al. (2006) and Blauw et al. (2009), a few field trials have been performed in the 

Netherlands and Austria using bio-clogging to reduce the leakage through water retaining 

structures. 

 

2.4.9. Potential applications 

The main objective of bio-cementation through MICP is to provide a cost-effective and eco-

friendly soil reinforcing technique in order to increase the strength and reduce compressibility 

of weak soils (De Muynck et al., 2010; Ng et al., 2012). However, there are specific areas in 
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which MICP has been recognised as a particularly promising substitute for conventional 

ground improvement techniques, which are listed as follows: 

- Creating impermeable barriers for catchment facilities (Chu et al., 2012). 

- Piping prevention for dams and levees (DeJong et al., 2007). 

- Reducing dust levels (Kucharski et al., 2008). 

- Treating waste (J. Chu et al., 2009). 

- Improving resistance to liquefaction (Montoya et al., 2013). 

- Increasing resistance to petroleum borehole degradation (Kucharski et al., 2008). 

- Remediation of heavy metals (Li et al., 2013). 

- Soil stabilisation prior to tunnelling or underground construction (DeJong et al., 2007). 

- 𝐶𝑂2 sequestration (Manning, 2008). 

- Reducing erosion induced by wind and water (Bang et al., 2011). 

- Coastline erosion prevention (using seawater as a chemical reagent) (Shahin, 2016). 

 

2.5. The role of Synthetic Biology 

This section presents the new field of Synthetic Biology (SynBio) describing its design 

principles and the methods used to engineer microorganisms, and provides a review of the 

most promising engineered living systems and their applications for the geoenvironment. 

2.5.1. Definition of Synthetic Biology and Design Principles 

SynBio is a relatively new field of research based on the molecular level manipulation of 

microorganisms through genetic modification. Although the term Synthetic Biology has been 

around for more than 100 years, it was at the beginning of this century when SynBio 

considerably took off as a field of research, due to the publication of several articles discussing 

the creation of synthetic biological circuits and the combination of genes within E. coli cells 

(Elowitz and Leibler, 2000; Gardner et al., 2000). SynBio is often associated with Genetic 
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Engineering, although clear differences exist between the two fields. While Genetic 

Engineering essentially enhances existing biological functions or transfers them between 

organisms, SynBio focuses on the combination of multiple genes in order to construct new 

biological pathways and functions that are not present in nature and redesign existing 

biological systems to perform new functions (Endy, 2005). In other words, the aim of SynBio 

is to create new biological systems that can be programmed by changing and reassembling 

biological components or “parts” so that they perform beneficial functions (Silver et al., 2014). 

SynBio follows an engineering approach, where these interchangeable biological parts, which 

are genes that encode a specific function, are treated as components to create a synthetic 

genetic circuit, or device (Voigt, 2006). These circuits can be assembled to form complex 

systems that are capable of responding to a range of physical and chemical inputs (Khalil and 

Collins, 2010). The response to these inputs is normally in the form of protein synthesis or 

other molecules, which ultimately have useful applications (see section 2.5.2. Engineered living 

systems for the geoenvironment for some examples). Furthermore, the rational design and 

customisation of these genetic parts into devices is normally guided by computer modelling 

(König et al., 2013). In this way, SynBio creates libraries containing well-defined parts so that 

they can be combined in cells in order to generate predictable outcomes (Silver et al., 2014). 

Thus, the aim of SynBio is to program cells by introducing new genes to their DNA with specific 

instructions so that the cell performs a specific function. 

Genetic engineering practices are frequently used in laboratory environments and many 

applications exist where Genetically Modified Organisms (GMOs) are used. Living organisms 

contain long chains of deoxyribonucleic acid (DNA), called chromosomes, which contain all 

the genetic information needed for growth, functionality and reproduction. Using 

recombinant DNA techniques, sequences of DNA from one organism, the donor, can be 

extracted and attached onto the genome of another organism, the host, so that the new 

organism presents some features of the donor. A common practice in a microbiology 

environment is to introduce a fluorescence protein obtained from a type of jellyfish in the 

genome of another organism in order to report its expression under specific light conditions. 

This protein is called Green Fluorescence Protein (GFP). 

The above-mentioned genetic parts can be assembled into devices which can be represented 

by symbols comparable to those of electrical circuits (Endy, 2005; Khalil and Collins, 2010). 
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These symbols belong to a basic language called Synthetic Biology Modelling Language which 

is used to genetically program bacteria. An example of these genetic circuits is represented in 

Figure 2-16.  

 

Figure 2-16. Diagram of a genetic ‘device’ 

 (after Dade-Robertson et al., (2016)) 

 

For a more in depth description of all the components present in genetic devices, see Endy 

(2005). 

 

2.5.2. Engineered living systems for the geoenvironment 

The rise of SynBio provides the capacity to design living organisms to respond to 

environmental conditions or external stimulus, opening up a wider range of bio-mediated 

ground improvement possibilities. As described in the previous section, SynBio gives the 

possibility to engineer organisms to detect specific environmental conditions and act in a 

desired way. Thus, SynBio brings a new dimension to the field of microbially-mediated 

construction processes since microorganisms are not only used as a catalyst of natural 

processes but they can potentially be engineered to induce particular reactions under specific 

conditions that will ultimately produce a desired function. 

Some examples of Engineered Living Systems that are currently being investigated for use in 

the geoenvironment are described as follows: 

• Environmental biosensors. Bacteria are engineered by attaching to their DNA circuits 

a gene responsive to pollutants in the geoenvironment and a reporter gene (such as 

Green Fluorescent Protein). The idea is to detect and monitor the amount of 

contaminants present in soils such as heavy metals or pesticides. This method would 
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allow large scale monitoring of contaminated areas in an efficient way (Loren L. 

Looger, Mary A. Dwyer and Department, 2003; Prindle et al., 2012; Ripp et al., 2000; 

Trang et al., 2005). 

 

• Bioremediation by Genetically Modified Organisms. Although removal of pollutants 

from the environment can occur with non-engineered microorganisms, SynBio would 

enhance the clean-up performance of bacteria by implementing novel and complex 

metabolic pathways for biodegradation which would make the technique more 

attractive to industrial organizations (Haro and De Lorenzo, 2001; Megharaj et al., 

2011; Sinha et al., 2010). 

 

• Pressure-sensing bacteria. (Dade-Robertson et al., 2018) propose a system in which 

bacteria cells are engineered to respond to pressure changes in the geoenvironment 

and synthesize bio-cement through Microbially-Induced Calcite Precipitation where 

the higher pressures are located. The development of this idea would change the way 

geotechnical infrastructure is designed and would open a broad range of design 

possibilities (see section 2.5.3. Computational Colloids and Thinking Soils Projects for a 

more detailed description of the methods and techniques used by the Thinking Soils 

researchers). 

 

The implementation of these engineered living systems would allow for cheaper and more 

efficient geotechnical and geoenvironmental strategies (Singh et al., 2011; Urgun-demirtas et 

al., 2017). However, the application of these techniques to geological systems would come 

with associated risks and challenges. For instance, the release of engineered organisms may 

have a negative impact to the indigenous organisms already living in that environment 

(Urgun-demirtas et al., 2017), and these environmental concerns lead to constraints of the 

commercialization of Genetically Modified Organisms (GMOs) for in-situ applications 

(Megharaj et al., 2011). Therefore, new approaches need to be taken in order to make the 

use of GMOs a more appealing solution for applications outside a controlled laboratory 

environment (Ramos et al., 2011). 
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2.5.3. Computational Colloids and Thinking Soils Projects 

Thinking Soils is an ongoing project, which followed on from the pilot project Computational 

Colloids. This project aimed to develop a new type of system based on engineered responsive 

bio-materials which would react to inputs from the environment and act in a desired way. 

Section 1.3. Research rationale describes how the work performed in this thesis relates to the 

Thinking Soils and Computational Colloids projects. 

As described briefly in Chapter 1, Computational Colloids and Thinking Soils introduce the 

concept of a pressure-responsive system based on engineered bacteria cells inoculated into 

the ground that would sense increases in local pressure upon loading and would respond by 

synthesizing materials that would cement the soil matrix, consequently increasing the 

strength and stiffness. The first steps towards the implementation of such system required 

identifying pressure-sensitive gene promoters which show an increase in expression when 

they are subjected to certain levels of stress. Some preliminary work carried out in the 

Computational Colloids project involved the use of a technique called RNA-seq. in order to 

characterise the response of the whole genome to pressure changes and target potential 

pressure-sensitive gene candidates. Out of all the genes analysed, 75 were found to be 

responsive to a pressure increase of 1 MPa, and in particular one gene (AzuC) showed a 

considerable increase in expression (Guyet et al., 2018).  

The next step was to build a genetic circuit, using several molecular biology techniques, in 

which the AzuC gene was used as an input or sensor from the pressure of the environment 

and would transmit this information into the cell’s DNA. Additionally, in order to characterise 

the sensitivity of the genetic response to pressure changes, GFP was selected as the reporter 

protein, and a strain of E. coli was created (𝑃𝑎𝑧𝑢𝐶  azuC-gfp) which emitted fluorescence as 

changes in pressure were sensed.  

The fluorescence signal was monitored for different pressure values ranging between 0 and 

1 MPa and it was confirmed that an increase in genetic activity occurred in response to a 

pressure increase. However, the engineered cells only exhibited relatively small expression 

changes in respond to elevated pressures of up to 1 MPa, with less than a 2-fold increase in 

expression. Pressures of such magnitude are not likely to be found is shallow soil systems and, 

therefore, more work needs to be done to refine and enhance the response of the bacteria 

strain to a suitable range of pressures (Guyet et al., 2018).  
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Although the complexity of the project was associated to the genetic manipulation of bacteria 

at the nano-scale level, the novelty of the system was demonstrated through the 

development of a computational model that combines this work performed at the nano and 

micro-scale with real geotechnical scenarios. By using this model, it is possible to predict the 

macro-scale biocementation behaviour of soils by modifying the gene profile of the bacterial 

cells at the nano-scale level. For a more detailed description of the micro and molecular 

biology methods and protocols, see Guyet et al., (2018), and for a comprehensive description 

of the rationale behind the design of the computational model, see Dade-Robertson et al., 

(2018).  

All the limitations aside, this preliminary work demonstrated the ability to engineer bacteria 

to sense pressure changes from the environment and, ultimately, a more complex strain will 

be designed to respond to changes in stress by synthesizing crystals through a process of 

biomineralization. This pressure-sensitive crystal-producing system will potentially involve 

the precipitation of calcium carbonates crystals through the hydrolysis of urea (see section 

2.4.5. Mechanism for calcite precipitation), where the urease expression will be dictated 

according to the level of pressure exerted on the cell.  

Beyond the potential engineering applications of the system, which include for example the 

development of self-assembling foundations, self-strengthening of collapsible soils or self-

construction of subsurface structures upon loading, the aim of the project is to develop a new 

class of biotechnology where sensing and response are performed in-situ by engineered living 

organisms (Dade-Robertson et al., 2017). 
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Agarose Gel as a Soil Analogue 

 

3.1. Introduction 

The implementation of agarose gels as a soil analogue for the testing and monitoring of 

bacteria-based engineered living systems presents many advantages, as described in section 

1.3. Research rationale, which are summarised as follows: 

• Routinely used in microbiology to culture and grow bacterial colonies 

• Easier monitoring of the performance of the microbes 

• Greater control of the chemical composition of the environment 

• Controlled simulation over the mechanical properties 

• Minimised risk of contamination 

 

Hence, understanding the mechanical properties relevant for the development of a physical 

and computational prototype testing model is a crucial aspect of this study. This chapter 

describes an experimental program performed on agarose gel to determine some of these 

relevant physical and mechanical properties as well as assess its suitability as a soil analogue. 

Agarose gels have been extensively studied for biomedical applications and they are 

commonly used as the medium for electrophoretic separation of proteins and DNA fragments 

(Jeppsson et al., 1979). The vast majority of literature on the mechanical properties of agarose 

focuses on analysing the stiffness and permeability of  the gel for different concentrations 

and thermal conditions. Some examples of stiffness calculations are presented by Normand 

et al. (2000), Oflaz and Baran (2014) and Aymard et al. (2001), where small-scale cylinders of 

agarose (<10mm diameter) were tested under compression and tension and the stress-strain 

relationship was evaluated. Examples on permeability calculations can be found in Johnson 

and Deen (1996), Gu et al. (2003) and Liu et al. (2011), in which the authors flowed water 

through thin membranes of agarose gel under a pressure gradient in order to obtain the 
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hydraulic conductivity. However, little information exists about the behaviour and properties 

of agarose hydrogels at the macro-scale relevant to geotechnical engineering (for example, 

shear strength or consolidation). Therefore, their mechanical properties need to be well 

understood in order to successfully implement agarose as the testing medium for engineered 

bacteria and the development of physical and computational demonstration models. 

Agarose gels present a porous structure comparable to soils and they provide ideal conditions 

for growing and monitoring bacteria. They are very easy to produce and their low degree of 

chemical complexity makes them less likely to influence the behaviour of engineered bacteria 

cells and allow controlled simulation of a variety of chemical, physical and mechanical 

properties. For these reasons, they stand as the most suitable material to be used for an early 

stage physical demonstrator.  

The chapter is divided in three main sections: Materials and methods, where the composition 

of agarose, the method to produce agarose gels and the different tests performed are 

described; Results and analysis, where the physical and mechanical properties of the gel 

obtained from the experimental program are evaluated; and Discussion, where the gel 

properties are compared with some types of soils and their suitability as a soil analogue is 

critically discussed. 

Additionally,  

Table 3-1 presents an overview of the experiments described throughout the chapter. 
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Experiment Specification Location 

Effect agarose 
concentration on pore 
size (SEM) 

Agarose concentration: 2%, 4% and 6% m/v 
Figure 3-3 and 

Figure 3-4 

Unconfined 
Compression 

Preliminary test and effect agarose 
concentration (2%, 3%, 4%, 5% and 6% m/v) 
on shear strength 

Figure 3-6 

Unconsolidated 
Undrained Triaxial 

Stress-strain relationship at different 
confining pressures (100kPa, 200kPa, 
300kPa, 400kPa and 500 kPa) 

Figure 3-8 and 
Appendix A 

Plastic behaviour at different strain levels 
(2%, 4%, 6%, 8% and 10%) 

Figure 3-9 

Stress-strain relationship kaolinite clay 
sample – comparison with 6% m/v gel 

Figure 3-17 

Isotropic consolidation 
(triaxial) 

Samples consolidated isotropically at 
different effective stresses 

Figure 3-11 

Anisotropic 
consolidation 
(oedometer) 

Samples consolidated anisotropically at 
different stress levels 

Figure 3-12 and 
Appendix B 

Effect consolidation on 
microstructure (SEM) 

Raw 6% m/v agarose sample v sample 
consolidated isotropically at 100kPa for 21 
days 

Figure 3-14 

 

Table 3-1. List of experiments Chapter 3 

 

3.2. Materials 

3.2.1. Agarose composition and formation 

Agarose is a linear polysaccharide material extracted from marine red algae and it is one of 

the main components of agar. Agarose gels are formed by a reversible, physical association 

of polysaccharide chains, consisting of large fibre bundles held together by non-covalent 

hydrogen bonds and microvoids holding water (Johnson and Deen, 1996; Stellwagen and 

Stellwagen, 1995). Different models of gel formation have been identified, depending on the 

way the polymer chains are associated to form the bonds between the junction zones of the 

gel-forming elements (Morris, 1986). These models are presented in Figure 3-1A. 
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Figure 3-1. (A) different models of gel formation  and (B) Fundamental unit of agarose low melt 

 (after (Normand et al., 2000; Tuvikene et al., 2008) and https://www.gbiosciences.com/Buffers-
Reagents-Chemicals/Agarose-Electrophoresis-Running-Buffers-Chemicals/Agarose-II-Low-Melting) 

 

Agarose gels are formed when a homogeneous solution (agarose chains are soluble in water 

at temperatures above 80°C, depending on agarose type) is cooled down to temperatures 

between 35-40°C, developing an infinite three-dimensional network of agarose fibres, formed 

by the above-mentioned helices distribution. Furthermore, the melting of agarose occurs at 

temperatures above 80°C (Johnson and Deen, 1996; Normand et al., 2000). Thus, the 

mechanical properties of the gels are mainly dictated by the fibre-pore structure which in turn 

depends mainly on agarose type, concentration and setting temperature (Narayanan et al., 

2006). Agarose Low Melt (or 2-Hydroxyethyl Agarose) supplied by Melford Laboratories was 

the type of agarose selected for the experimental program (see Figure 3-1B for the chemical 

structure).  

 

3.2.2. Kaolinite clay 

Kaolinite clay was used to prepare clay samples so that a comparison regarding the stress-

strain behaviour upon loading can be done. The kaolinite used was Kaolin provided by IMERYS 

Ceramics. 

 

https://www.gbiosciences.com/Buffers-Reagents-Chemicals/Agarose-Electrophoresis-Running-Buffers-Chemicals/Agarose-II-Low-Melting
https://www.gbiosciences.com/Buffers-Reagents-Chemicals/Agarose-Electrophoresis-Running-Buffers-Chemicals/Agarose-II-Low-Melting
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3.3. Experimental program 

A range of experimental tests was performed to determine the physical and mechanical 

properties of Low Melt agarose gel and assess its suitability as a soil analogue. The porous 

microstructure of the gel was visualised at different concentrations before and after loading 

using Scanning Electron Microscopy (SEM), which allowed the measurement of the pore size 

and porosity of the gel. Unconfined Compression tests were performed to agarose gel 

samples in order to obtain an initial insight of the strength and deformation behaviour of the 

samples for different concentrations. The undrained shear strength (cu) and the stress-strain 

relationship of the gels were determined using Unconsolidated Undrained triaxial tests, 

where the samples were subjected to a confining pressure or radial stress, 𝜎3 and to an axial 

stress, 𝜎1 applied vertically. This type of test does not involve pore pressure or volume change 

measurements and only provides information in terms of total stress. The isotropic 

consolidation behaviour and permeability of the gels were also investigated by performing 

Isotropic Consolidation triaxial tests, where drainage of the pore water at different 

consolidation pressures was allowed. Finally, the one-dimensional consolidation of the gels 

was investigated using an oedometer cell, where samples were constrained laterally and a 

load was applied in the vertical direction. 

 

3.3.1. Agarose gel preparation and specimen moulding 

The agarose gel was formed by dissolving agarose powder in distilled water or LB media. 

Agarose powder has low solubility in these solvents at room temperature, therefore the 

heterogeneous mixture was heated to above 100°C in order to achieve a homogeneous 

solution. The solution was then immediately poured into aluminium moulds for geotechnical 

testing or 25mm Petri dishes for SEM. Agarose gels present a fully saturated matrix, assuming 

all the bubbles generated in the liquid solution migrate to the surface and eventually 

disappear. For the triaxial tests, 38mm diameter cylindrical moulds filled with gel to 

approximately a height-to-diameter ratio of 2 were used. The cylinders were immediately 

covered with tape in order to avoid evaporation and were then stored in the fridge at 4°C for 

approximately 15 minutes until gelation. For the oedometer tests, samples were prepared in 

the same way, although the moulds used in this case were 50mm in diameter and 20mm in 
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height. Samples with different mass concentrations, ranging from 0.5% to 10% m/v 

(mass/volume), can be prepared depending on the amount of agarose powder dissolved in 

the solution. For all the mechanical tests, a concentration of 6% m/v was used. This was 

chosen after initial investigation determined that this was the highest concentration possible 

that allowed homogeneous growth of bacteria (see section 4.4.3. Effect of agarose concentration 

and reasoning behind choosing 6% m/v for more details). 

 

3.3.2. Kaolinite sample preparation 

Kaolin powder was thoroughly mixed with water until a homogeneous mixture was achieved. 

The mixture was then consolidated at 100kPa for a week in a consolidometer. Cylindrical 

samples of clay were obtained by introducing hollow cylinders (38mm diameter) into the 

consolidometer acting as a mould for the clay samples. The top and bottom of the cylinders 

were then covered with wax in order to avoid changes in the water content and stored in a 

cool environment until testing. 

 

3.3.3. Scanning Electron Microscope (SEM) imaging 

The scanning electron microscope used was a field emission TESCAN MIRA 3. Agarose gel was 

prepared as described in Section 3.3.1. Agarose gel preparation and specimen moulding. Upon 

gelation, 5mm cubes of gel were cut and placed inside 10mL beakers. Liquid nitrogen was 

then poured into the beakers to guarantee rapid freezing of the samples and avoid structural 

deformations during the freeze-drying process. The use of ultrafast freezing techniques 

avoids distortions and deformations of the specimens’ structure to as little as the nanometre 

scale (Robards, 1991). The beakers were then placed into a vacuum cell and were freeze-dried 

under vacuum at -80°C for 24h. Finally, before SEM inspection, the samples were sputter-

coated with a layer of platinum approximately 3-4nm thick using a High Resolution Sputter 

Coater. The samples were visualised at a very low voltage (1.5-2 kV) in order to avoid any 

damage to the structure. 
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3.3.4. Unconfined Compression tests 

Unconfined compression tests were performed to agarose samples using an Instron 5585H 

load frame. in order to analyse the shear strength and deformation occurring upon loading. 

This type of test measures the shear strength of cylindrical specimens as well as providing an 

insight into the deformation behaviour. 

The cylinders were demoulded, prepared and tested in accordance to (British Standard 1377, 

1990a) and the loading rate applied was 1mm/min. 

 

3.3.5. Triaxial tests 

Triaxial tests are one of the most widely used methods to test the shear strength of soil 

samples as well as analyse the stress-strain relationship and isotropic consolidation 

behaviour. Two different series of triaxial tests were performed using a GDS 50kN digital load 

frame: Unconsolidated Undrained tests and Isotropic Consolidation tests. 

Details of the triaxial testing setup can be found in Figure 3-2. 

Calibration of the system was performed before the testing program and every three months 

thereafter to ensure accuracy and reliability of the results. The process involved calibration 

of the pressures measured by the GDS software against a standard reference value measured 

by conventional pressure gauges. 
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Figure 3-2. Representation triaxial apparatus including pressure and volume regulators/indicators 
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Additionally, the saturated state of the samples was confirmed for each specimen by 

performing a B-test prior to triaxial compression or consolidation. The B-test aims to 

establish the relationship between an increase in radial pressure in an undrained manner 

and the consequent increase in pore pressure by measuring the pore pressure coefficient, 

B, or Skempton’s B-value (Skempton, 1954). This values can be obtained using the 

following equation: 

𝐵 =  
𝛥𝑢

𝛥𝜎3
 

(Equation 3-1) 

where 𝛥𝑢 refers to the increase in pore pressure due to an increase in radial stress, 𝛥𝜎3. 

If a B-value of 0.95 or greater is achieved, saturation of the sample is confirmed, and the 

sample is ready for testing.  

- Unconsolidated Undrained triaxial tests 

Agarose cylinders were produced as described in section 3.3.1. Agarose gel preparation and 

specimen moulding, and then demoulded, prepared and tested according to (British 

Standard 1377, 1990a). For these tests the samples were wrapped in an impervious 

membrane and confined between impervious end caps before being introduced into the 

triaxial cell and pressurized with water. This allows maintenance of the same moisture 

content before and after the test. The kaolinite clay samples were also demoulded and 

tested to failure following the same procedure. 

- Isotropic Consolidation triaxial tests 

In order to measure and control pore pressures and volumes drained from the sample, 

pressure-volume controllers were attached to the triaxial cell and connected to the top 

and bottom of the sample. The tests were performed according to (British Standard 1377, 

1990b) and the isotropic consolidation behaviour was obtained for samples consolidated 

at different effective stresses (25kPa, 50kPa, 100kPa, 150kPa and 200 kPa). The back 

pressure was set to 300 kPa for all the test. 

Note that for this test, special caps including porous stones were placed either side of the 

sample which allowed drainage and consequent consolidation. 



60 
 

3.3.6. Oedometer tests 

An oedometer test is a type of test used to study the anisotropic – i.e. one-dimensional – 

consolidation behaviour of saturated specimens. 

50mm diameter disks were prepared as described in section 3.3.1. Agarose gel preparation 

and specimen moulding, and tested in accordance to (British Standard 1377, 1990c). 

Drainage was allowed from both top and bottom of the sample and filter paper was added 

between the sample and the porous stone to ensure that no gel entered the pores of the 

stone during the consolidation stage.  

Agarose gel samples were consolidated anisotropically at different consolidation 

pressures (3kPa, 6kPa, 12kPa, 25kPa and 50kPa) by applying increments of axial stress. At 

the end of the consolidation test, the samples were unloaded following the same 

increments as during loading. 

 

3.4. Results and analysis 

3.4.1. Effect concentration on gel microstructure 

Increasing gel concentration leads to the fibres becoming more densely packed and 

consequently the pore size being reduced (Stellwagen and Stellwagen, 1995). Depending 

on the agarose type and the setting temperature, the honeycomb microstructure 

presents different patterns – especially at lower concentrations – leading to different pore 

sizes (Narayanan et al., 2006; Tuvikene et al., 2008). In addition, since agarose gels are 

formed by physical linkages among multiple chains, a distribution of fibre radius also 

develops, ranging from 1 to 20nm, also affecting the strength of the gels (Johnson and 

Deen, 1996; Spencer, 1982). 

Figure 3-3 shows SEM images of agarose LM gel samples at different concentrations (2%, 

4% and 6% m/v), at the same scale. It is clear qualitatively from this figure that increasing 

gel concentration results in more densely packed fibres and reduced pore size. 
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Figure 3-3. SEM images of agarose gel microstructure at 2% m/v (left), 4% m/v (middle) and 6% 
m/v (right) 

The pore diameters shown in each images were measured using ImageJ (an open-source 

image processing software) and the results are represented in Figure 3-4. 

 

Figure 3-4. Pore size, a, as a function of agarose concentration 

 

The error bars in Figure 3-4 show the variation of pore size that exists at lower 

concentrations (2% m/v), where pores of sizes ranging 10-20 µm could be measured. 

However, for higher concentrations of agarose, variations in pore size were very small and 

the standard deviation of the pore size values measured was very low (and therefore the 

error bars are almost negligible). Considering the implications for our work, this small 

variation in pore size will ensure homogeneous distribution and transport/diffusion of 

nutrients throughout the matrix of the gel. 
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The results from the graph indicate a relationship between the concentration of agarose 

C and the pore size, a, of the form: 

 

a ~ 𝐶−𝛾 

 

where γ is a constant that depends on the agarose type and the setting 

temperature(Narayanan et al., 2006) and is found to be 3.6 in this case. This result differs 

from those found by previous researchers, for example, (De Gennes, 1979; Ogston, 1958) 

who give values of γ between 0.5 and 0.75. This difference may be related to the use of 

LM agarose over standard agarose. 

 

3.4.2. Porosity and void ratio  

(Ogston et al., 1973) developed a method to determine the volume fraction of fibres ϕ, 

which can be calculated as: 

𝛷 =
𝐶𝑎𝑔𝑎𝑟𝑜𝑠𝑒

(𝜌𝑎𝑔𝑎𝑟𝑜𝑠𝑒 ∗ 𝜔𝑎𝑔𝑎𝑟𝑜𝑠𝑒)
 

(Equation 3-2) 

where 𝐶𝑎𝑔𝑎𝑟𝑜𝑠𝑒, 𝜌𝑎𝑔𝑎𝑟𝑜𝑠𝑒  and 𝜔𝑎𝑔𝑎𝑟𝑜𝑠𝑒  are concentration of agarose in the gel (m/v), dry 

agarose density and mass fraction of agarose in a fibre, respectively. The last two values 

can be estimated as 1.64 g/mL (Laurent, 1967) and 0.625 (Johnson et al., 1995). From the 

volume fraction of fibres, ϕ , the porosity 𝑛 and the void ratio e can be obtained with the 

following expressions (Pluen et al., 1999): 

𝑛 = 1 −  𝜙 

(Equation 3-3) 

 

𝑒 =  
𝑛

1 − 𝑛
 

(Equation 3-4) 

The moisture content – i.e. the relationship between the amount of water and the amount 

of dry solids of a sample – can be also be calculated according to the following expression: 
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𝑤 =  
𝑚𝑤

𝑚𝑑𝑟𝑦
 

(Equation 3-5) 

where 𝑚𝑤 and 𝑚𝑑𝑟𝑦 are the mass of water and mass of dry solids, respectively.  

However, in reality the moisture content might slightly vary due to possible water 

evaporation during sample preparation. Hence, the moisture content was also obtained 

experimentally for cylinders (50mm in diameter and 20mm in height) of agarose gel, 

according to (British Standard 1377, 1990d). 

Additionally, an experimental void ratio can also be obtained with the relationship 

between void ratio, moisture content and specific gravity (Gs) for a saturated soil (Smith, 

2014): 

𝑒 = 𝑤 ∗  𝐺𝑠 

(Equation 3-6) 

where w is the water content and 𝐺𝑠 is the specific gravity of dry agarose (1.64). Table 3-2 

represents the theoretical and the experimental values obtained for the porosity, void 

ratio and moisture content of 6% m/v agarose LM gel. 

 

 Porosity, n Void ratio, e Moisture Content, w 

Theoretical 0.94 16.1 16.7 

Average Experimental 0.96 26.0 15.8 

Table 3-2. Theoretical and experimental values of porosity, void ratio and moisture content of 
6% concentration agarose LM gel 

 

3.4.3. Strain-stress relationship  

The shear strength of 6% m/v agarose samples was initially determined by performing 

Unconfined Compression tests. The undrained shear strength, or 𝐶𝑢 , was obtained by 

dividing the value of the Unconfined Compression, or 𝑞𝑢, by 2, as described in (British 

Standard 1377, 1990a). The results obtained are presented in Table 3-3. 
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Table 3-3. Undrained shear strength and maximum axial strain obtained from the Unconfined 
Compression tests 

 

The average undrained shear strength obtained from the Unconfined Compression tests 

was 23.5 kPa and the average maximum vertical strain was 22.7%. Figure 3-5 shows one 

of the agarose samples while being tested. As it can be appreciated, the vertical strains 

developed are considerably large, leading to an increased cross-sectional area. 

Furthermore, water drainage can also be observed due to the increase in water pressure 

generated within the sample. 

 

Figure 3-5. Agarose gel sample being tested 

 

Additionally, Unconfined Compression tests were also performed on a range of samples 

produced with several agarose concentrations, and it was confirmed that increasing the 

concentration of agarose leads to stronger gel samples (see Figure 3-6). Note that no 

replicates were taken for this experiment (except for the 6% concentration samples, 

 

Sample Undrained Shear strength, cu (kPa) Maximum strain (%) 

1 25.0 22 

2 21.5 22 

3 24.1 24 
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where three replicates were tested) and, therefore, the results only provide an estimation 

of agarose strength at different concentrations. 

 

Figure 3-6. Increase in Undrained shear strength by increasing agarose concentration (results 
obtained from the Unconfined Compression tests) 

 

Unconfined Compression tests provided an estimation of the strength of 6% m/v agarose 

samples as well as an indication of the deformation behaviour upon loading. However, 

this type of test was not appropriate to obtain an accurate representation of the stress-

strain relationship of the gel due to the lack of confinement – causing the specimens to 

slide out of the load ring before reaching shear failure. Therefore, these results, and the 

ones presented in Table 3-3, were only preliminary and were not considered further in the 

characterisation of the gel. 

Unconsolidated Undrained Triaxial (UUT) tests were then performed to agarose gel 

samples in order to analyse their stress-strain relationship upon loading. This type of test 

applies a radial stress to the specimens, thus preventing any horizontal movement of the 

gel cylinders throughout the duration of the test. Saturation of the samples was confirmed 

before beginning the shearing stage by measuring the increase of pore pressure under 

undrained conditions and ensuring the Skempton’s B-value was higher than 0.95, as 
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described in section 3.3.5. Triaxial tests. Figure 3-7 shows how the B-value increases over 

time for a sample confined at 200 kPa. 

 

Figure 3-7. Evolution of the Skempton’s B-value over time 

 

The stress-strain relationship for samples at different confining pressures is presented in 

Figure 3-8, along with an inset photo showing the failure plane of two agarose LM samples. 

As it can be seen from Figure 3-8, the maximum deviator stress (1 - 3) increases with 

confining pressure (35.5% between the samples tested at 100kPa and 500kPa). In 

addition, the elastic modulus also increases with confining pressure (31.7% higher for the 

sample tested at 500kPa in comparison to the sample tested at 100kPa). 

Considering Mohr’s circle theory in soils, an increase in confining pressure should not 

affect the undrained shear strength value Cu of the material. However, the results from 

the UUT tests performed on agarose gel show a different behaviour, where a significant 

increase in undrained shear strength occurs as the confining pressure is increased. The 

reasons for this abnormal behaviour are currently unknown and further analysis will have 

to be performed in the future to explore this behaviour. However, it is believed that the 

formation of leaks due to the high confining pressures and the consequent consolidation 

of the samples might be associated to this phenomenon. 
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The results for undrained shear strength, maximum strain and elastic modulus for each of 

the specimens were obtained as explained in (British Standard 1377, 1990a) and are 

summarised in Table 3-4. In the absence of further understanding of the gel’s elastic 

behaviour upon loading, the average values were considered for further analysis. These 

average values are 27 kPa for undrained shear strength, 18% for maximum strain and 309 

kPa for the modulus of elasticity. 

 

Figure 3-8. Stress-strain relationship of agarose LM gel at different confining pressures, with 
samples showing failure surface inset 

 

Confining pressure 
(kPa) 

Undrained Shear 
strength, cu (kPa) 

Maximum strain 
(%) 

Elastic modulus 
(kPa) 

100 23 18 268 

200 25 18 297 

300 28 19 299 

400 28 18 328 

500 31 19 353 

Table 3-4. Shear strength, maximum axial strain and elastic modulus of 6% m/v agarose gels 
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Agarose LM gel samples were also loaded to different levels of axial strain (2,4,6,8 and 

10%) under a confining pressure of 500kPa, and immediately unloaded, as it can be seen 

from Figure 3-9. The residual/plastic axial strains developed after unloading are also 

summarised in Figure 3-9.  

 

Figure 3-9. Loading and unloading behaviour at different strain levels 

 

These results show that agarose LM gel presents short term elasto-plastic behaviour and 

permanent strains develop. Greater residual strains also develop at higher strain levels. 

However, these values were obtained with an immediate unloading of the specimens and, 
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therefore, the plastic strains generated might potentially increase if the load is applied for 

longer periods of time. 

 

3.4.5. Consolidation 

Terzaghi (1943) defined consolidation as “every process involving a decrease of the water 

content of a saturated soil without replacement of the water by air”. This decrease in 

water content occurs due to a change in the volume of voids when applying an effective 

stress to a compressible soil. Due to the fully saturated nature of agarose gels, 

consolidation is expected to occur when an effective stress is applied, leading to drainage 

of water through their porous structure. On one hand, the isotropic consolidation 

behaviour of the gels was analysed by performing consolidation tests on a triaxial cell. On 

the other hand, the anisotropic consolidation behaviour was analysed using an oedometer 

cell. 

- Isotropic consolidation 

Determining the isotropic consolidation behaviour of agarose LM gel was found to be 

problematic as the volume change did not occur isotropically – the cross-sectional area 

near the drainage ends decreased considerably in comparison to the average cross-

sectional area (Figure 3-10). This phenomenon is presumably related to an elevated 

effective stress generated near the drainage end and the consequent large volumetric 

strains occurring in the agarose gel upon consolidation. Several samples were 

consolidated under different effective stresses over a 21 day period and all of them 

showed the same behaviour, as shown in Figure 3-11. A very high magnitude of volume 

change was measured and all tests had to be stopped manually before reaching a final 

degree of consolidation. There was an initial non-linear rate of volume change, possibly 

due to the reduced cross-sectional area and this became linear after a few days. 



70 
 

 

Figure 3-10. Deformation agarose sample during isotropic consolidation 

 

Figure 3-11. Samples isotropically consolidated at different effective stresses 

 

Therefore, it is suggested that this method of consolidation analysis is not appropriate 

due to the large deformations occurring near the drainage end, causing the sample to 

generate a non-constant cross-sectional area, as well as not being time-efficient due to 

the long consolidation process. 

- Anisotropic consolidation 

The samples tested in the oedometer cell (one-dimensional consolidation) showed a 

different behaviour than those tested isotropically. The rate of axial strain change in the 
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samples decreased for every stage as consolidation occurred, allowing calculation of the 

coefficient of consolidation. Figure 3-12 shows all the stages of an agarose gel sample 

consolidated anisotropically at 3, 6, 12, 25 and 50 kPa, including both the loading and 

unloading stages.  

Taylor’s method (Taylor, 1948) for one-dimensional consolidation was used to calculate 

the coefficient of consolidation, cv for each loading stage. This method is based on the 

approximation that the relationship between axial displacement and time is parabolic for 

degree of consolidation < 60%, therefore the relationship between the axial displacement 

and the square root of time is linear. Secondary consolidation is also assumed to be 

negligible for a degree of consolidation > 90%. 

 

 

Figure 3-12. Sample consolidated at different stress levels. Top: stress v time. Bottom: axial 
strain v time 
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Thus, cv was calculated using 𝑡90, according to the following expression (British Standard 

1377, 1990b): 

𝐶𝑣 =  
0.446 ∗ 𝐻

2

𝑡90
 

(Equation 3-7) 

where 𝐻 is the average height of the specimen between the start and the end of the 

consolidation stage and 𝑡90 is the time for 90% of consolidation. Figure 3-13 shows the 

steps used to derive the value of  𝑡90 for one of the consolidation stages. Several tests 

were performed to 6% m/v agarose the samples, and the coefficient of consolidation was 

found to range between 0.1-1.36 m2/year. 

 

 

Figure 3-13. Derivation of t90 

 

Additionally, the coefficient of volume compressibility was calculated according to 

(Equation 3-8) (British Standard 1377, 1990b): 
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𝑚𝑣 =  (
𝐻2 − 𝐻1

𝐻1
) (

1000

𝑃2 − 𝑃1
) 

(Equation 3-8) 

where 𝐻2 and 𝐻1 are the height of the specimen at the end and start of the load 

increment, and 𝑃2 and 𝑃1 are the pressures applied to the specimen for the previous and 

the considered loading stage, respectively. The results obtained were found to range 

between 1.82 and 4.78 m2/MN. 

 

3.4.6. Effect of consolidation on microstructure 

5 mm per side cubes were extracted from one of the samples isotropically consolidated 

for 21 days at 100kPa and were prepared for SEM inspection as described in section 3.3.3. 

Scanning Electron Microscope (SEM) imaging. Figure 3-14 shows the microstructure of an 

unconsolidated sample and a sample consolidated for 21 days. It can be clearly seen how 

the structure is denser and the sizes of the pores are smaller for the consolidated sample 

than the unconsolidated sample, due to the drainage of water during consolidation. This 

reduction in pore size is expected to result in a consequent decrease in permeability.  

 

Figure 3-14. Microstructure of consolidated (right) and unconsolidated (left) agarose LM gel 

 

The average pore size for the samples consolidated isotropically at 100kPa for 21 days was 

measured using the ImageJ software and it was found to be 0.07 µm, 76.7% lower than 

the non-consolidated samples (approximately 0.3 µm). The difference in pore size upon 
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consolidation is considerably large after 21 days, and it is therefore expected to be greater 

if full consolidation was achieved. 

 

3.4.7. Permeability 

Permeability is particularly important as it determines the transport and distribution of 

nutrients and microbes through the porous structure. In order to estimate the vertical 

permeability, kv , of 6% m/v agarose gels the following expression derived from Darcy’s 

law was used: 

𝑘𝑣 =
1.63 ∗ 𝑞 ∗ 𝐿 ∗ 10−4

𝐴 ∗ (𝑝1 −  𝑝2)
 

(Equation 3-9) 

where 𝑞 is the mean rate of flow through the bottom of the specimen, 𝐿 is the length of 

the specimen prior to testing,  𝐴  is the area of the specimen prior to testing and 𝑝1 − 𝑝2 

is the pressure difference, or consolidation pressure in this case. Thus, the vertical 

permeability 𝑘𝑣 for 6% m/v agarose LM gel was found to range between 4.1 𝑥 10−11 

and 8.8 𝑥 10−11 m/s depending on the effective stress applied, as it can be seen from 

Table 3-5. 

 

Table 3-5. Values used to calculate the vertical permeability 

 

It should be noted that these results do not express measured values of the vertical 

permeability, but an estimation made from the amount of fluid drained from the samples. 

However, they provide a good indication of the permeability and allow a comparison with 

soils. 

Pressure 
gradient (𝐤𝐏𝐚) 

Flow rate 
(𝐦𝐋/𝐦𝐢𝐧) 

Specimen length 
(𝐦𝐦) 

Area 

(𝐦𝐦𝟐) 

𝐤𝐯 (𝐦/𝐬) 

25 0.000088 74.35 1046.35 4.1x10−11 

50 0.00038 75.40 1046.35 8.8x10−11 

100 0.00041 74.96 1081.03 4.6x10−11 

150 0.00045 75.60 1086.86 3.4x10−11 
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Additionally, according to Terzaghi’s consolidation theory (Terzaghi, 1943), the total 

amount of water drained from the soil depends on the final amount of settlement, which 

in turn depends on the compressibility of the soil: 

𝐶𝑣 =  
𝑘𝑣

(𝑚𝑣 ∗ 𝛾𝑤)
 

(Equation 3-10) 

where 𝛾𝑤 is the specific weight (or unit weight) of the pore fluid which in the case of our 

samples is distilled water and its value is approximated to 9.807 𝑘𝑁 𝑚3⁄ . Using this 

relationship and taking both the lower and upper limit values for 𝐶𝑣 and 𝑚𝑣 calculated in 

the previous section, the vertical permeability of 6% m/v agarose gels was found to range 

between 8.29E-11 and 3.93E-9 m/s, values reasonably similar to those found using 

Darcy’s equation. 

 

3.5. Discussion: comparison to saturated cohesive soils 

An experimental investigation was performed in order to analyse the mechanical and 

physical properties of 6% m/v agarose LM gel and Table 3-6 summarises the results and 

provides a comparison to saturated cohesive soils for each of the properties. 
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Table 3-6. Physical and mechanical properties 6% m/v agarose gels and comparison to soils 

 

It can be seen from Table 3-6 that there are a number of similarities between agarose LM 

gel and clays, silts and peats, particularly the pore size, shear strength and coefficient of 

consolidation. The permeability values obtained from the tests on agarose LM gel are also 

comparable to clays, as shown more clearly in Figure 3-15. The permeability of agarose LM 

is also expected to be higher in specimens produced with lower concentrations of agarose 

(Narayanan et al., 2006; Pernodet et al., 1997).  

Properties Values Comparable to 

Water content (%) 1583% - 

Porosity 0.96 - 

Void ratio 26.0 - 

Pore size (µm) 0.21 – 0.39 Homogeneous clay soils 

Shear strength (kPa) 27 
Medium-firm saturated cohesive 

soils 

Maximum axial strain (%) 18 
Medium-firm saturated cohesive 

soils 

Elastic modulus (kPa) 309 - 

Coefficient of 
consolidation (m2/year) 

0.10-1.36 
Organic silts (1.8 𝑚2 𝑦𝑒𝑎𝑟⁄ ), glacial 
clays (2.35 𝑚2 𝑦𝑒𝑎𝑟⁄ ) and Chicago 

silty clays (2.7 𝑚2 𝑦𝑒𝑎𝑟⁄ ) [61] 

Coefficient of volume 
compressibility (m2/MN) 

1.82-4.78 
Sensitive clays (0.9 𝑚2 𝑀𝑁⁄ )  and 
highly organic soils (1.5 𝑚2 𝑀𝑁⁄ ) 

[61] 

Vertical permeability (m/s) 4.1– 8.8x 10−11 Homogeneous clay soils 
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Figure 3-15. Permeability chart for soils and 6% m/v agarose gel 

 (adapted from Carter and Bentley, (1991)) 

 

Agarose LM gel has a three-dimensional fibrous microstructure that, although it is not 

granular, has a porous structure similar to soils, especially organic soils such as peats. 

Figure 3-16 shows an SEM image extracted from Rezanezhad et al. (2016) which confirms 

the similarities between agarose gels and peat soils in relation to the porous structure. 

The size of the pore in peat soils is of the same magnitude as the pores present in 2% m/v 

agarose gels (see Figure 3-3 for a comparison). 

 

Figure 3-16. SEM image showing the porous microstructure of peat soils 

 (after Rezanezhad et al. (2016)) 
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However, there are also significant differences between the properties of agarose LM gel 

and soils. Agarose LM gel has a significantly higher water content than any soil and 

consequently a much larger coefficient of volume compressibility than most soils. Only 

sensitive clays and highly organic clays and peats present similar values (Carter and 

Bentley, 1991). This is also demonstrated by the isotropic consolidation behaviour of 

agarose. 

The stress-strain relationship of one of the kaolinite clay samples was analysed and 

compared to the behaviour of 6% m/v agarose gels. This comparison is represented in 

Figure 3-17. 

 

 

Figure 3-17. Comparison stress-strain relationship agarose gel v kaolinite clay 

 

Note that the density of this particular clay sample was 1.78 Mg/m3 and the moisture 

content was 0.44 (or 44%). The shear strength, 𝐶𝑢, of the clay sample was found to be 

approximately 25-26 kPa and the maximum strain was found to be 20%. Both values are 

similar to that present in agarose gels. Additionally, the relationship is linear until failure 

(about 18-19% axial strain) for agarose gels and non-linear for the kaolinite clay samples, 

where yield point was reached at 12-14% deformation and failure at 20%, as established 

by (British Standard 1377, 1990a). In addition, according to (Bowles, 1996), the Young or 

elastic modulus of very soft clays ranges between 2 and 15 MPa, as it can be seen from 

the slope of the graph at small strains (<1%). Thus, it can be confirmed that the elastic 

modulus (i.e. stiffness at the elastic region) is significantly higher than agarose gels (0.3 
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MPa), however, as plastic strains develop in the clay sample, the stiffness seems to be 

similar to that of agarose gels.  

However, the above-stated similarities between clay and agarose gel have to be treated 

very carefully since the two materials are only comparable for certain conditions. For 

instance, if properties of the tested clay samples such as density or water content were 

different, the samples would have exhibited a completely different testing behaviour and 

therefore different stress-strain relationship. 

Regarding plasticity of the gels, it is clear from Figure 3-9 than gels experience both elastic 

and plastic deformations. For instance, the sample loaded at 10% strain showed a 8.71% 

elastic recovery upon unloading in comparison to the 1.29% plastic strain developed. This 

behaviour confirms that the elastic range in agarose gels is considerably higher than in 

soils, where the elastic behaviour only occurs at very small axial strains (<1%). 

Additionally, SEM analysis (see Figure 3-14) showed that a more densely packed structure 

is formed during consolidation, suggesting that shear strength and stiffness of agarose 

gels will increase as water is drained upon loading, which is similar to the behaviour of 

most soils. 

 

3.6. Concluding remarks 

The development of bacteria-based engineered responsive systems often requires 

laborious testing procedures and monitoring of the performance of the microbes in a 

contamination-free environment. This thesis proposes a gel-based prototype system 

where the testing conditions can be controlled with accuracy and the response of the 

system to external stimulus can be easily monitored. Agarose gel is believed to be the 

ideal medium for such prototype testing system due to its ability to provide great control 

of the chemical composition of the environment alongside a controlled simulation over 

the mechanical behaviour. Thus, an experimental investigation was performed to agarose 

LM gels in order to obtain a thorough understanding of their physical and mechanical 

properties relevant for the development of such prototype system.  
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The testing programme confirmed that this type of gel has similar properties to some 

saturated cohesive soils such as soft clays or peats. It has also been found that the 

permeability and consolidation behaviour of agarose LM gel is very similar to that 

occurring in soft saturated soils. It can therefore be confirmed that agarose gels are 

suitable to model the geotechnical behaviour of saturated cohesive soils for our particular 

application, and it is expected that an agarose-based physical demonstrator will mimic 

some of these soils properties such as stress distribution, pore pressure dissipation or 

deformation upon loading. 

As a conclusion, this chapter has successfully performed an investigation on the physical 

and mechanical properties of agarose gels needed for the development of the 

computational model and future implementation of the system in a gel-based physical 

demonstrator. 

Next chapter will focus on understanding the growth and distribution of bacteria colonies 

within the matrix of agarose gels. 
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Bacteria Growth in Agarose Hydrogel 

 

4.1. Introduction 

As described in Chapter 3, agarose gels are a purified version of agar gels and do not carry 

any biological information – they do not interfere in the behaviour of microorganisms 

grown within their matrix. Additionally, their lower gelling temperature prevents causing 

thermal shock to microorganisms suspended in the liquid hydrogel. The porous structure 

of agarose gels allows bacteria motility and seeded cells are expected to slowly migrate 

through the pore throats and form networks of colonies. The microbial growth rate of 

bacteria colonies in the three-dimensional matrix of agarose hydrogels, however, is 

believed to differ from the growth in standard liquid cultures, mainly due to the 

restrictions of space and oxygen availability. Hence, if agarose gels are going to be 

implemented as the growth medium to develop and demonstrate engineered responsive 

bio-systems, a good understanding of the growth behaviour and motility of bacteria 

colonies within their matrix is essential.  

Little previous research exists on the growth behaviour of different types of bacteria in 3D 

hydrogels. One such study used agar as the growth medium and monitored the growth of 

colonies in 24-well plates using absorbance measurements (Tuson et al., 2012). This 

method, however, does not monitor the growth rate of individual colonies seeded within 

the gel, but rather provides an estimation of the turbidity of the sample, through optical 

density (OD) measurements. These turbidity measurements can then be associated to cell 

density; however, the inconvenience of this method is that not only living cells contribute 

to increase the OD of the samples but also dead cells and metabolic waste. 

Our gel-based system is expected to simulate with accuracy the concentration of cells 

throughout a volume of gel. Therefore, a different growth monitoring method must be 

employed. 
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This chapter describes the development of a new method to prepare 3D homogeneously 

seeded agarose gels and monitor their growth using the fluorescence behaviour of certain 

engineered strains. This method allows measurements of the fluorescence of individual 

colonies, which can then be associated to cell concentration values. Additionally, the 

effect of external stimulus on the cell behaviour can also be monitored using fluorescence 

measurements. 

The differences between B. subtilis and E.coli in relation to their growth and distribution 

in hydrogels are also discussed in this chapter. The chapter also describes the effects of 

different environmental conditions on the growth behaviour, cell distribution and colony 

formation throughout a gel volume. The growth behaviour of the selected bacteria strains 

in liquid media (rich and minimal) is also assessed, since liquid cultures are used to grow 

bacteria previous to inoculation into the 3D hydrogels. In this way, the amount of cells 

seeded within a volume of gel can be estimated with a relatively high degree of accuracy. 

The effect different environmental conditions have on the growth rate was first analysed 

in small hydrogel samples (30mm Petridishes). The reasoning for that was to assess 

whether the method to grow bacteria in the hydrogels and the techniques utilized to 

monitor the growth rate were adequate for the analysis. Once it was confirmed that our 

method could assess the impact of different conditions on the growth behaviour, an 

experimental programme was performed where the growth in large hydrogel samples 

(100mm height cylinders) was monitored. Finally, the different growth profiles obtained 

from the experiments in cylindrical samples were converted into numerical equations 

using non-linear regression, where mathematical expressions were generated from series 

of data points. These expressions will ultimately be integrated in the computational model 

in order to represent and predict the distribution and formation of bacterial colonies over 

time in 3D agarose gels (see Chapter 5 for more details). 

The chapter is divided into four sections: Materials, where the bacteria strains and the 

other components used in the experimental program are described, Methods, which 

describes the techniques and methodology employed to grow and monitor liquid and gel 

cultures; Results and Discussion, where the main results obtained are analysed and 

discussed; and Conclusions, where the outcomes of the investigation and their 

relationship with the overall research are discussed. 
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Additionally, Table 4-1 presents an overview of the experiments described throughout the 

chapter. 

Experiment Specification Location 

Effect of agarose 
concentration 

 Figure 4-12 

Initial concentration of 
cells (serial dilution) 

 Figure 4-11 

B. subtilis growth in 
liquid media 

Comparison of minimum media v rich media Figure 4-9 

Minimum media Figure 4-10 

Comparison colony 
formation of B. subtilis 
v E. coli 

 Figure 4-8 

 
B. subtilis growth in 
agarose hydrogel (small 
samples) 

Effect of initial concentration of cells Figure 4-14 and 
Figure 4-15 

Effect of incubation temperature Figure 4-16 

Effect of pH Figure 4-17 

B. subtilis growth in 
agarose hydrogel (large 
cylindrical samples) 

Differential growth rate with depth Figure 4-20 

Effect of initial concentration of cells Figure 4-21, 
Figure 4-22 and 

Figure 4-23 
Effect of incubation temperature 

Table 4-1. List of experiments Chapter 4 

 

4.2. Materials 

4.2.1. Agarose LM 

The type of agarose used for the experimental program is agarose LM (Low Melting Point). 

For more information about this type of agarose and its properties see section 3.2.1. 

Agarose composition and formation. 

 

4.2.2. Bacteria strains 

Escherichia coli (E. coli) 

The gram-negative bacterium E. coli was chosen to study microbial growth in agarose gel. 

E. coli is a facultative aerobic, rod-shaped prokaryotic organism. Cells are typically 

approximately 0.25-1.0 µm width and 2 µm length. The strain HS524 was selected for this 
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study. This strain contains the protein GFP (Green Fluorescent Protein) attached to a 

plasmid, allowing visualisation of the cells under a fluorescent microscope (Ouzounov et 

al., 2016). 

Bacillus subtilis (B. subtilis) 

The gram-positive bacterium B. subtilis was also used in this study. LH158 was the strain 

selected which also expresses constitutively fluorescence due to the protein GFP attached 

on the chromosome. Similar to E. coli, this strain of bacteria is rod-shaped and the 

dimensions of the cells are 0.8-0.9 µm width and 3.8-4 µm length. 

 

4.2.3. Growth media 

Rich media 

Lysogeny Broth or Luria Broth (Miller, Sigma Aldrich, UK) – traditionally named LB –, 

containing 10g/L Tryptone, 10g/L NaCl and 5g/L Yeast Extract, was used as the highly 

nutritive growth medium. 

Minimal media 

Two different media were used to grow cultures under minimal-nutrient conditions. This 

type of media provides with the minimum set of nutrients needed for bacterial growth, 

i.e. carbon and inorganic salts. M9 medium was required to grow cultures with E. coli, 

whereas SMM (Spizizen Minimal) medium was used when working with B. subtilis. Both 

media were made up of two different components, the base medium (Table 4-2), in which 

different chemicals were dissolved in distilled water and autoclaved with a sensitive cycle 

(115°C), and the complementary salts, which were prepared by dissolving them in distilled 

water until the solution was homogeneous and were then filter-sterilised. The 

complementary salts were stored in a fridge at 4°C. It must be noted that the addition of 

phosphates to the minimal media will have implications for the biomineralization process 

due to the precipitation of apatite when mixed with calcium ions. However, for the 

purpose of this work, the addition of phosphate salts is considered to be acceptable. 
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Additionally, in order to hinder the formation of spores during the experiments performed 

at high temperatures (in particular for the B. subtilis experiments), glucose was added to 

the mixture since it is believed that its addition slows down sporulation due to catabolite 

repression (Schaeffer et al., 1965; Takahashi and MacKenzie, 1981). The recipes to 

prepare the two minimal media can be seen in Table 4-3.  

M9 base SMM base 

- 1 L distilled H2O - 2g (NH4)2SO4  (Ammonium sulphate) 

- 30g Na2HPO4 (Sodium phosphate 

dibasic) 

- 14g K2HPO4 (DiPotassium hydrogen phosphate) 

- 15g KH2PO4 (potassium phosphate 

monobasic) 

- 6g KH2PO4 (Potassium dihydrogen phosphate) 

- 2.5g NaCl (sodium chloride) - 1g C6H5Na3O7.2H2O (Trisodium citrate 

dihydrate) 

- 5g NH4Cl (ammonium chloride) - 0.2g MgSO4·7H2O (Magnesium sulphate 

heptahydrate) 

Table 4-2. M9 and SSM base medium composition 

M9 minimal medium SMM minimal medium 

- 10mL M9 base - 10 mL SMM base 

- 500 µl 40% Glucose - 125 µl 40% Glucose 

- 100 µl 1M MgSO4 (Magnesium 

sulphate) 

- 100 µl 2mg/mL Tryptophan 

- 250 µl 20% CAA (Casamino acids) - 60 µl 1M MgSO4·7H2O (Magnesium sulphate) 

- 50 µl 0.1M CaCl2 (Calcium chloride) - 10 µl 20% CAA (Casamino acids) 

- 39.1 mL H2O - 5 µl 0.22% (NH4)5[Fe(C6H4O7)2].2H2O / 

C6H8FeNO7 (Ammonium ferric citrate / ferric 

ammonium citrate) 

Table 4-3. M9 and SMM media recipes 

 

4.3. Methods 

4.3.1. Liquid culture preparation 

Prior to any experiment, bacteria liquid cultures were prepared with the required strain 

of bacteria so that a source of living cells was available. This liquid culture was then used 

to inoculate living cells into fresh liquid medium or a hydrogel solution to evaluate the 

growth behaviour. The protocol followed to prepare liquid cultures of bacteria is 
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explained as follows. On day 1, the surface of a glycerol stock (solution containing living 

bacteria cells stored at -80°C which is used to store bacterial cultures for a long time) was 

scratched with a sterile loop and streaked onto the surface of an LB agar plate. The plate 

was then stored in a static incubator at 37°C (E.coli) or 30°C (B. subtilis) overnight to 

promote bacteria growth. On day 2, individual bacteria colonies of similar size should be 

visible on top of the plate, as illustrated in Figure 4-1.  

 

Figure 4-1. Agar plate containing isolated bacteria colonies 

 

The medium solutions were prepared – as described in section 4.2.3. Growth media – in a 

50 mL plastic tube. The Vmedium:Vflask ratio used was 1:5 (i.e. the volume of media did not 

occupy more than 20% of the flask volume). A single colony was then transferred from 

the plate into the medium solution using a sterile loop and the plastic tube was then 

stored overnight in a rotating incubator at 37°C (E.coli) or 30°C (B. subtilis) and 150 rpm. 

B. subtilis cells tend to sporulate (create endospores) if the culture is incubated at 37°C 

over long periods time. Endospores or spores are a dormant form that some types of 

bacteria adopt when subjected to unfavourable conditions. Therefore, considering the 

aim of the experiments is to inoculate living cells, all the B. subtilis liquid batches were 

incubated at 30°C in order to minimise endospore formation. 
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4.3.2. Growth monitoring of a liquid culture 

Growth of bacterial cultures refers to an increase in the number of cells in a population 

and it occurs due to the division of a bacterium into two genetically identical new cells by 

a process called binary fission. The rate at which bacteria grows depends on many 

parameters including oxygen level, pH, availability of space, amount of nutrients or 

temperature, amongst others. If nutrients are provided to the growth medium and the 

right temperature is selected, bacteria cells are expected to divide and grow in number 

(more details about bacterial growth can be found in Chapter 2. Literature review). 

Several methods exist for microbial cell growth monitoring in a liquid culture. The 

methods adopted in our experimental program are cell count by serial dilution and growth 

monitoring by absorbance. The former was used to count the total amount of cells present 

in a liquid culture at a certain time, whereas the latter was used to monitor the growth 

over a period of time. 

- Cell count by serial dilution 

A serial dilution experiment was performed to count the number of cells present in a liquid 

culture at a specific time point. The biggest advantage of this method of cell counting is 

that it only counts viable (i.e. living) cells. This method consists of performing a series of 

10-fold dilutions to the original culture by inoculating 1mL of each solution onto 9 mL of 

cell-free medium. The first step is to transfer 1mL of the overnight culture onto 9mL of 

medium (Note: autoclaved distilled water can also be used instead). Once the new 10mL 

solution has been thoroughly mixed, 1mL is taken and transferred into 9mL of medium. 

This procedure was performed several times, resulting in different solutions with 10-fold 

change in cell numbers. 100 µL of each solution is then transferred onto the surface of LB 

agar plates and the inoculum is spread homogeneously across the plate using a sterile 

glass spreader. The samples are then incubated for 24 hours at 37°C (E.coli) or 30°C (B. 

subtilis) inside a static incubator in order to promote bacteria growth.  

This method assumes that each colony originates from a single bacterial cell and that the 

original inoculum (i.e. the overnight culture) is homogeneous. After the 24-hour 



88 
 

incubation period, individual cells will appear on the surface of the plate, allowing cell 

counting. For the method to be accurate, only counts between 25 and 250 CFU (Colony 

Forming Unit) are pertinent. 

Once the number of CFU has been counted, the expressions to determine the final 

dilution and the cell concentration (CFU/mL) of a liquid culture at a specific time point 

are the following: 

Final dilution =  
Amount inoculum (mL)

Final volume (mL)
 

(Equation 4-1) 

 

Cell concentration (
CFU

mL
) =  

number colonies on plate

amount plated
∗ (−Final dilution) 

(Equation 4-2) 

 

- Absorbance 

As described in Chapter 2, the rate at which bacteria grows over time is not always the 

same. Hence, a method is needed to measure the number of cells in a liquid culture over 

a period of time. Bacteria cells absorb and scatter light and, as they grow, the medium 

becomes turbid and allows the measurement of the absorbance, which is the ability of a 

substance to absorb light. A spectrometer is a piece of equipment that measures the 

amount of light that goes through a liquid culture of bacteria (Figure 4-2). 
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Figure 4-2. Spectrometer used to measure the absorbance of the bacterial culture 

 

Samples were taken from the liquid culture at specific time points and the absorbance 

was measured. Organic material has high optical density at light with wavelengths of 600 

nanometres. The optical density of a sample at 600 nanometres is referred to OD600 . The 

measured OD600 of the bacterial culture relative to the OD600 of a plain reference sample 

is the final value adopted for the analysis. The different OD600 values obtained for every 

time point are then mapped onto a graph that represents cell concentration over time 

and allows estimation of the different growth phases of the bacterial population. 

 

4.3.3. Bacteria-seeded agarose gel preparation 

Due to the high water content, agarose gels provide an ideal matrix for cell growth 

(Johnson and Deen, 1996). A method was developed to create 3D agarose gels 

homogeneously seeded with bacteria cells, which is similar to that used by Xu et al. (2011). 

LM (Low melting and gelling temperature) agarose was used to avoid heat shock of the 

bacteria cells when inoculated into the liquid gel. The method consisted of preparing a 

solution of growth medium and agarose at the desired concentration then autoclaving it 

to dissolve the agarose and ensure homogeneous mixing as well as to sterilise the flask. 



90 
 

The solution was then stored inside a water bath at 40-45°C (just above the gelling 

temperature) and once it cooled down, the bacteria culture was inoculated into the flask 

at the desired ratio. The solution was then thoroughly mixed using a mechanical stirrer to 

ensure homogeneous distribution of the cells and was immediately poured onto 30mm 

diameter and 10mm height Petri dishes. Due to the viscosity of the gel at high 

concentrations, the bubbles generated did not migrate instantly to the surface of the 

solution, and it was decided to wait a few seconds before pouring the solution onto the 

plates so that the majority of these bubbles disappeared. 

The dishes were then stored in a fridge at 4°C for 10 minutes to allow gel formation before 

they were transferred to an incubator where bacteria growth was promoted at the 

desired temperature. 

 

4.3.4. Growth monitoring in bacteria-seeded hydrogels 

Bacteria cells are expected to divide and grow in number within the matrix of the gel. 

However, due to the lack of motility and oxygen, the growth rate will differ from that in 

liquid medium. Agarose gels present a porous microstructure, as explained in chapter 3, 

however, the size of the pores are not big enough for bacteria cells to swim through. 

According to Mitchell and Santamarina (2005), the minimum diameter of the pore throat 

that allows cell motility is 0.4 µm. It can be confirmed from chapter 3 that the pore size of 

6% agarose gels varies between 0.21 µm and 0.39 µm. Hence, it is assumed that cell 

motility is non-existent and that the seeded cells are embedded within the matrix of the 

gel and bacterial colonies grow in size by breaking the fibres of the gel and expanding.  

Additionally, if movement of the cells is hindered, a differential consumption of the 

nutrients in the gel might develop, i.e. areas where the original cells are seeded might 

rapidly consume all the nutrients of its surroundings, potentially resulting in starvation 

and further death. Although diffusion of nutrients through the porous structure will occur, 

the consumption of nutrients by the microbes might occur at a higher rate, potentially 

leading to the above-mentioned starvation, and possibly modifying the growth behaviour. 

However, this behaviour is out of the scope of this thesis and therefore no evidence has 

been found. 
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A method was designed to assess the growth behaviour of bacteria cells in agarose gels 

by using E. coli HS524 and B. subtilis LH158 (strains containing GFP). This method consists 

of analysing the amount of fluorescence present in a slice of agarose gel to quantify the 

cell density over time, and to do that, a laser scanning microscope (e.g. CONFOCAL 

microscope) is needed.  

A CONFOCAL microscope is a type of microscope that uses a technique called confocal 

microscopy. This technique enables the visualisation of 3D stacks due to the action of a 

pinhole that allows penetration of the light from the laser into the specimen. Thus, a series 

of two-dimensional images can be captured over the desired depth of the specimen and 

the reconstruction of this images enables the creation of a three-dimensional structure. 

The CONFOCAL microscope used was a Leica TCS SPE (Figure 4-3). 

 

 

Figure 4-3. Leica TCS SPE microscope 

 

A series of images were taken at different depths within the gel to provide a 3D 

representation of the bacterial distribution across the sample. Figure 4-4 shows a 

screenshot of the software used to obtain and process the visualisations (LAS X) alongside 

all the parameters used to generate 3D stack. 
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Figure 4-4. Screenshot taken from the LAS X software showing the parameters used for the 
analysis 

As it can be seen, the depth of the z-stack was set to 500 µm, the maximum possible 

thickness. It provides a good estimation of the cell concentration within the sample, 

considering homogeneous CFU distribution. In addition, three different slices from 

different locations within the sample were analysed in order to increase the accuracy of 

the results. 

- Image post-processing and cell quantification 

Two-dimensional (2D) and three-dimensional (3D) images were captured to aid analysis. 

Figure 4-5 shows a representation of the bacteria-seeded 3D volume of gel. On the other 

hand, Figure 4-6 shows an image perpendicular to each of the three two-dimensional 

planes of the gel volume with their corresponding dimensions. The image selected for cell 

quantification is the image perpendicular to the x-y axis (i.e. Figure 4-6-A).  
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Figure 4-5. Colony distribution within the 3D volume of gel analysed 

 

The green spots represent the bacteria colonies composed of hundreds of cells that 

developed after a single cell was seeded in the gel. 

Although cell superposition occurs due to only analysing the 3D volume using a 2D plane, 

it is assumed that the x-z plane provides the most accurate representation of the amount 

and distribution of colonies within the gel. 
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Figure 4-6. (A) x-y plane, (B) z-y plane and (C) x-z plane 

 

The images were obtained using the LAS X software and the cell concentration was 

measured using an application called ImageJ. This application is a Java-based image 

processing program that allows the installation of Plugins into their built-in editor. A 3D 

Object Counter plugin was installed and used to analyse the amount of fluorescence on 

the slices. This plugin analyses every single pixel of the images and detects whether there 

is fluorescence or not. From a 800x800 pixels image, the 640,000 pixels are analysed and 

the plugin calculates the total amount of pixels that emit fluorescence. Figure 4-7 shows 

the process utilized to measure the amount of fluorescence (i.e. concentration of bacteria 

cells) using the 3D Object Counter plugin. 
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Figure 4-7. Process for cell quantification using ImageJ - (A) original image, (B) invert tool 
applied, (C) greyscale applied, (D) threshold applied, (E) image ready for quantification 
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Figure 4-7-A shows the raw image before post-processing. The first step is to invert the 

colours in order to change the background from black to white (Figure 4-7-B). The second 

step is to change the colour of the slice to a greyscale (Figure 4-7-C) before a threshold is 

applied (Figure 4-7-D). The role of this threshold is to assign a value of 255 – i.e. white – to 

pixels without fluorescence (image background) and 0 – i.e. black – to pixels with 

fluorescence (i.e. bacteria cells). Once the threshold is applied, the image is ready for 

analysis (Figure 4-7-E) by applying the 3D Object Counter function. The equation used to 

obtain the total amount of fluorescence within the agarose slice is expressed as follows: 

 

Amount fluorescence (%) =  
Amount pixels with fluorescence (GFP)

Total amount of pixels
∗ 100   

(Equation 4-3) 

 

This method does not provide the total number of cells within the volume of gel, however 

it does provide a relatively accurate representation of the total amount and distribution 

of fluorescence within the sample, which can then be related to cell concentration. 

Greenhalgh et al., (2017) confirmed that there is a strong correlation between 

fluorescence and cell number. However, the study was performed on E. coli cells and, 

therefore, it cannot be confirmed that the same theory applies for  B. subtilis cells, 

although it is quite likely that the same correlation will occur. 

GFP is commonly used to evaluate cell viability. However, (Ann-Muriel et al., 2001; Fortin 

et al., 2005; Greenhalgh et al., 2017) confirmed that GFP fluorescence can also be used to 

assess cell death, by evaluating the loss of fluorescence after the induction of cell death. 

Ann-Muriel Steff et al., (2001) suggested that the fluorescence level of death cells 

decreased due to cell shrinkage until the point where the cells where indistinguishable 

from the background. Nevertheless, this study was not performed on B. subtilis cells so 

the correlation between fluorescence loss and cell death cannot be confirmed for our type 

of bacteria. 
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These limitations aside, it was assumed for our study that analysing the GFP fluorescence 

of bacteria-seeded agarose gels provides a good representation of the growth-decay 

behaviour of B. subtilis cells. 

- From growth points to growth profiles: curve fitting 

Analysing the growth behaviour of bacteria cells is a long and laborious process which 

requires the evaluation of multiple time points in order to obtain an accurate profile. For 

our experimental program, it was assumed that measuring the growth of bacteria-seeded 

gels over time with intervals of one hour would be accurate enough to obtain a solid 

representation of the growth behaviour. However, due to the large amount of growth 

experiments performed, some growth profiles were obtained with intervals of two hours, 

especially those with a very slow growth rate – e.g. incubation at low temperature. 

Additionally, the growth/decay rate of bacteria between the 12h and the 24h time point 

might be inaccurate since no readings were obtained. 

The cell concentration values obtained for the different time points analysed were plotted 

onto a scatter graph in order to display the growth profile for each of the tested 

conditions. A process called Curve fitting was used to obtain the mathematical equation 

that best fits the series of data points (Brandreth, 1968; Hauser, 2009). The aim of using a 

curve fitting method is to generate a smooth curve that goes near the data points in order 

to interpolate unknown values (Motulsky and Christopoulos, 2003). 

Due to the complexity of the bacterial growth profiles, a professional curve fitting 

software called FindGraph (UNIPHIZ Lab Software) was used. This software performs a 

regression analysis in order to find the best fit equation for a series of data points. Non-

linear regression provides with more flexibility in fitting curves due to the wider range of 

non-linear functions to choose from, in comparison to linear regression (Hauser, 2009). 

From all the catalogue of non-linear functions that FindGraph offers, rational equations 

provided the most accurate fit. These type of non-linear functions are the quotient of two 

polynomic functions P(x) and Q(x), taking the following form: 

𝑓(𝑥) =  
𝑃(𝑥)

𝑄(𝑥)
 

(Equation 4-4) 

http://www.findgraph.com/
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Rational functions can adopt an extremely wide range of shapes and they are relatively 

easy to handle computationally. However, rational functions did not provide a good fit for 

some of the cases, and a non-linear function called Rodbard was used instead. This 

function is represented as follows: 

𝑓(𝑥) = 𝑑 +  
(𝑎 − 𝑑)

(1 + (
𝑥
𝑐)

𝑏
)

 

(Equation 4-5) 

 

where a, b, c and d are the parameters of the equation and depend on the shape of the 

curve. 

A statistical regression analysis was performed in order to assess how well the function 

fits the observed data. Two parameters were calculated in order to quantify the accuracy 

of the fitted curve: the coefficient of determination R2 and the standard deviation of the 

residuals Se. The former is a fraction between 0 and 1, where higher values indicate that 

the observed data points are closer to the fitted equation. The latter represents the 

average distance between the observed data points and the regression line, in the units 

of the dependent variable (amount fluorescence or cell concentration in our case), and 

smaller values indicate that the observations are closer to the fitted equation. 

According to (Hauser, 2009), 95% of the experimentally obtained data points should fall 

within ±2*Se from the fitted curve. Therefore, for all the lines of best fit obtained from 

non-linear regression, these parameters were calculated, evaluated accordingly, and it 

was confirmed that this condition was satisfied. 

 

4.4. Results and discussion 

4.4.1. Escherichia coli v Bacillus subtilis 

An initial investigation was performed in order to visualise the growth patterns of E.coli 

and B. subtilis cells in agarose gels. The strains HS524 and LH158 were the ones selected 
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for the experiment due to the constitutively-expressed GFP which would allow 

visualisation of the bacterial colonies. 

Bacteria-seeded agarose gels were prepared with both strains and visualised on the 

CONFOCAL microscope after 5 hours of incubation at 37°C and 30°C, respectively (Figure 

4-8). 

 

Figure 4-8. Colony formation and patterning for E. coli HS524 (left) and B. subtilis LH158 (right) 

 

As can be seen from the images, both strains show different distribution patterns. While 

E. coli cells tend to form disk-like colonies, B. subtilis cells tend to form branches through 

the matrix of the gel as the colonies grow. 

One of the main benefits of using agarose gels is the homogeneous distribution of cells 

that is generated within their structure. Both bacteria strains can grow colonies uniformly 

distributed within the gel, however, B. subtilis seem to be more appropriate due to the 

formation of long chains of cells that might potentially cover a bigger volume upon 

growth. 

B. subtilis was the strain selected for our experimental program for several reasons. 

Firstly, the use of B. subtilis will lead to a larger spread of cells due to this peculiar 

branching behaviour, which will ultimately contribute to widespread biomineralization 

along the 3D space. Furthermore, E. coli is a urease-negative bacterium, whereas most B. 
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subtilis strains release urease naturally, which will presumably facilitate the cloning of the 

engineered responsive strain. In addition, the ultimate aim of the Thinking Soils project is 

to inject the engineered strain of bacteria into the ground, and it is more likely that the 

strain used will be B. subtilis, since this type of bacteria is commonly found in soils and the 

cells would easily integrate with the geo-environment. 

 

4.4.2. Bacillus subtilis growth in liquid media 

As described in the introduction, the growth of B. subtilis in liquid media was initially 

studied in order to count the number of cells present in a culture at a certain time before 

introducing the inoculum into the agarose solution. 

The strain LH158 was inoculated into six cylindrical bottles, three with rich media (LB) and 

three with minimal media (SMM) and incubated at 30°C and 150rpm. The absorbance 

(OD600) was then measured with a spectrometer at different time points (number of 

technical replicates, n = 3) and the results are represented in Figure 4-9. Note that the error 

bars displayed in red represent the standard deviation of the three technical replicates. 

 

Figure 4-9. Comparison LH158 growth in rich and minimal media 
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The graph shows the four different phases of microbial growth for the samples grown with 

rich media, however, the fourth phase (death phase) is not present in the samples grown 

with minimal media, and it is expected to start after periods longer than 24h. As expected, 

the cell concentration is much higher for the samples grown with rich media, where OD600 

values close to 1.9 are obtained, in comparison to the much lower values obtained with 

minimal media (max. OD600 ~ 0.25). 

However, the amount of nutrients present in most type of soils are very limited, and the 

growth of microorganisms is more similar to that occurring under minimal medium 

conditions. Additionally, the use of minimal medium facilitates microbial visualisation 

under the microscope, generating clearer and sharper images due to a much-reduced 

background (or noise). This is very important since our method to monitor growth rates 

relies on CONFOCAL microscopy. SMM was therefore selected as the medium for LH158 

and all the microbiology experiments (unless otherwise stated) were performed using the 

same medium. Figure 4-10 shows the growth curve of LH158 in minimal media. 

 

 

Figure 4-10. Growth behaviour of LH158 in liquid minimal media 

 

As it can be appreciated from the graph, the exponential phase begins at approximately 4 

hours and ends after 12 hours. 
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- Initial cell concentration 

As mentioned in earlier sections, the first step to analyse the bacterial growth behaviour 

is to prepare an overnight liquid culture saturated with bacteria cells that will be used as 

the inoculum for the growth experiments. For every new set of experiments, an overnight 

culture of LH158 was grown on minimal media for 12 hours before inoculation. The OD600 

of the culture was measured at the 12-hour time point every time a new culture was set 

up in order to make sure the microbial growth was consistent, and that no contamination 

was present in solution. Following this procedure, it was guaranteed that approximately 

the same number of bacteria cells are inoculated into the fresh medium or agarose 

solution. 

However, the OD600 measured does not give us an indication of the total number of cells 

present in the overnight solution. Therefore, a serial dilution experiment was performed 

to determine the cell concentration of the overnight culture after 12 hours of incubation. 

Figure 4-11 shows the total amount of CFU present on two plates after a 10-5 (left) and a 

10-6 dilution (right). The images were taken with a standard phone camera. The plates 

have 199 and 19 CFU, respectively. Note that the colonies were highlighted with blue 

marker at the bottom of the plate in order to facilitate counting. 

 

 

Figure 4-11. CFU grown on the top of agar plates after a serial dilution experiment 
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The cell concentration after 12h of growth at 30°C and 150rpm can be calculated 

according to (Equation 4-2): 

𝐶𝑒𝑙𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝐶𝐹𝑈

𝑚𝐿
) =  

𝑛𝑢𝑚𝑏𝑒𝑟 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠

𝑎𝑚𝑜𝑢𝑛𝑡 𝑝𝑙𝑎𝑡𝑒𝑑 (𝑚𝐿)
∗ (−𝐹𝑖𝑛𝑎𝑙 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛)

=
199

0.1
∗ (−10−5) =   𝟏. 𝟗𝟗 𝒙 𝟏𝟎𝟖 𝑪𝑭𝑼/𝒎𝑳 

𝐶𝑒𝑙𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝐶𝐹𝑈

𝑚𝐿
) =  

𝑛𝑢𝑚𝑏𝑒𝑟 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠

𝑎𝑚𝑜𝑢𝑛𝑡 𝑝𝑙𝑎𝑡𝑒𝑑 (𝑚𝐿)
∗ (−𝐹𝑖𝑛𝑎𝑙 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛)

=
19

0.1
∗ (−10−6) =   𝟏. 𝟗 𝒙 𝟏𝟎𝟖 𝑪𝑭𝑼/𝒎𝑳 

Hence, there are approximately 2x108 cells in 1mL of inoculum. 

 

4.4.3. Effect of agarose concentration and reasoning behind choosing 6% m/v 

The mechanical properties of 6% w/v agarose gels were thoroughly analysed in Chapter 

3. This section therefore aims to provide justification for the selection of 6% concentration 

for the experimental program. 

As described in Chapter 3, increasing the concentration of agarose powder leads to two 

aspects critical to this project: an increase in gel strength and a decrease in pore size. 

Generally, soils are stronger than agarose gels, and therefore increasing the strength of 

the gel is clearly one of the objectives of the project – to prove their suitability as a soil 

analogue. However, increasing gel strength leads to a reduction of the pore throat within 

the gels and the fibres becoming stronger, which ultimately affects the growth and 

distribution of bacteria cells. It was confirmed experimentally (see section 3.4.1. Effect 

concentration on gel microstructure) that the size of the pores at low concentrations – i.e. < 

2% – are large enough for bacteria cells to swim through and move across the matrix of 

the gel. However, as more agarose is added to the matrix (>4%), the pores decrease in 

size considerably and become smaller than the actual cells, potentially hindering their 

movement through the matrix of the gel. Furthermore, at high concentration gels (>6%), 

the fibres become so dense that microbial growth might also be affected. 



104 
 

A study presented by Yañez et al., (2010) investigated on the pore size threshold for 

bacteria penetration into hydrogels. The study analysed the success rate of bacteria 

penetration at different pore sizes and it was found that between 1µm and 10µm the 

relationship adopts the shape of a cumulative distribution function, i.e. 0% cell 

penetration through pores smaller than 1µm and 100% cell penetration through pores 

larger than 10µm. However, this relationship cannot be implemented for our study since 

the type of hydrogel and bacteria strain are different. Therefore, an investigation was 

performed to find the most suitable concentration of agarose for our experimental 

program.  

As it was confirmed in Chapter 3, increasing agarose concentration leads to stronger 

samples, therefore, the concentration selected must be the highest one possible that 

allows homogeneous bacterial growth across the gel sample. Bacteria-seeded agarose 

samples were then prepared as explained in section 4.3.3. Bacteria-seeded agarose gel 

preparation for concentrations ranging from 1% to 10%. As expected, increasing the 

concentration of agarose led to more viscous solutions, causing mixing problems when 

bacteria were inoculated. The plates were then incubated at 30°C for 24h in order to 

promote bacteria growth. Additionally, samples without added bacteria were also 

prepared in order to act as a control. After the incubation process, the plates were visually 

analysed and the results showed that bacteria growth was homogeneous throughout the 

plate for concentrations ranging 1-6%. However, for concentrations higher than 6%, 

bacteria-seeded samples showed a non-uniform growth. Figure 4-12 shows a capture of 

the two plates with bacteria-seeded agarose gels at 6% and 7% concentration 

respectively. The one on the left (6%) shows homogeneous growth across all the plate. 

However, the plate on the right (7%) shows a non-uniform behaviour – with the light-

coloured areas showing the gel containing bacteria and the darker areas showing the parts 

of the plate where bacterial growth did not occur. 
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Figure 4-12. Homogeneous (A) versus non-homogeneous (B) bacterial growth 

 

Considering both bacterial growth and strength-stiffness of the gel, the optimum 

concentration for the mechanical experiments is 6% w/v since it provides with relatively 

strong gel samples and allows homogeneous bacterial growth across its matrix. 

 

4.4.4. Bacteria growth in agarose hydrogels 

As stated previously, the aim of this chapter is to understand the growth behaviour and 

distribution of bacteria colonies in 3D agarose gels under different conditions. Considering 

that the amount of nutrients available is the factor that affects the most microbial growth 

and the growth medium has already been established (SMM), the other remaining factors 

that are to be analysed are temperature, pH and initial cell concentration (or initial 

dilution). Hence, this section aims to analyse the effect of each of these parameters on 

the growth behaviour of B. subtilis in agarose gels. Furthermore, another aim of this 

section is to demonstrate that agarose gels can be used to study the effect different 

environmental conditions have on the growth rate of bacteria. 

The samples were prepared as described in section 4.3.3. Bacteria-seeded agarose gel 

preparation and following the visualisation and post-processing techniques described in 

section 4.3.4. Growth monitoring in bacteria-seeded hydrogels. 
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The growth points measured for each of the conditions were obtained by analysing three 

technical replicates (n = 3) – i.e. three images were taken from three different areas of the 

plate for each time point –but only one biological replicate – i.e. the experiment was only 

performed once. Additionally, as explained in previous sections, the final representation 

of each growth profile was generated using non-linear regression and finding the best-fit 

curve. 

- Effect of initial cell concentration 

The initial number of cells inoculated into the gel is a crucial parameter. The total amount 

of Colony Forming Units (CFU) present in each of the agarose slices analysed can easily be 

estimated. It was calculated in section 4.4.2. Bacillus subtilis growth in liquid media that the 

amount of CFU in 1mL of inoculum after 12h of incubation at 30°C and 150rpm is 

approximately 2x108 CFU/mL. Therefore, if 1mL of this LIQUID inoculum is introduced into 

100mL of an agarose-medium solution – i.e. a 1/100 dilution – the resultant concentration 

of cells within the gel is 2x106 CFU/mL. Furthermore, considering the dimensions of a 

CONFOCAL slice are approximately 1mm x 1mm x 0.5 mm (=0.5mm3 or 0.0005mL), it can 

be estimated that every slice analysed will have approximately 1,000 CFU embedded into 

its matrix. Additionally, some of the growth experiments were performed using a 1/1000 

dilution, which will lead to a reduced number of CFU in each slice analysed (approx. 100 

CFU). Figure 4-13 shows a comparison of two CONFOCAL images (slices) with different 

initial dilutions in which the difference in cell concentration can clearly be appreciated. 
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Figure 4-13. Comparison B. subtilis LH158 growth at 1/1000 dilution (A) and 1/100 dilution (B) 
after 9h of incubation at 25°C 

  

An ImageJ plugin called ITCN was used to count the number of colonies present in every 

slice. This plugin was originally designed to count cells, however, due to the low 

magnification used to obtain our images, the plugin can be used to count colony 

formations instead. ITCN detected 93 CFU for the case of the gel produced with a 1/1000 

dilution (left) and 923 CFU in the gel slice generated with a 1/100 dilution (right). Hence, 

comparing these values to the results estimated above, it can be confirmed that most of 

the B. subtilis cells inoculated into the agarose solution do form colonies. 

Three series of experiments were prepared in which the overnight culture was inoculated 

at different dilutions (  1 100⁄  , 1 300⁄  and 1 500⁄  ). Figure 4-14 shows the effect the initial 

dilution has on the growth profile in hydrogel samples incubated at 30°C. The y axis 

represents the amount of fluorescence in a CONFOCAL slice or cell concentration, as 

described in section 4.3.4. Growth monitoring in bacteria-seeded hydrogels, and calculated in 

accordance to (Equation 4-3) (% refers to the percentage of bacteria present in the slice of 

gel analysed). 
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Figure 4-14. Effect initial dilution on bacterial growth profile 

 

As expected, the lower the dilution – i.e. higher initial concentration of cells –, the higher 

the total amount of cells generated during the 24-hour period. Furthermore, it can clearly 

be seen that there is a different behaviour between the gel samples inoculated at 1/100 

dilution and those inoculated at 1/500. However, for the case of the samples inoculated 

at 1/300 dilution, although the total amount of cells after 24 hours is larger than those 

inoculated at 1/500, the behaviour is very similar, starting exponential phase after 6 hours 

and stationary phase after approximately 16 hours. Therefore, in order to reduce the 

number of conditions analysed, it was decided that only two different dilutions (1/100 

and 1/500) would be analysed in future experiments. 

The effect of initial dilution was also analysed for temperatures of 25°C and 35°C and the 

results are represented in Figure 4-15. 
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Figure 4-15. Effect initial dilution w.r.t. incubation temperature 

 

Again, as expected, the samples inoculated with a lower initial dilution generate a higher 

concentration of cells throughout the 24 hour period (excluding the first 2-3 hours, in 

which the difference cannot be appreciated). In addition, it can be seen how the 

temperature has a major effect on the growth behaviour, which will be thoroughly 

analysed in the next section. 

It can then be concluded that increasing the initial concentration of cells inoculated into 

the matrix of the gel – or decreasing initial dilution – leads to an increased cell 

concentration during the 24 hour period. 

 

- Effect of temperature on growth rate 

Temperature is another parameter that plays an important role on the growth behaviour 

of bacteria. B. subtilis is considered to be a mesophilic microorganism – i.e. it grows best 

at moderate temperatures, typically between 20°C and 45°C. However, if incubation 

temperatures higher than 37°C are used, it is quite likely that the cells will sporulate -i.e. 

hibernate. As described in section 4.2.3. Growth media, glucose was added to the growth 

media in order to hinder the possible formation of spores at 35°C.   
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It was reported by Singh et al., (2017) that the production of the urease enzyme is 

optimised between 25-35°C. Hence, the temperatures selected for the experimental 

program were 25°C, 30°C and 35°C. 

Figure 4-16 shows the significant effect temperature has on the growth behaviour of B. 

subtilis. 

 

 

Figure 4-16. Effect temperature on microbial growth. Low initial concentration (top) and high 
initial concentration (bottom) 
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It can be seen how both exponential and stationary phases occur earlier as the 

temperature increases. In addition, the steepness of the growth expression during 

exponential phase is also higher as the temperature increases, suggesting cells divide 

more quickly at higher temperatures. 

However, whilst the total amount of cells after 24 hours increases as the temperature 

increases for the case of the samples inoculated at 1/500 dilution, a different behaviour 

is observed in the samples inoculated at 1/100 dilution: the total amount of cells after 24 

hours growth is approximately the same, independently of the incubation temperature. 

This phenomenon occurs due to bacterial decay – i.e. bacterial death – happening in the 

samples incubated at 30°C and 35°C after exponential phase ends. Furthermore, the 

relatively high temperatures alongside the increasing lack of nutrients might promote the 

formation of spores - since growth conditions are not favourable – ultimately affecting 

the growth behaviour. 

Contrarily, the samples incubated at 25°C do not show any signs of decay over the 24-

hour period, suggesting most of the cells are still alive and dividing. 

Therefore, these results suggest that temperature has a major effect on the growth 

behaviour of B. subtilis in agarose gels and also show that there is a saturation point at 

approximately 35% cell concentration for the samples with high initial concentration of 

cells which is not exceeded. This saturation point occurs at approximately 30% cell 

concentration for the samples with lower initial concentration. 

 

- Effect of pH on growth rate 

The effect of the incubation temperature and the initial dilution was analysed, and it was 

confirmed that both parameters play a crucial role in the growth behaviour of B. subtilis 

in agarose gels. This section investigates the influence that the pH of the gel has on the 

growth rate. 

The pH measures the acidity or basicity of an aqueous solution and it is expressed as a 

logarithmic scale that ranges 0-14. The pH of pure water is 7 and solutions with a pH lower 

or higher than 7 are acidic and basic, respectively. Since the pH can only be quantified in 
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liquid solutions, the pH of the medium prior to mixing with the agarose powder was 

measured. It was then assumed that adding agarose (pH neutral) to the growth medium 

has a negligible effect on the pH of the gel. Note that the pH of the liquid agarose could 

not be measured due to the high viscosity of the solution. 

The pH of SMM medium was first measured and was found to range between 7.12 and 

7.15, similar to that of pure water. In order to evaluate the effect pH has on the growth 

behaviour of B. subtilis in the hydrogel, series of samples with pH=6 and pH=8 were 

prepared. 3M HCl and 3M KOH were the solutions used to reduce and increase the pH of 

the media respectively. Note that the mixing was performed inside a fume cupboard in 

order to limit exposure to the fumes generated whilst wearing the appropriate PPE since 

HCl and KOH solutions are highly corrosive. 

Figure 4-17 shows the effect pH has on the growth behaviour of B. subtilis for incubation 

temperatures of 25°C and 30°C, and 1/500 initial dilution (i.e. lower initial concentration 

of cells). 
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Figure 4-17. Effect pH on the microbial growth rate. Growth at 25°C (top) and 30°C (bottom), 
and initial dilution = 1/500 

 

These results suggest that the pH of the medium also has an impact on the growth rate of 

bacteria in the hydrogel. For simplicity, the samples grown with standard SMM medium 

were considered to have a pH=7. As it can be seen from the graphs, an increased pH – i.e. 

a basic solution – leads to a reduced concentration of cells during the 24h analysed. On 

the contrary, the results suggest that reducing the pH of the medium to 6 contributes 

positively to the growth rate of bacteria. Thus, an increase of approximately 7% and 8% 

in the total concentration of cells after 24h can be obtained by decreasing the pH to 6, for 

samples incubated at 25°C and 30°C, respectively. 

However, these results are not as straightforward as they seem. Although it can clearly be 

seen that the samples grown with the acidic medium exhibit a boosted growth rate when 

compared to samples grown with basic growth media, it cannot be confirmed that this 

behaviour only occurs due to the increase in pH, since the added components – i.e. KOH 

and HCl – might also slightly alter the growth rate of the microorganisms. In addition, 

Smith et al. (2002) evaluated the influence of different pH conditions on the GFP 

fluorescence of a B. subtilis strain in liquid media and confirmed that different pHs lead to 
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different levels of fluorescence, with pHs above and below 7 decreasing the fluorescence 

intensity of GFP. 

It was therefore decided not to include pH as one of the parameters to be analysed in 

forthcoming experiments, due to the ambiguity of the results. 

 

4.4.5. Growth characterisation in cylinders 

In the previous sections, the effect of different temperatures and initial concentration of 

cells (or initial dilution) on the growth behaviour of B. subtilis in hydrogels was analysed 

and it was confirmed that both parameters have a major effect on the bacterial growth 

profile. 

All the previous tests were performed in 35mm diameter Petri dishes (the thickness of the 

gel samples was approximately 5mm) which, amongst other factors, provided the samples 

with unlimited oxygen, due to the reduced dimensions of the gel sample. Additionally, the 

growth rate on the top layer of the samples was expected to be higher due to the free 

movement of the cells – in comparison to those cells trying to divide and grow within the 

micropores of the gel. Therefore, if the thicker gel samples are analysed, the microbial 

growth is expected to vary significantly with depth. In other words, analysing the bacterial 

growth in 30mm diameter and 10mm height Petri dishes does not provide an accurate 

representation of the growth behaviour in 3D hydrogels. Hence, an investigation was 

performed in order to analyse the 3D growth behaviour in larger samples of hydrogel, 

where slices from sections at a variety of depths were taken, and the growth within the 

matrix of the gel was examined. 

The lack of oxygen is expected to have a major influence on the microbial growth, 

potentially leading to an accelerated decay rate. B. subtilis was believed to be a strict 

aerobe – i.e. they require oxygen to grow –, however, some studies have contradicted 

that theory and they can grow under anaerobic conditions too, becoming then facultative 

aerobes (Nakano and Zuber, 1998). The growth mechanisms are then the use of 

nitrates/nitrites as a terminal electron acceptor, or by fermentation. 
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The differential consumption of nutrients might also play an important role in the 

growth/decay rate since cells might quickly starve due to the unavailability of nutrients in 

their surroundings. In addition, these adverse conditions might lead to the formation of 

spores (as mentioned in previous sections), which might also lead to an alteration of the 

growth behaviour. 

Regarding the dimensions of the new gel samples, it was believed that growing the 

microbes in cylindrical samples would allow inspection of the growth rate across the 

different layers within the gel, behaviour that could not be investigated using standard 

Petri dishes. Therefore, it was believed that, considering the overall objectives of the 

project (see section 1.4. Aim and objectives), investigating the growth on cylindrical samples 

would provide results comparable to the microbial growth behaviour occurring in a large 

volume of agarose gel. 

 

- Design and 3D printing of the cylinders 

The diameter of the new specimens had to be the same as the 35mm diameter Petri 

dishes in order to allow visualisation of the bacteria-seeded hydrogel on the CONFOCAL 

microscope. A cylindrical mould was designed using SketchUp (see Figure 4-18) with the 

appropriate dimensions: 35mm diameter and 100mm in height. The sketch was then sent 

to a FormLabs printer which 3D-printed the cylinders using transparent resin. A platform 

was also 3D-printed to support the gel slices on the CONFOCAL microscope. This platform 

was also designed and 3D-printed using the same procedure (Figure 4-18). Additionally, 

both the cylinder and platform were placed on a water and ethanol bath (equal parts) in 

order to eliminate impurities and cured under UV light in order to increase the stiffness 

of the resin. 
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Figure 4-18. Final prototype of the 3D printed resin moulds and platform 

 

- Preparation of the slices 

The preparation of the gel samples is identical to the procedure used in section 4.3.3. 

Bacteria-seeded agarose gel preparation, with the only difference being the moulds used. 

The bacteria-inoculated gel was poured onto the cylinders, covered with tape in order to 

avoid contamination and placed in the fridge at 4°C for 10 minutes until the gel solidified. 

The cylindrical samples were then placed inside the incubator at the corresponding 

temperature to promote bacteria growth. For every selected time point, the cylinders 

were removed from the incubator and the gel samples were slid out of the mould. The 

100mm long gel cylinders were then cut into approximately 5mm thick slices, generating 

20 slices – which correspond to the 20 different layers within the gel that are to be 

analysed (Figure 4-19). The slices were then placed on the 3D-printed platform and 

analysed using the CONFOCAL microscope by following the procedure described in section 

4.3.4. Growth monitoring in bacteria-seeded hydrogels. 
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Figure 4-19. Representation of the cylindrical volume of hydrogel with its corresponding 
dimensions and number of layers 

 

- Data acquisition 

For each of the conditions evaluated, five cylinders were prepared, which correspond to 

the 3, 6, 9, 12 and 24-hour time points. Since 20 slices – i.e. layers of the cylinder – were 

to be analysed and three technical replicates were to be taken from each of the slices, the 

time needed for the analysis was too long to use more frequent time points. Hence, it was 

assumed that analysing the growth every 3 hours would give a relatively accurate 

representation of the growth behaviour of bacteria at each layer within the gel. Note that 

although it is not strictly true, it was assumed that no further bacteria growth occurred 

while the samples were being analysed on the microscope. Additionally, for each of the 

conditions evaluated, two biological replicates were analysed – i.e. the same test was 

performed from a different start culture under the same conditions – and the average of 

these two replicates was the value taken for further analysis. The reason for performing 

biological replicates is to increase the accuracy of the results since the data obtained from 

these tests will be used as an input for the computational model (see chapter 5). 

Regarding the different growth conditions analysed, the effect of three different 

temperatures (25°C, 30°C and 35°C) was evaluated along with the effect of two different 
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initial dilutions (1/1000 and 1/100). The reason for using a 1/1000 dilution instead of 

1/500 is to increase the difference between a high and a low initial concentration of cells 

and evaluate the impact on the growth behaviour. The two selected initial dilutions 

generated a 10-fold difference regarding the initial number of bacteria cells inoculated 

into the matrix of the gel and, therefore, a big variation is expected. Additionally, for 

simplicity purposes, the samples inoculated with an initial dilution of 1/1000 were 

referred as low initial cell concentration samples and those inoculated at 1/100 dilution 

were referred as high initial cell concentration. 

After analysing the first cylinder, it was discovered that measuring the cell concentration 

for all the layers within the gel (including three replicates) was too demanding and the 

analysis time exceeded 3 hours, overlapping with the next time point. Therefore, it was 

decided to only analyse the odd layers within the gel, with the exception of the three top 

and bottom layers, where large variations regarding cell concentration are expected. 

Additionally, the results represented for the even layers (not obtained experimentally) are 

the average between the two confining layers, i.e. the cell concentration for layer 14 is 

the average between layer 13 and 15. 

Appendix C shows the series of data points obtained from the experimental program for 

each of the layers and conditions analysed. Note that every single value represents the 

cell concentration (%) at each time point for each of the 20 layers within the gel. These 

results were calculated as the average of six values (two biological replicates and three 

technical replicates). 

These series of data points obtained experimentally were represented in the form of 

scatter graphs for each of the conditions and layers of the gel to evaluate their growth 

behaviour and allow comparison between conditions (Figure 4-22). 

 

- Differential growth rate between layers 

As mentioned in previous sections, the growth rate of bacteria along the layers of the gel 

was expected to be variable. In order to analyse this behaviour, the cell concentration (%) 

after 12 hours of growth at two different initial dilutions and temperatures was 
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represented for each of the 20 layers of the gel, 20 being the top layer of the cylinder and 

1 being the bottom (Figure 4-20). 

 

 

Figure 4-20. Differential cell concentration after 12h w.r.t. layer within the gel 
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The graph shows how the concentration of cells varies depending on the location within 

the gel, with the top and bottom layers exhibiting a higher concentration of cells than the 

middle layers. Figure 4-20 displays this behaviour for two different conditions: low initial 

concentration of cells and incubation at 35°C; and high initial concentration of cells and 

incubation at 25°C. However, the rest of the conditions analysed showed the same trend. 

This differential growth rate between layers might be possibly related to the lack of 

oxygen in the middle layers of the gel which might ultimately lead to sporulation of the 

cells or a reduced growth rate. Although it was confirmed by Nakano and Zuber, (1998) 

that B. subtilis cells can grow under both aerobic and anaerobic conditions, the growth 

rate – and consequently the growth profile – is expected to be different. The behaviour 

observed after analysing the gel cylinders further strengthens this theory. Additionally, 

accumulation of metabolic waste within the pores of the gel might also be another factor 

which affects bacterial growth. Another possible cause of this differential growth 

behaviour might be the precipitation and accumulation of nutrients at the bottom layers 

of the samples, before the gel is formed. However, understanding the factors that 

generate the observed differential growth rate is beyond the scope of this study. 

 

- Effect of temperature and initial cell concentration on growth rate 

Preliminary inspection of the results suggested that the growth rate in the layers 20, 19 

and 1 of the gel clearly showed a distinctive behaviour, while the microbial growth rate in 

the middle layers (2 to 18) tend to follow the same pattern, as it can be seen in Figure 4-21.  
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Figure 4-21. Growth curves obtained for layers 2-18 

 

A layer from the middle of the cylinder was selected randomly (11) alongside layer 1, 19 

and 20 and were the ones used to analyse the growth behaviour and make a comparison 

between the different conditions. Figure 4-22 shows the different growth profiles obtained 

from the experimental program corresponding to the different growth conditions 

analysed. 

The effect of the initial concentration of cells on the growth profile is substantial, as it can 

be seen comparing the graphs on the left side of Figure 4-22 (1/1000 dilution) with those 

on the right side (1/100 dilution). However, the difference in cell concentration (%) 

throughout the 24-hour period is smaller than a 10-fold, suggesting that even though the 

initial amount of CFU is 10 times lower for the samples inoculated at 1/1000 dilution, the 

actual bacterial yield is higher in the samples with low initial cell concentration. This 

phenomenon might possibly be associated to a higher amount of nutrients available for 

each cell in the low concentration samples, promoting an accelerated microbial growth 

rate. Note that, similarly to the tests performed in Petri dishes (section 4.4.4. Bacteria 

growth in agarose hydrogels), sporulation of the cells might also occur within the cylinders 

due to adverse growing conditions, potentially having a significant effect on the growth-

decay behaviour. 
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Figure 4-23 displays the growth profiles of the 4 layers selected and compares them to the 

growth profile obtained from the analysis in small samples (Petridishes) from section 4.4.4. 

Bacteria growth in agarose hydrogels. The shape of the growth profile in small agarose 

samples (red line) is somewhat similar to the growth profile at the top of the cylinders 

(layer 20), as expected. However, the growth rate and cell concentration values are much 

reduced in the cylinders, despite having the same initial concentration of cells and being 

incubated at the same temperature. This phenomenon is presumably associated to a 

lower concentration of cells due to reduced oxygen conditions; however, this might also 

be related to issues with the CONFOCAL microscope and the method used to obtain 

visualisations of the bacterial colonies at different depths within the gel. Either way, a 

more thorough analysis is recommended in order to get a more robust understanding. 

In addition, the effect temperature and initial dilution have on the growth behaviour is 

similar for both small and large (cylindrical) samples. Incubating the cylinders at higher 

temperatures, leads to an increased growth rate and an early start of the exponential 

phase. Similarly, the stationary phase is reached earlier for samples incubated at higher 

temperatures and it is followed by a rapid decay – or death – phase. This behaviour is also 

observed in Tuson et al., (2012), where the growth of different bacteria strains was 

monitored in 24-well plates containing bacteria-seeded polyacrylamide (PA) hydrogels 

using absorption spectroscopy measurements (wavelength λ=595nm). Amongst all the 

strains grown at 37°C, B. subtilis was the only one that decayed very rapidly after reaching 

the peak concentration, similar to the profiles displayed in Figure 4-22 for samples 

incubated at 35°C. 
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Figure 4-22. Effect initial cell concentration and temperature on growth profile for different 
layers 
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Figure 4-23. Growth profile for different layers at 1/100 dilution and 25°C (top), 30°C (middle) 
and 35°C (bottom). Red line represents the growth profile of B. subtilis in Petridishes for the 

same conditions, obtained from Figure 4-16 

 

Finally, the data points obtained experimentally were used to generate the growth profile 

for each of the conditions and layers, by following the procedure described in section 

4.3.4. Growth monitoring in bacteria-seeded hydrogels. Appendix D summarises the equations 

that best represent the growth behaviour for each of the conditions and layers within the 

gel. These profiles were then used as an input for the computational model so that the 

cell concentration over time under specific growth conditions can be easily simulated (see 

Chapter 5). 

 

4.5. Concluding remarks 

The above described experimental program investigates the growth and distribution 

behaviour of bacteria cells – and in particular B. subtilis cells – in 3D-seeded agarose gels. 

A method was developed to produce gels homogeneously seeded with bacteria cells, 

which also allowed visualisation of the 3D colonies within the porous structure. 

Additionally, the growth profiles of B. subtilis in cylinders of agarose gel were analysed 
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under different growing conditions. The following conclusions were summarised in 

accordance to the results obtained from the experimental program: 

• A new method was successfully developed to produce 3D-seeded agarose gels 

with uniformly distributed bacteria cells throughout the volume of gel. 

• CONFOCAL microscopy allowed exploration of the colony formation and 

distribution behaviour of bacteria cells as well as real-time monitoring of the 

growth rate and the relationship between bacteria cells and their environment 

• For the growing conditions tested, 6% is the highest concentration of LM agarose 

that allows homogeneous cell growth and distribution. Samples prepared with 

higher concentrations of agarose show a non-uniform distribution. 

• The colony formation patterns differ significantly depending on the bacterial 

strain. While E. coli colonies tend to form cluster-like colonies, B. subtilis colonies 

tend to form branches through the matrix of the gel as they grow. 

• The growth rate of bacteria colonies in liquid media or in Petri dishes differs 

significantly to that occurring within the matrix of cylinders of agarose gel. The 

growth rate in 3D hydrogels is much reduced due to the limitation of space for the 

cells to grow and move as well as a reduced oxygen availability. 

• Different growth rates appear at different depths within a cylinder of hydrogel. 

Layers in the middle of the cylinder show a much reduced growth rate in 

comparison to top or bottom layers. It is presumed that this behaviour occurs due 

to the different levels of dissolved oxygen available throughout the gel sample. 

Other factors such as differential nutrient consumption or sporulation might also 

have an effect on the growth behaviour, but understanding their impact is out of 

the scope of this thesis. 

• The number of cells inoculated into the gel also have a considerable effect on the 

growth profile. However, the relationship between the amount of CFU inoculated 

and the cell concentration over time is not proportional. 

• Temperature has a major effect on microbial growth behaviour. Similarly to the 

growth behaviour on liquid media, increasing the growing temperature leads to 

an accelerated growth rate over the first hours. However, increasing temperature 

also leads to an accelerated decay rate after the peak concentration is reached. It 



127 
 

is presumed that this phenomenon might be associated to the generation of 

spores at high temperatures. 

• The bacterial growth profiles were numerically obtained using non-linear 

regression and are presented in Appendix D. These expressions are introduced into 

the computational model in order to simulate the distribution and concentration 

of B. subtilis cells over time throughout a volume of agarose hydrogel (see Chapter 

5 for more details). 

The development of this novel method to prepare 3D bacteria cultures in hydrogels has 

implications for Thinking Soils since it allows real-time monitoring of the cell behaviour 

and the response to specific stimulus – such as pressure. However, the author believes 

this method might also be useful to the wider community of researchers, especially for 

research projects involving the use of engineered organisms, and the interaction between 

engineered cells and specific environments. A discussion about the possibilities of using 

this method for other applications is provided in Chapter 6. Conclusions. 

The following chapter details the design of the computational model and provides with 

series of simulations describing the behaviour of a pressure-sensitive gel-based system 

under different environmental conditions and loading scenarios. 



128 
 

 

 

 

 

 

 

 

 

 

 



129 
 

  

 

Modelling of a Gel-based Pressure-responsive System 

 

5.1. Introduction 

This chapter aims to describe the development of a computational model that integrates 

geotechnical simulations with biological data and predicts the behaviour of a bacteria-based 

pressure-responsive system. The model reproduces the behaviour of agarose gels under 

loading by incorporating the macro-scale level data obtained in Chapter 3 (i.e. mechanical 

properties of the agarose hydrogel and behaviour under loading). The model also 

incorporates the micro-scale level data obtained in Chapter 4 relative to the growth and 

distribution behaviour of bacteria colonies homogeneously seeded within the 3D structure of 

agarose gels. Finally, the model integrates these mechanical and biological simulations with 

hypothetical data of the nano-scale behaviour of pressure-sensitive bacteria cells and their 

enzymatic activity in response to such stimulus. 

The development of the model is described step by step in this chapter, alongside the 

governing equations that dictate the behaviour of the bacteria-seeded hydrogel under 

loading. The model is based on the computational work presented by Dade-Robertson (2015) 

and Dade-Robertson et al. (2016) where the behaviour of the ground underneath a raft 

foundation was represented for different loading scenarios – with the main difference being 

that the current model is specifically tailored for agarose hydrogels and their behaviour under 

loading, and real data about the growth behaviour of bacteria in 3D hydrogels and their 

distribution and colony formation throughout the volume is considered. Therefore, it is 

important to mention that the validity of the results obtained from Chapter 3 and 4 are 

recognised to be vital for the development of the computational model and the successful 

implementation of the gel-based physical demonstrator. 

The Design rationale section describes the reasoning behind the selection of the parameters 

used for the development of the model. The section Model development describes the steps 
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taken to generate the model alongside the mathematical expressions used to represent and 

predict the behaviour of the hydrogel under different loading conditions. Furthermore, the 

different parameters and boundary conditions used for the development of the model are 

also described in this section as well as the assumptions adopted. 

The Model simulations section provides with simulations taken from the 3D model that 

represent the behaviour of the system under different conditions and loading scenarios. 

Finally, the Model limitations section critically discusses the limitations of the current model. 

 

5.2. Design rationale and conceptual model 

As described in Chapter 1, Thinking Soils aims to design a material that remodels itself in 

response to the forces from the environment. The framework used to develop this kind of 

responsive system is based on how the stresses distribute through the ground upon 

application of a load on top of a shallow foundation (see Dade-Robertson (2015)). The 

proposed model aims to use the same design framework and simulate how the pressure-

sensing system responds to such stress distribution in a gel-based prototype demonstrator, 

which can be easily operated in a controlled laboratory environment and used to validate the 

proof of concept of such responsive system. 

Therefore, the model aims to represent the behaviour of a small-scale gel-based soil-

foundation system that integrates data from the nano to the macro scale and predicts the 

behaviour of the pressure-sensitive crystal-producing cells in a 3D gel-type structure, 

analogous to certain types of soils. Additionally, the model will allow for simulation of 

different loading scenarios and the consequent response of the system to such stimulus. As 

described in Chapter 2, the idea behind this pressure-sensing system is to generate localised 

changes in stress upon loading, which will be perceived by the cells living in the gel and will, 

ultimately, respond by inducing specific conditions in their microenvironment that will 

promote crystal precipitation. 

The model represents three types of behaviour: the mechanical aspects, where the stresses 

upon loading, pore pressure generated, consolidation effects and settlements are analysed; 

the biological aspects, which contains the data obtained experimentally from Chapter 4 
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regarding microbial growth and cell distribution; and the integrated system that couples both 

the mechanical and biological aspects with hypothetical data on the nano-scale behaviour of 

a pressure-sensitive strain of bacteria and its response in terms of enzymatic activity. Such an 

integrated system allows for representation of different environmental conditions and 

simulates how the system will respond. 

 

5.3. Model development 

The model proposes a scenario in which a 100x100x100 mm volume of hydrogel is 

homogeneously seeded with bacteria cells and is subjected to different growing and loading 

conditions, depending on its boundary conditions. For this case, the model is based on a 

loading system similar to the one found in an oedometer setup (see section 3.3.6. Oedometer 

tests). Thus, the design of the future physical demonstrator is expected to involve the use of 

a oedometer cell modified in such a way that it can accommodate a mould containing the 

1000 cm3 volume of gel and to which a desired load can be applied on top of the gel, 

simulating the effect of a rectangular foundation. With such a setup, the oedometer 

apparatus would control the magnitude of the loads applied onto the simulated foundation 

or loading platform as well as the deformations occurring to the gel volume. In addition, the 

model not only provides graphical and numerical simulations of the system for future 

comparison but also informs the design of the physical demonstrator. 

 

5.3.1. Software 

The software used to develop the model was Processing (v3.3.6), an open-source, object-

oriented programming language based on Java. This software was selected due to the many 

built-in features and the user-friendly coding environment, which allow a non-expert user to 

create relatively complex graphical applications in a simple way. 

Appendix E contains the raw code used to develop the application, along with comments 

describing each line of code. Like most object-oriented coding environments based on Java,  

Processing follows a very simple syntax which starts by the definition of objects (e.g. variables 
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and classes) followed by the definition of methods (e.g. statements, functions, etc) that 

dictate the behaviour of such objects. 

 

5.3.2. Mesh generation and Finite Element computation 

Similarly to the earlier soil-based version of the model presented in Dade-Robertson (2015), 

the code implements a type of finite element analysis in which the analysed volume is divided 

into smaller parts, by generating a 3D mesh of cubic elements or voxels, allowing the 

evaluation of the behaviour at individual points within the 3D volume of gel. The volume of 

gel is divided into 40 voxels in each direction, leading to the formation of 64,000 voxels (see 

Figure 5-1). The simplicity of the mesh and the cubic shape of the voxels facilitates 

computation of the set of equations integrated in the model. 

 

 

Figure 5-1. Diagram to illustrate the dimensions of the gel volume and the section through the 
centre used to produce the 2D simulations 

 

In this way, every individual voxel within the gel volume shows a response to the different 

mechanical and biological parameters analysed, and the coupling of all the voxels together 

leads to the generation of the 3D simulations. Figure 5-1 shows the section selected to analyse 

the behaviour of the simulations. 
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5.3.3. Boundary conditions 

The model proposes a system in which the 3D volume of gel is contained within a 

100x100x100 mm solid mould, as described above. The boundary conditions play a major role 

in defining the behaviour of the gel volume upon loading. Three potential scenarios are 

studied, which are described as follows: 

a) Fully constrained volume of gel under undrained conditions 

This scenario considers the volume of gel to be fully constrained in all directions (does not 

allow deformation), as it is represented in Figure 5-2. Both the lateral walls and the base of the 

mould are impermeable and do not allow any movement – they simply limit the volume of 

gel. Additionally, no drainage of the pore water occurs through the impervious stone and, 

hence, consolidation does not take place – i.e. volume of the gel does not change. The load 

applied on top of the impervious surface generates a distribution of total stress (pore water 

pressure) equal in all parts of the volume and does not dissipate – i.e. the stress at a point 

located in the middle of the gel volume is equal to the stress at a point located next to the 

mould wall. 

 

Figure 5-2. Representation of a fully constrained scenario under undrained conditions 

 

b) Laterally constrained volume of gel under drained conditions 
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This scenario considers the volume of gel to be constrained laterally (no deformation allowed 

laterally) but allowing drainage of the pore water in the vertical direction, and consequent 

vertical deformation. The mould walls are impervious and do not allow any movement, but 

the porous surfaces at the top and bottom of the mould allow vertical drainage of water upon 

loading, as represented in Figure 5-3, leading to consolidation, volume reduction and pore 

pressure dissipation. Additionally, this setup allows the user to select between one-way and 

two-way drainage. The load applied on top of the porous surface generates a distribution of 

total stress (initially carried by the pore water) equal in all dimensions, which is gradually 

transferred to the gel skeleton as consolidation occurs (see section 5.3.4. Mechanical behaviour 

for more details). Also, note that this scenario is identical to that in an oedometer cell. 

 

Figure 5-3. Representation of a fully constrained scenario under drained conditions 

 

c) Semi-infinite volume of gel 

This scenario aims to represent the behaviour occurring in a semi-infinite volume of gel – i.e. 

volume limited in one direction (vertical) and infinite in the other (horizontal). In order to 

achieve this behaviour, the volume of gel is constrained laterally (drainage and deformations 

are not allowed), similarly to case a) and b), however, in this case the dimensions of the 

loading platform are considerably smaller than the gel surface, as illustrated in Figure 5-4, 

developing a radial distribution of stresses (see section 5.3.4. Mechanical behaviour for more 

details on how stresses distribute upon loading). The dimensions of the loading surface must 
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be small enough so that the stresses developed at the lateral boundary upon loading are 

negligible. This way, the effect of the lateral confinement can be neglected and the stress 

distribution is not affected by the boundaries. In addition, this scenario also allows the user 

to choose between one-way or two-way drainage.  

 

Figure 5-4. Representation of a scenario simulating the effect of semi-infinite volume of gel 

 

5.3.4. Mechanical behaviour 

This section describes the mechanical aspects taken into consideration in the design of the 

computational model in order to examine the mechanical behaviour of the hydrogel upon 

loading. The model aims to represent the stress distribution under different loading 

conditions as well as the generation and dissipation of pore pressures and the settlements 

occurring due to consolidation. Each of the following sections includes the mathematical 

expressions adopted to represent the relevant behaviour. 

- Stress distribution upon loading 

As load is applied onto the surface of the gel, a differential total stress distribution is 

generated, with greater values directly underneath the load area, and reduced levels of stress 

as depth increases. Boussinesq (Boussinesq, 1871) developed the mathematical relationships 
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for determining the normal and shear stresses at any point within a homogeneous, elastic and 

isotropic medium due to a concentrated load applied on the surface of it. For a soil scenario, 

it is assumed that the soil mass is isotropic, homogeneous and fully elastic and that the semi-

infinite space is free of initial stress and deformation. In the case of hydrogels, due to the 

homogenous matrix structure, the material is expected to be isotropic and, additionally, 

hydrogels have an elasto-plastic behaviour upon loading, but the elastic region is greater than 

in soils. Hence, adopting Boussinesq’s stress distribution in hydrogels is appropriate. 

According to Boussinesq’s solutions, the distribution of vertical total stresses upon loading is 

radially symmetrical and decreases with the square of the depth beneath the application 

point. Hence, the value of the total stress within a volume of soil directly depends on the 

value of the applied load as well as the location of the point considered. 

Since the model aims to represent the stress distribution generated underneath a rectangular 

loading platform (simulating the effect of a loaded building foundation), an integration of the 

Boussinesq solution has to be adopted. Fadum (1948) developed a method to obtain the 

vertical stress value at the corner of a rectangle on which a pressure is applied uniformly and 

in the normal direction. In order to obtain the value of the vertical stress at any point within 

the gel, the analysed area needs to be divided into four rectangles, as illustrated in Figure 5-5, 

where P is the point of interest. The principle of superposition is applied so that the stress at 

any point of the 3D volume of gel can be calculated. As it can be seen from the illustration, 

the contribution of each rectangle is provided by the Influence value, I. This value can be 

calculated by using the following expressions (Fadum, 1948; Poulos and Davis, 1974). 

 

I =  
1

2π
[arctan (

m ∗ n

√m2 + n2 + 1
) + (

m ∗ n

√m2 + n2 + 1
) (

1

1 + m2
+

1

1 + n2
)] 

 

 

(Equation 5-1) 
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b
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where 𝑏 and 𝑙 are the breath and length of each of the resulting rectangles and 𝑧 is the depth 

of the point of interest, as shown in Figure 5-5. The final vertical stress due to a rectangular 

loading at any point within the 3D volume of gel can be obtained by using the following 

expression: 

 

𝜎𝑧 = 𝑞 ∗ (𝐼1 + 𝐼2 + 𝐼3 + 𝐼4) 

(Equation 5-2) 

 

where 𝑞 is the pressure applied on the rectangular surface due to a constant load and 𝐼1,2,3,4 

is the influence value given by each of the rectangles. 

 

 

Figure 5-5. Diagram to illustrate the method adopted to calculate the stresses generated underneath 
a rectangular foundation 

(after Dade-Robertson et al. (2018)). 

 

Once the value of the vertical stress has been calculated for each of the voxels within the 3D 

volume of gel, the simulations are displayed by assigning a colour to each voxel, which 

depends on the stress level. 
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- Bearing capacity of the gel system 

The scenario presented in Figure 5-4 relies on the gel being strong enough to withstand the 

pressures applied by the external load. If the stresses generated are greater than the bearing 

capacity of the gel, the interface between the loading platform and the gel will collapse. 

Terzaghi (1943) investigated shearing failures occurring due to excessive load in areas 

underneath a shallow building foundation. Figure 5-6 represents the three possible sliding 

surfaces or modes of failure that might occur after an excessive load is applied, which depend 

on the type of the soil. For the case of soft cohesive soils, failure is expected to occur by 

punching shear. Therefore, due to the similarities between the agarose gel and this type of 

soils, it is assumed that if the load applied exceeds the bearing capacity of the gel, the loading 

platform will collapse by punching shear failure. 

 

Figure 5-6. Different modes of failure upon excessive loading (representation of Terzagui’s failure 
zones underneath a shallow foundation) 

 

Independently of the different shearing failure modes, the system will not collapse if 

appropriate loads and dimensions of the loading platform are selected. Considering hydrogels 

are fully saturated, the most critical point is immediately after the load has been applied. 

Thus, undrained conditions must be adopted to calculate the maximum bearing capacity of 

the gel. Skempton (Skempton, 1951) developed a simplified version of Terzaghi’s bearing 

capacity equation (Equation 5-3) for the case of saturated cohesive soils – i.e. loading in 

undrained conditions. Since the angle of internal friction is equal to 0, the expression only 

depends on the undrained shear strength Cu and the Skempton factor Nc : 
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𝑞𝑓 =  𝐶𝑢 ∗ 𝑁𝑐  

(Equation 5-3) 

where 𝑞𝑓 is the ultimate bearing capacity of the system. If the foundation is square and 

located at the surface (i.e. z=0), the Skempton factor Nc is equal to 6.2, as it can be seen from 

Figure 5-7. 

 

Figure 5-7. Diagram representing the variation of the Nc coefficient with depth 

(reproduced after Skempton (1951)) 

 

As demonstrated in Chapter 3, the undrained shear strength of our hydrogel ranges between 

23 and 31 kPa, depending on the value of the confining stress or 𝜎3. Without a better 

understanding of this behaviour, the average undrained shear strength value was adopted. 

This equals to approximately 27 kPa, and using Skempton’s expression, the ultimate bearing 

capacity of the gel can be calculated, as approximately 167 kPa.  

The ultimate bearing capacity of the gel was integrated in the model in such a way that if the 

combination of load and loading platform dimensions selected does generate stresses greater 

than the ultimate bearing capacity, the model does not proceed and displays the text “Bearing 

capacity exceeded”. 

Note that adopting an average Cu value is considered acceptable due to the preliminary 

nature of the model. However, the selection of the undrained strength value will have 

implications for the model, in particular the maximum load that can be applied and the 

associated bearing capacity of the gel. Therefore, it is recommended that, once this variation 
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on Cu is better understood, the computational model should be updated to reflect these 

changes. 

 

- Consolidation behaviour 

Similarly to saturated cohesive soils, the micropores of the gel are filled with water, and as a 

load is applied on to the surface of the gel, an excess pore pressure develops of the same 

magnitude. This behaviour occurs due to the incompressibility of water compared with that 

of the gel (fibre) microstructure. These excess pores pressures generated are only able to 

dissipate if drainage of water occurs, leading to consolidation of the sample (Terzaghi, 1943). 

As consolidation occurs, the load is gradually carried by the gel skeleton. When these excess 

pressures have dissipated entirely, the system has finished primary consolidation at that level 

of stress, and the pressures are equalised throughout the system. The excess pore pressure 

generated within the system upon loading depends on several parameters (Powrie, 2014): 

- The magnitude of the applied vertical stress 

- The permeability of the system 

- The length of the drainage path 

The consolidation effect upon drainage is accompanied by the restructuring and compression 

of the system (in this case the gel matrix). At the moment all the excess pore pressures have 

dissipated, the loading stress generated by the force applied onto the loading surface is only 

supported by the fibrous microstructure of the gel. The rate at which consolidation occurs is 

dictated by the coefficient of consolidation, 𝑐𝑣 (calculated in Chapter 3). 

The computational model is able to represent the dissipation behaviour of the pore pressures 

generated within the gel upon loading. In addition, the restructuration of the gel matrix upon 

consolidation leads to a reduction of the gel volume and consequent settlement – i.e. vertical 

displacement of the loading platform due to drainage. 

Both the pwp (pore water pressure) dissipation effect as well as the settlement occurring to 

the loading platform are described in the following sections. 
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- PWP dissipation 

Excess pore pressure refers to the water pressures developed within the pores upon loading. 

As mentioned above, if the pores of the gel are fully saturated, the value of the stress applied 

due to loading is carried completely by the water within the pores, and it is gradually 

transferred to the fibrous microstructure as consolidation occurs. 

 

Terzaghi’s one-dimensional consolidation equation (Terzaghi, 1943, 1925) can be used to 

calculate excess pwp over time in the vertical direction. This is given as follows: 

𝜕2𝑢

𝜕𝑧2
𝑐𝑣 =  

𝜕𝑢

𝜕𝑡
 

(Equation 5-4) 

 

where u refers to the excess pwp at the time t and depth z, and 𝑐𝑣 is the coefficient of  

consolidation, which, as defined above, determines the rate at which consolidation of the  

system occurs. The coefficient of consolidation can be calculated as follows: 

 

𝑐𝑣 =  
𝑘

𝜌𝑤 ∗ 𝑔 ∗ 𝑚𝑣
 

(Equation 5-5) 

 

where k is the permeability of the system, 𝜌𝑤is the water density, g is the gravitational 

acceleration and mv is the coefficient of compressibility. 

The solution to Terzaghi’s one-dimensional consolidation can be solved mathematically by 

using Fourier series (Taylor, 1948). Abid and Pyrah (1988) developed a simplified version of 

the differential equation so that it can be easily implemented in a coding environment: 

 

𝑢𝑧,𝑡+𝛥𝑡 =  𝑢𝑧,𝑡 +  𝛽 ∗ [𝑢𝑧−1,𝑡 + 𝑢𝑧+1,𝑡 − 2 ∗ 𝑢𝑧,𝑡] 

(Equation 5-6) 

 

where β is a coefficient that directly depends on the coefficient of consolidation cv and it can 

be calculated as follows: 
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𝛽 =  
𝑐𝑣 ∗ 𝛥𝑡

𝛥𝑧2
 

(Equation 5-7) 

 

This method of analysing the one-dimensional consolidation and excess pore water pressure 

dissipation relies on several assumptions: 

 

- The voids within the system must be completely filled with water. 

- Water and soil grains are considered perfectly incompressible. 

- The coefficient of permeability is considered constant throughout the system. 

- The excess pore water pressures at the drainage ends is considered to be 0, 

immediately after the load is applied. 

- The system is assumed to only drain in the vertical direction 

- The flow of water draining out of the system depends on the its permeability and the 

hydraulic gradient generated in the direction of the flow, i.e. Darcy’s law applies 

(Darcy, 1856). 

These assumptions are originally for granular materials, however, as explained above, due to 

the composition and structure of the gels (fibrous matrix containing micropores saturated 

with water), it is assumed that the same assumptions apply and that consolidation occurs in 

a similar way than in soils. 

 

- Settlement 

As described in previous sections, settlement refers to the compression of a soil layer due to 

the stress generated by loading the surface. This concept is originally used for granular 

materials and a soil-structure environment, however, it is assumed that the same theory 

applies for our hydrogel system. Modelling with accuracy the amount of settlement occurring 

in a gel volume upon loading is very important since its value strongly depends on the stiffness 

of the gel. By measuring the amount of settlement generated after the load is applied, an 

estimate of the stiffness of the sample as well as comparison between samples can be made. 

For instance, gel samples with a larger concentration of crystals precipitated will most likely 

be stiffer, and the settlement occurring upon loading will be reduced in comparison to more 
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compressible samples. More details on this are provided in Chapter 6. Conclusions and 

Recommendations for Future Work. 

This study has focused on modelling the settlement behaviour in agarose gels so that the 

deformations occurring to the future physical demonstrator upon loading can be compared 

to the values obtained from the computational model, and the accuracy of the model in 

representing this behaviour can be assessed. The model evaluates two types of settlement: 

immediate settlement or elastic deformation and consolidation settlement. 

1) Elastic deformation.  

Immediately after the load is applied, elastic deformations occurs at the surface of the gel, 

as represented in Figure 5-8. 

 

Figure 5-8. Representation of elastic settlement occurring upon loading 

 

This elastic or immediate settlement purely occurs due to the elastic properties of the 

material. Therefore, it is assumed that it occurs under linear elastic conditions and the elastic 

or Young’s modulus E is used for its calculation, amongst other parameters. The expression 

that calculates the total amount of immediate settlement (SI) occurring in a homogeneous 

layer of gel due to uniform loading is represented as follows: 

𝑆𝐼 =  (
1 − 𝜈2

𝐸
) ∗ 𝑞 ∗ 𝐵 ∗ 𝐼𝜌 

(Equation 5-8) 
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where ν is the Poisson’s ratio of the gel, E is the Young’s modulus of the gel, q the contact 

pressure at the base of the loading surface, B the width of the loading surface and Iρ the 

influence factor, which depends on the shape and rigidity of the loading surface. If a 

rectangular rigid loading surface is considered, the Iρ is equal to 0.9 (Smith, 2014) 

However, a different method was used for the computation of the immediate settlement. 

Rocscience Inc., (2007) developed a software (Settle3D) that, amongst other features, 

computes the value of the immediate settlement at each point within a volume of soil. The 

method relies on (Equation 5-10) – which is based on the principle of elasticity and the 

relationship between the total stress, strain and Young’s modulus. For this method to be 

accurate, the longitudinal or constrained Young’s modulus (Es) must be used instead. This 

modulus is defined as the ratio of axial stress to axial strain in an uniaxial strain state – which 

are the conditions present in our setup. The expression to calculate Es from the value of the 

Young’s modulus is as follows: 

𝐸𝑠 =  
𝐸

(
(1 + 𝜈)(1 − 2𝜈)

1 − 𝜈
)

 

(Equation 5-9) 

 

where 𝜈 is the Poisson’s ratio of the material. Since the value of the Poisson’s ratio has not 

been obtained for the agarose gel, a slider was added into the Graphic User Interface (see 

section 5.3.7. Graphic user interface) so that the user can select a value out of a range provided. 

It is expected that, in future experiments, more mechanical tests will be performed in order 

to provide an insight into some of the remaining unexplored properties of the gel, including 

the Poisson’s ratio. Normand et al. (2000) estimated the Poisson’s ratio to be equal to 0.5, for 

large deformations. Furthermore, Takigawa et al. (1996) discovered that the Poisson’s ratio 

of Polyacrylamide gels – which have similar properties to agarose gels and are also used in 

molecular biology – is equal to 0.457. 

The vertical strain at each of the layers of hydrogel can then be calculated with the elasticity 

relationship: 



145 
 

𝜀 =  
𝛥𝜎

𝐸𝑠
 

(Equation 5-10) 

 

where 𝛥𝜎 is the increase in vertical stress at every point. The vertical displacement δ at each 

of the layers can then be calculated using the strain values obtained: 

𝛿 =  𝛥𝑧 =  𝜀 ∗ ℎ 

(Equation 5-11) 

 

ℎ being the original thickness of the sublayer. The immediate settlement is finally computed 

by using the following expression: 

𝛿𝑖 =  𝛿𝑖+1 + 𝜀𝑖ℎ𝑖 

(Equation 5-12) 

 

Figure 5-9 illustrates the way in which the computation of the immediate settlement is 

performed. 

 

 

Figure 5-9. Diagram to illustrate the method used to compute the settlement 
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2) Consolidation settlement 

The immediate settlement described above occurs immediately after the load is applied and 

does not involve any change in volume. However, after the initial load has been applied and 

the gel deforms elastically, a change in volume gradually occurs due to the process of 

consolidation, and vertical deformations (due to the consolidation settlement) are generated 

over time. 

Vertical stresses transmitted from the surface load are initially carried by the water within the 

pores, since water is considered incompressible in comparison to the fibrous microstructure 

of the gel, as mentioned above. Therefore, immediately after the load is applied, primary 

consolidation begins. This process involves drainage of water from the pores. As mentioned 

earlier, as consolidation occurs, the load is transferred gradually from the pore water to the 

skeleton of the system. This load transfer is accompanied by a decrease in the gel volume 

which is equal to the volume of water drained from the gel. Primary consolidation finishes 

when all the excess pore water pressures have dissipated. The one-dimensional consolidation 

behaviour of the gels was analysed in Chapter 3, and the two important parameters that 

influence consolidation – i.e. the coefficient of compressibility 𝑚𝑣 and coefficient of 

consolidation 𝑐𝑣 – were obtained from the experimental program. Terzaghi’s consolidation 

theory can be used to predict the rate and magnitude of the settlement occurring due 

consolidation. 

There are several methods to calculate consolidation settlement, which depend on the 

parameters that are required for the calculation. The method that was selected relies on the 

compressibility values obtained in Chapter 3. The model calculates the amount of settlement 

occurring at each of the 40 horizontal layers of hydrogel, according to the following 

expression: 

𝑆𝑐 =  𝛥𝜎′ ∗ 𝑚𝑣 ∗ 𝐻 

(Equation 5-13) 

 

where 𝑆𝑐 is the settlement due to consolidation, 𝛥𝜎′ the increment in effective stress due to 

the external load, 𝑚𝑣 the coefficient of compressibility and 𝐻 the height of the layer. 
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The coefficient of compressibility in agarose gels was analysed in Chapter 3 and it was 

confirmed that its value depends on the stress level. However, for the computation of the 

settlement, the same value is used for all the layers within the gel and, considering the height 

of the layers is constant (i.e. 2.5mm), the value of the consolidation settlement only depends 

on the value of the stress applied at each point within the gel. In addition, the stresses used 

for the computation are effective stresses – i.e. vertical stress minus pore pressure – and, 

therefore, the pore pressure values were also used in the computation of the settlement, 

providing a time-dependant solution. 

The computation of the total consolidation settlement was then performed by following the 

same procedure that was used for the computation of the total immediate settlement (Figure 

5-9). 

 

5.3.5 Biological aspects 

As described in Chapter 2,  urease is an enzyme produced by some microorganisms that 

catalyses the hydrolysis of urea into carbon dioxide and ammonia and under the right 

conditions, it leads to crystal precipitation. Our system assumes that the three-dimensional 

distribution of urease within the system directly depends on the location of the cells within 

the 3D matrix of the gel. However, the amount of urease or urease activity in the environment 

is not necessarily proportional to the cell concentration (see Chapter 2. Literature review). 

The computational model proposes a system where the experimental data from the bacterial 

growth experiments (Chapter 4) can be associated to hypothetical levels of urease expression. 

The relationship between cell concentration [%] and urease activity [U/mL] was implemented 

in the model in such a way that different profiles can be selected and their effect can be 

visualised. 

It is also worth mentioning that some researchers within the Thinking Soils group are 

investigating how urease expression is activated and regulated in B. subtilis. Thus, once 

experimental data relating cell concentration and urease activity is available, the different 

profiles obtained can be easily introduced in the computational model. That way, the model 

will be able to generate different urease expression patterns across the gel depending on the 

growth conditions (see section 5.4. Model simulations). 
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- Bacterial growth data (cell concentration) 

The microbial growth expressions obtained in Chapter 4, which are displayed in Appendix D, 

were introduced in the main code of the model. A slider was added in the Graphic User 

Interface to select the growth temperature (25°C, 30°C or 35°C) and two toggles were created 

to select the initial concentration of cells (low or high). 

Additionally, the microbial growth data is displayed next to the volume of gel in the form of a 

horizontal bar graph, where the cell concentration [%] is represented for every vertical layer 

within the gel. Figure 5-10 shows how the cell concentration is represented in the model for 

one of the growth conditions after 3h of incubation. 

 

Figure 5-10. Cell concentration after 3h of growth at 35°C (high initial concentration of cells) 

 

- Urease activity relative to cell concentration 

The microbial growth data implemented in the code was associated to values representing 

urease activity, as mentioned above. Due to the lack of experimental data regarding urease 

activity, the range of values used to describe the behaviour of the urease enzyme were 

selected to range between 0 and 25 [U/mL] (urease activity units). These values were 

obtained from the work presented by Phang et al., (2018) where the urease activity is 
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measured in relation to the cell concentration for several B. subtilis species. Thus, the urease 

expression values produced by a wild-type (i.e. non-engineered) Bacillus strain are expected 

to be in that range. Furthermore, Omoregie et al., (2017) and Singh et al., (2017) also 

investigated on the urease activity of B. subtilis under different pH solutions, and the higher 

values obtained were approximately 30 [U/mL] for pH=7. 

The model is able to calculate values of cell concentration over time for the required growth 

conditions, as described in the previous section, and associate these values to hypothetical 

values of urease expression (Figure 5-11). The results are then represented in the same way as 

the stresses or the settlements – i.e. assigning a colour to each of the voxels which depend 

on the urease level values. Hence, by changing the relationship between the urease 

expression values [U/mL] and the cell concentration [%], different patterns of urease levels 

within the gel volume are obtained (see section 5.4. Model simulations).  

The release of the urease enzyme into the environment produced by some strains of bacteria 

is the parameter that controls the formation of crystals, as mentioned above. So, these levels 

of urease can then be associated to crystal formation. In this way, depending on the [%] – 

[U/mL] profile selected, different patterns of crystals precipitation are expected to be formed 

within the gel volume. Section 6.5. Recommendations for future work discusses in more detail 

the feasibility of the model for different situations, including how to monitor crystal formation 

in hydrogels. 

Figure 5-11 shows three graphs displaying different [U]-[%] relationships, where the horizontal 

and vertical axis are cell concentration [%] and urease activity [U/mL], respectively. 

 

Figure 5-11. Different Urease Activity – Cell Concentration relationship:  A) Linear increase, B) Peak, 
C) Linear decrease 
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Figure 5-11 (A) represents a scenario where the urease expression increases linearly as the 

cells grow within the system. Figure 5-11 (B) describes a scenario where a peak of enzyme 

activity is reached for a specific concentration of cells but the expression decreases as more 

bacteria cells grow within the gel. Finally, Figure 5-11 (C) represents a less likely scenario where 

the system generates high levels of urease that linearly decrease as the microbes grow within 

the gel. The relationship displayed in Figure 5-11 (A) is the one selected for the model 

simulations (see section 5.4. Model simulations). However, as it was described in Chapter 2, this 

relationship is not likely to be linear, since urease activity not only depends on the number of 

cells present in the system, but also on many other parameters. Therefore, a sensitivity study 

is recommended for the next phase of the project where the impact different urease activity 

– cell concentration functions have on the behaviour of the system is assessed. 

 

5.3.6. Integrated system 

This section aims to describe the methods adopted to integrate the biological data regarding 

cell concentration and urease activity values with the mechanical behaviour of the gel under 

different loading scenarios. The section is divided in two parts:  

- Part one describing the development of a process that integrates hypothetical urease 

activity levels of a pressure-sensitive Bacillus strain relative to the stresses applied to 

the gel.  

- Part two describing how the model couples the experimental microbial growth data 

of B. subtilis with associated levels of urease alongside the amplifying effect on urease 

expression due to the pressure-sensitivity. This integration leads to the development 

of a bio-mechanical coupled system. 

 

- Urease activity relative to level of stress 

The models of total stress and pore pressure dissipation described in previous sections were 

associated to urease activity values. Let’s imagine a single engineered bacteria cell that 

constitutively expresses a certain amount of urease under no-pressure conditions. This level 
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of urease produced can be referred as the baseline level, which will increase or decrease 

depending on the urease activity profile. This variation in urease activity can be expressed as 

a percentage or, in our case, as an expression ratio. For instance, if the amount of urease 

expressed (i.e. urease activity) doubles as a certain pressure is applied, then the ratio between 

the urease activity under pressure and the baseline urease activity (under no-pressure 

conditions) equals 2. 

If we propose a scenario where the urease expression ratio increases linearly with the level of 

stress (i.e. pore water pressure), as represented in Figure 5-12, high levels of urease are 

expected in the areas just underneath the loading surface, where higher pressures develop. 

The urease activity would then gradually decrease as distance from the loading surface 

increases (see section 5.4. Model simulations). The way the model integrates the pore pressure 

data with the expression ratio values is as following: 

- The model calculates the levels of stress present across the gel due to a specific loading 

condition. These stresses are initially carried by the pore water, generating pore water 

pressures of the same initial value than the stresses due to loading. 

- A value is assigned to the coefficient of consolidation so that consolidation takes place over 

time. Pore pressures dissipate at a rate which is proportional to the coefficient of 

consolidation. Section 5.5. Model limitations provides a critical discussion on why pore 

pressures are being modelled, instead of total stresses. 

- The stress values (pore pressures) generated across the 3D volume of gel are then associated 

to urease expression ratio values, in accordance to Figure 5-12. 

- Finally, the resulting expression ratio values are mapped to the 3D volume of gel, by 

displaying each voxel in a range of colours, depending on the expression ratio value. 

Note that for the case of a linear relationship as the one displayed in Figure 5-12, the urease 

expression pattern is identical to the pore pressure patterns. 

Researchers in the Thinking Soils project are currently working on developing a strain of 

bacteria significantly sensitive to pressure, and some preliminary results are presented in 

(Guyet et al., 2018). However, a comprehensive characterisation of the strain’s pressure-

sensitivity has not been obtained yet, and therefore estimated values for the ratio have been 
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selected. Thus, for Figure 5-12, the maximum Expression ratio value selected is equal to 5, 

which ultimately leads to a 5-fold increase in urease activity at the selected level of stress (in 

this case 175 kPa). 

 

 

Figure 5-12. Diagram to illustrate the increase in urease activity (Expression Ratio) depending on the 
level of stress 

 

- Bio-mechanical coupled model 

The computational model is also able to incorporate the urease activity data corresponding 

to the cell concentration with the above-mentioned urease expression ratio relative to the 

level of stress within the system. 

The way the model computes the resulting urease level (U/mL) at each point within the gel is 

by multiplying the baseline urease activity values associated to the amount of cells (non-

pressurised urease expression, in U/mL) with the value of the expression ratio relative to the 

level of stress present at each point, i.e. 

 

𝐏𝐫𝐞𝐬𝐬𝐮𝐫𝐢𝐬𝐞𝐝 𝐮𝐫𝐞𝐚𝐬𝐞 𝐞𝐱𝐩𝐫𝐞𝐬𝐬𝐢𝐨𝐧 (𝐔/𝐦𝐋) = 𝐛𝐚𝐬𝐞𝐥𝐢𝐧𝐞 𝐮𝐫𝐞𝐚𝐬𝐞 𝐞𝐱𝐩𝐫𝐞𝐬𝐬𝐢𝐨𝐧 (𝐔/𝐦𝐋) ∗ 𝐞𝐱𝐩𝐫𝐞𝐬𝐬𝐢𝐨𝐧 𝐫𝐚𝐭𝐢𝐨 

(Equation 5-14) 
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Figure 5-13 describes the method to compute the resulting amount of urease expressed in a 

point located in the middle of the gel volume (i.e. x=20mm, y=20mm and z=20mm) under the 

following growth and loading conditions: 

 

Load 150N 

Loading base/platform 30mm 

Initial dilution High 

Growth temperature 35°C 

Time 3h 

Table 5-1. Example of growing and loading conditions 

 

The cell concentration at the required point after 3h of incubation under the specified 

growing conditions in Table 5-1 is equal to 0.66%, which according to Figure 5-13 (A), produces 

5.5 U/mL. This value refers to the urease level being expressed by the bacteria cells at that 

time and location within the gel under no-pressure conditions, i.e. the baseline urease 

expression. Additionally, the pore pressure due to the specified loading conditions at the 

required point is equal to 25.9 kPa. Thus, if the urease expression profile of the pressure-

sensitive engineered strain is represented as displayed in Figure 5-13 (B), the expression ratio 

at 25.9 kPa is equal to 1.6, which corresponds to a 1.6-fold or 60% increment in urease 

expression. This value can then be multiplied to the baseline urease level obtained from Figure 

5-13 (A), and the resulting amount of urease expressed at the required point due to the effect 

of the local pressure is equal to 8.7 U/mL. 
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Figure 5-13. Diagram to illustrate the method used to calculate the resulting urease activity relative 
to cell concentration and stress level 

 

The model performs the same procedure to all the points (voxels) within the gel and the 

results are displayed by assigning a range of colours to each of the voxels, which depend on 

the urease value expressed at each location. Additionally, the model is time-dependent due 

to the pore pressure dissipation effect upon consolidation. 

 

5.3.7. Graphic user interface 

A library called ControlP5 was introduced in the Processing directory to allow the creation of 

a Graphic User Interface (GUI). This GUI allows interactive exploration of the different 

parameters used for the analysis so that the resulting simulations can be visualised 

dynamically, without the necessity of having to access the main code. The GUI mainly uses 

Sliders to select the required values for each parameter. However, where a true/false 

response is needed (e.g. activate/deactivate one-way drainage), a parameter called Toggle is 

used. In addition, the GUI also allows for the different simulations to be exported as 2D 

models so that the effect of the different parameters and conditions can be compared. Figure 

5-14 shows a screenshot of the model’s Graphic User Interface. 

Table 5-2 describes all the features and parameters included in the Graphic User Interface, 

with their respective description and range of values. 
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Parameter 
 

Type Description Value range 

Simulation Mode Slider Selects the analysis mode 1 - 8 

Load Slider Selects the value of the load 
applied 

0 - 1000 [N] 

Loading platform 
dimensions 

Slider Selects the length of the square 
loading surface 

10 - 100 [mm] 

Time threshold Slider Stops the simulation when the 
value is reached 

0 - 10 [h] 

Temperature Slider Selects the required growth 
temperature 

25 - 35 [°C] 

Slice Slider Selects the required 2D section 
for analysis 

1 - 20 

Coefficient of 
consolidation 

Slider Selects the value of the 
coefficient of consolidation 

0 - 3 [m2/year] 

Coefficient of 
compressibility 

Slider Selects the value of the 
coefficient of compressibility 

0 - 1 [m2/MN] 

Poisson’s ratio Slider Selects the value of the Poisson’s 
ratio 

0.4 - 0.49 

High Toggle Selects a high initial cell 
concentration 

- 

Low Toggle Selects a low initial cell 
concentration 

- 

Drainage Toggle Allows/prevents water drainage - 

One-way Toggle Prevents the gel from drain 
through the bottom end 

- 

Local stress Toggle Allows the calculation of local 
stresses (only when                   
length loading surface <= 50mm) 

- 

Lock Toggle Prevents rotation of the analysis 
volume 

- 

Isobars Toggle Displays the results as isobar 
zones/areas 

- 

Export_2D Toggle Exports a screenshot of the 
simulation 

- 

Run Toggle Runs the simulation - 

Graph 1 Graph Relationship between cell 
concentration (%) and urease 
activity (U/mL) 

- 

Graph 2 Graph Relationship between pore water 
pressure (kPa) and expression 
ratio 

- 

 

Table 5-2. Parameters included in the Graphic User Interface
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Figure 5-14. Screenshot taken from the software showing the gel volume and all the parameters described in Table 5-2 
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5.4. Model simulations 

This section provides with series of 2D slices of simulations exported from the 3D model that 

describe the behaviour of the 100x100x100mm volume of gel homogeneously seeded with 

pressure-sensitive urease-producing engineered bacteria cells. As described in the previous 

section, the model is capable of displaying the performance of the system under different 

mechanical and biological conditions, and is ultimately able to integrate both aspects into a 

bio-mechanical coupled model. Eight different Modes were implemented in the code, each 

one of them aiming to represent a specific mechanical and/or biological aspect of the system. 

Mode 1 represents the total stress distribution behaviour upon loading. Mode 2 describes 

the pore pressure dissipation behaviour in agarose hydrogels. Modes 3, 4 and 5 illustrate the 

immediate, consolidation and total settlement upon loading, respectively. Mode 6 models 

the levels of urease activity in relation to the concentration of bacteria cells. Mode 7 displays 

the levels of urease activity in relation to the stresses generated in the system. Mode 8 

describes the behaviour of the so-called bio-mechanical integrated system. 

 

5.4.1. Mode 1 – Total stress distribution due to loading 

The stresses generated within the gel are a function of the load applied. If the loading surface 

equals the dimensions of the confinement – i.e. 100x100mm loading platform – the stresses 

developed throughout the gel volume correspond to the load applied divided by the loading 

surface, and all the points within the 3D structure are subjected to the same stress value. A 

local stress distribution only develops in the case of a semi-infinite volume of gel. As discussed 

in earlier sections, the stresses at the boundary must be negligible so that it can be assumed 

that the stresses distribute as they would in a semi-infinite volume. Therefore, considering 

that the maximum stresses generated underneath the loading platform are designed to be 

slightly smaller than the bearing capacity of the gel (~170 kPa), the maximum platform 

dimensions that generate negligible stresses on the gel boundaries is a 30mmx30mm square 

platform (the vertical stresses at the gel boundaries range between 0.2 and 2.8 kPa, which 

are assumed to be small enough so that they do not affect the stress distribution behaviour). 
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Figure 5-15 shows a series of simulations where total loads of 50N, 100N and 150N are applied 

onto the 30mm square loading platform at the surface of the gel. These 2D simulations 

correspond to the middle section within the gel volume, as described in Figure 5-1. As it can 

be appreciated from these stress distribution simulations, the load applied directly affects the 

level of stress generated within the system, as expected. Additionally, as described above, the 

maximum load that can be applied to the platform before the bearing capacity is exceeded is 

approximately 150N, which generates maximum stresses of approximately 167 kPa for the 

areas directly beneath the platform, as it can be seen from Figure 5-15. With this load-platform 

combination, the stresses generated along the vertical gel-confinement interface are 

considered negligible and it is therefore assumed that the system acts as a semi-infinite 

volume of gel. 

These results show the behaviour expected in a gel volume when a rectangular surface load 

is applied. The simulations are generated from the computation of mathematical expressions 

that describe this behaviour in a soil environment, however, considering the limitations 

mentioned in earlier sections, it is assumed that the same distributions of stress occurs in the 

agarose hydrogel. Additionally, the simulations generated with our model were compared to 

simulations obtained with a licensed geotechnical analysis software (Settle3D) and it was 

confirmed that the results were identical. 

 

Figure 5-15. Simulations showing the stress distribution behaviour upon loading 
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5.4.2. Mode 2 – Pore water pressure dissipation over time 

Similarly to Mode 1, if the dimensions of the loading platform are equal to the gel surface, the 

total stresses generated are the same throughout the gel volume. Hence, if drainage of the 

pore water is not allowed, the pore pressures generated equal the amount of the total stress 

produced due to loading. However, if drainage of the sample is allowed – e.g. by using porous 

surfaces at the top and bottom ends (see scenario 2 from section 5.3.3. Boundary conditions) – 

consolidation will occur, and the sample will decrease in volume. Since the sample is confined 

laterally – i.e. movement in the lateral direction is restricted due to the mould walls –, this 

volume reduction is directly proportional to the vertical displacement occurring to the loading 

surface. 

For the case of a semi-infinite volume of gel (i.e. considering a 30mm square platform), a local 

stress distribution develops upon loading. As explained in section 5.3.4. Mechanical behaviour, 

the water within the pores will initially carry the stresses developed, and as consolidation 

occurs, these pore pressures generated will dissipate and the load will gradually be taken by 

the gel skeleton. Figure 5-16 shows a series of simulations taken at different time points where 

the gel system was uniformly loaded with 150N and the pore pressure dissipation effect can 

be seen, for two different 𝑐𝑣 values. These simulations show how the value of the coefficient 

of consolidation directly affects the rate at which pore pressures dissipate, by accelerating 

the process as its value increases. Figure 5-17 shows a series of graphs that demonstrate the 

rate at which pore pressures dissipate, for different depths along the vertical line beneath the 

centre of the loading platform (i.e. x=50mm, y=50mm). As it can be seen from the graphs, 

points located near the top and bottom ends – e.g. z=5mm and z=97.5mm – show a very rapid 

pore pressure dissipation, due to the short distance from the drainage end. However, for 

points located in the middle of the gel volume, pore pressure dissipation tends to be slower 

due to an increased length of the drainage path. In addition, the model shows a temporary 

increase in pore pressure at some depths, before the dissipation effect begins. For some of 

the points analysed (e.g. Z=62.5mm), the pore pressure rises up to 40% of the original stress 

value without the application of any additional loads, and it can take up to seven hours to 

drop to the initial pressure value. This behaviour was also seen in a preliminary analysis 

performed on Settle3D, where a similar soil scenario was modelled and a temporary increase 

in excess pore pressure developed at certain regions.  
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Understanding the factors that generate this local increase in pore pressure is beyond the 

scope of this thesis, however, this behaviour is believed to be associated to the way the model 

computes the pressure dissipation effect. It is therefore recommended to explore this effect 

further in the future in order to understand the extent to which pore pressures might 

increase, and the consequences that this might have on our system – since it might lead to 

higher urease activity areas in particular regions of the gel volume.
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Figure 5-16. Simulations showing the pore pressure dissipation behaviour upon consolidation 
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Figure 5-17. Pore pressure dissipation over time for different depths within the gel 
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5.4.3. Mode 3 – Immediate settlement 

Mode 3 explores the elastic settlement occurring to the loading platform immediately after 

the load is applied, without considering any change in volume due to consolidation. 

As described in previous sections, the immediate or elastic settlement directly depends on 

the load applied, the Young’s or elastic modulus (E) of the gel and the Poisson’s ratio (ν). 

Considering the value of E was calculated in Chapter 3 and is equal to approximately 300 kPa, 

several simulations were run with different loading pressures (Figure 5-18). The Poisson’s ratio 

selected for these simulations was 0.45 (obtained from Takigawa et al. (1996), for a similar 

type of gel. These series of simulations clearly show how the immediate settlement increases 

with an increase in the load applied. This behaviour is expected since the higher the load 

applied, the higher the stresses generated within the gel, which ultimately leads to larger 

elastic deformations (according to the Young’s modulus and the principle of elasticity 

described in Chapter 3). Additionally, Figure 5-18 also shows a series of simulations where the 

immediate settlement is displayed for different Poisson’s ratio, ranging between 0.45 and 

0.49, and a constant load of 150N. For this case, it can clearly be appreciated how the value 

of the settlement decreases as the Poisson’s ratio of the material increases. The Poisson’s 

ratio measures the facility of a material to expand in the direction perpendicular to the 

direction of compression. Therefore, the results seem to be reasonable since gels with higher 

Poisson’s ratio will prevent longitudinal deformations upon vertical loading, which can be 

associated to a higher gel stiffness, and consequent reduced settlement. 

In addition, similarly to the previous modes, the simulations obtained from the computational 

model matched the results obtained from Settle3D, confirming the computation of the 

immediate settlement is accurate. 
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Figure 5-18. Simulations showing the immediate settlement behaviour upon loading 

 

5.4.4. Mode 4 – Consolidation settlement 

Mode 4 focuses on the consolidation settlement behaviour. As described in previous sections, 

this is a time-dependent phenomenon, which depends on the load applied as well as the 

coefficient of consolidation and the coefficient of volume compressibility. Both coefficients 

were experimentally calculated in Chapter 3 and, although the coefficient of consolidation 

was found to be approximately equal to 1 m2/year, the coefficient of compressibility varied 

depending upon the stress level applied. Terzaghi’s consolidation equation was used to 

compute the rate and magnitude of settlement upon consolidation, and a series of 

simulations are displayed in Figure 5-19. These simulations show how the consolidation 

settlement increases over time, as expected. The results seem reasonable since the longer 

the load is applied, the more pore water is drained out of the gel, which contributes to a 

reduction in gel volume and consequent settlement of the loading platform. As described in 

earlier sections, this time-dependency is associated to an increase in effective stress, as pore 

pressures dissipate.  
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Furthermore, the effect of the coefficient of compressibility can also be appreciated in Figure 

5-19, where simulations with two different 𝑚𝑣 values are compared. The coefficient of volume 

compressibility is a property of the material and measures the magnitude of volumetric 

deformations in relation to pressure changes. Therefore, as expected, simulations performed 

with higher 𝑚𝑣 values will lead to larger volumetric deformations, and consequently larger 

settlement values. 
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Figure 5-19. Simulations showing the consolidation settlement behaviour upon loading 
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5.4.5. Mode 5 – Total settlement 

Model 5 couples both the immediate and the consolidation settlement together. The total 

settlement is a time-dependent phenomenon which depends both on elasticity and 

consolidation. Figure 5-20 shows the relationship between total settlement and time for 

different 𝑐𝑣 − 𝑚𝑣  combinations, and two different Poisson’s ratios: 0.45 and 0.49. 

 

 

Figure 5-20. Relationship between total settlement with respect to different cv, mv and Poisson’s 
ratio values over time 

 

As expected,  the total settlements values are reduced as the Poisson’s ratio of the material 

increases, as described in Mode 3. Furthermore, the results also show how larger coefficients 

of consolidation and compressibility lead to larger total settlements over time. This behaviour 

seems reasonable since both 𝑐𝑣 and 𝑚𝑣 dictate the rate and magnitude of consolidation 

settlement, as described in Mode 4.  

If a Poisson’s ratio value of 0.45 is assumed (most cautious scenario), the maximum total 

settlement that would occur to a point at the surface of the gel after 4h of loading ranges 

between 5.6mm and 7.7mm, depending on the 𝑐𝑣 − 𝑚𝑣  combination. 

Also, note that for all the simulations, the load applied is 150N, which is load that generates 

the maximum allowable stress before the loading platform fails/collapses. 

However, the actual total settlement values are relatively unimportant for our study. As 

mentioned in earlier sections, the point of modelling settlements with accuracy is being able 
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to compare the stiffness of samples with different compositions in a simple way. More details 

on that are discussed in Chapter 6 (Recommendations for future work). 

 

5.4.6. Mode 6 – Urease Activity relative to Cell Concentration 

The modes described in the previous section simply model the behaviour of the gel when it is 

subjected to a vertical uniaxial load. The computational model uses governing equations to 

represent the properties described and it is supported by the data obtained experimentally. 

The modes described in the following sections, however, go one step further by integrating 

the biological aspect into the system and describing the behaviour of a bacteria-based 

pressure-sensitive hydrogel. 

Simulation mode 6 integrates the data obtained from the Bacillus growth experiments with 

hypothetic values of urease expression – or urease activity. Bacteria-seeded hydrogels can be 

seeded homogeneously by following the procedure described in 4.3.3. Bacteria-seeded agarose 

gel preparation, however, the growth rate throughout a volume of gel is not uniform, as 

demonstrated in Chapter 4. Therefore, this mode represents the concentration of cells in a 

gel volume under different growing conditions and the associated urease activity. 

Figure 5-21 displays the urease activity levels along all the layers within the gel after 3h of 

incubation and compares the effect of three different incubation temperatures: 25°C, 30°C 

and 35°C (left to right). The cell concentration (%) is also displayed to the right of every 

simulation for all of the 40 horizontal layers of the gel. Additionally, two different cell 

concentration [%] – urease activity [U/mL] profiles are compared: a linear relationship (see 

Figure 5-11 (A)) for the top simulations, and a peak relationship (see Figure 5-11 (B)) for the 

bottom simulations. For clarification purposes, a linear relationship means that the urease 

activity increases proportionally with cell concentration (most likely scenario); and a peak 

relationship displays high levels of urease activity for a specific cell concentration, and 

reduced levels for the rest (less likely scenario). 

For the case of a linear relationship, the layers of the gel with higher concentration of cells 

lead to a higher urease activity, as it can be seen from Figure 5-21. However, the simulations 

generated with a peak relationship show a different behaviour. As mentioned above, this 
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peak profile simulates a less likely scenario where the urease activity increases exponentially 

until a certain cell concentration is reached and, beyond this point, the level of urease within 

the system starts to decay. Therefore, the urease distribution patterns that develop using this 

peak profile differ significantly from the simulations generated with a linear relationship. 

Figure 5-21 also shows how temperature plays an important role in the distribution of urease. 

The simulations run with higher temperatures lead to higher urease activity levels, since 

temperature is one of the major parameters that determine the growth rate of bacteria cells 

in hydrogels, as described in Chapter 4. 

By interpreting the results obtained from the model, and assuming that high levels or urease 

activity lead to more crystal precipitation, it is suggested that more crystals would precipitate 

towards the top end of the gel volume (layers displayed in orange-red colours), independently 

of the loading conditions. Furthermore, the results also suggest that an increase in 

temperature from 25°C to 35°C leads to significant changes in the amount and distribution of 

urease activity within the gel. 

As mentioned in earlier sections, these urease activity profiles are only hypothetical, since 

real data that relates urease levels with cell concentration is not available yet; however, it is 

believed that the model reproduces with accuracy the effect cell concentration and urease 

activity have on the gel system. 
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Figure 5-21. Simulations showing urease activity distribution with respect to cell concentration. The top simulations show the effect of a linear increase 
relationships while the bottom simulations show the effect of a peak relationship 
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5.4.7. Mode 7 – Urease Activity relative to Pore pressure 

As described in section 5.3.6. Integrated system, this mode simulates the behaviour of a 

pressure-sensitive urease-producing strain of bacteria homogenously distributed within the 

gel. For this case, the urease activity is not time-dependent and does not depend on cell 

concentration, i.e. it is assumed that cells do not grow and therefore the system generates 

the same urease activity over time. Therefore, the only parameter affecting the expression of 

urease is the level of stress at each location. The model, however, is time-dependent since 

pore pressures are used for the analysis and, as described in previous section, pore pressure 

dissipation occurs upon consolidation. 

This mode allows the user to explore the sensitivity of the system to different urease activity 

profiles, by selecting the desired Expression Ratio relative to the pore pressures generated 

within the system upon loading. This section therefore shows several simulations generated 

using different Expression Ratio profiles and the results can be seen in Figure 5-22, Figure 5-23 

and Figure 5-24.  

The simulations from Figure 5-22 show the effect of a linear Expression Ratio – Stress 

relationship, where the urease expression patterns over time are identical to those found in 

Figure 5-16 (Pore pressure dissipation). The reason for that is that, for a linear relationship, the 

urease activity is governed proportionally by the level of stress: higher pressures lead to 

higher urease activity (and under the right conditions, to more crystals precipitated), 

consequently displaying a simulation with identical colour distribution to the one produced 

for Mode 2. 

Thus, this scenario amplifies the urease activity where higher pore pressures develop, and as 

pore pressure dissipate and become smaller, the expression ratio relative to the baseline 

urease expression also decreases. In addition, as it can be seen at the top left corner of Figure 

5-22, the coefficient of consolidation selected for the simulations was 0.5 m2 year⁄ . If higher 

𝑐𝑣 values are selected, the pore pressures generated within the system will dissipate at a 

higher rate, leading to reduced levels of urease expression over time. 

Additionally, Figure 5-23 and Figure 5-24 show series of simulations with two different 

Expression Ratio – Stress Level relationships: a peak profile for Figure 5-23, and a less likely 

three-peak profile for Figure 5-24. Similarly to the previous section, this peak profiles show 
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amplified levels of urease expression (or increased expression ratio) for specific levels of 

stress. 

The three sets of simulations obtained for different profiles show a significantly different 

behaviour, demonstrating that changes in the urease activity – stress profiles can considerably 

change the macro-scale properties of the hydrogels, and lead to different levels and shapes 

of crystal precipitation within the gel. 

From a practical point of view, however, discussing these results in detail might seem 

inappropriate since they purely rely on hypothetical data, depend on many limitations and do 

not contain any real biological information. Therefore, a critical discussion will be provided in 

the next section (5.4.8. Mode 8 – Bio-mechanical integrated system), which combines the 

behaviour represented in this mode with the simulations obtained in Mode 6, relative to cell 

concentration data and likely urease activity profiles. 

 

 

Figure 5-22. Simulations showing Expression Ratio values for a volume of gel loaded with 150N. The 
relationship between Expression Ratio and level of stress is linear 
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Figure 5-23. Simulations showing Expression Ratio values for a volume of gel loaded with 150N. The 
relationship between Expression Ratio and level of stress shows sensitivity to a range of pressure 

around 90kPa 

 

Figure 5-24. Simulations showing Expression Ratio values for a volume of gel loaded with 150N. The 
relationship between Expression Ratio and level of stress shows sensitivity to a range of pressures 

around 35kPa, 105 and 175 kPa 
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5.4.8. Mode 8 – Bio-mechanical integrated system 

The simulations displayed in Mode 6 represent a relatively simple case where the urease 

activity levels across the gel are only dictated by the presence of bacteria cells. For a linear 

relationship, the amount of urease is proportional to the amount of bacteria cells, which is 

believed to be the most likely scenario.  

On the other hand, mode 7 represents a different scenario where the urease activity levels 

across the gel are only dictated by the stresses developed under loading, independently of 

the concentration of cells present in the gel (for more details about the processes and 

techniques to engineer bacteria cells to sense pressure changes, see section 2.5.3. 

Computational Colloids and Thinking Soils Projects for an overview, or Guyet et al. (2018) for a 

more detailed description). 

Therefore, as described in section 5.3.6. Integrated system, this mode aimed to combine the 

outcomes from Mode 6 and Mode 7, by developing a bio-mechanical integrated system that 

models the levels of urease across a volume of gel in relation to different loading conditions 

and incorporates real biological data. 

In a similar way to mode 7, this Mode assumes that cells are homogeneously seeded within 

the gel. However, the growth rate and distribution of colonies is now taken into consideration, 

by implementing the relationship between cell concentration and urease activity described in 

Mode 6: Urease Activity relative to Cell Concentration. Therefore, different concentrations of 

bacteria colonies are expected to develop within the gel volume, depending on the growth 

conditions, location and time point. 

Figure 5-25 shows three model simulations where three different Expression Ratio – Pore 

Pressure profiles are selected. The relationship between urease activity [U/mL] and cell 

concentration [%] has been set to linear, as it can be seen on the upper part of Figure 5-25, 

since it is believed to be the most likely scenario. The model, however, allows for selection of 

different profiles, such as the peak or the linear decrease relationships presented in Figure 

5-11. The model is time-dependent since both of the aspect dictating the behaviour of the 

system (bacteria growth and pore pressure) depend on the time factor. The simulations 

presented in Figure 5-25 were captured at t=3h.
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Figure 5-25. Simulations showing the effect of the bio-mechanical coupled model for three different Expression Ratio – Pore Pressure profiles 
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Figure 5-26. Simulations showing the effect of the bio-mechanical coupled model for three different Expression Ratio – Total stress profiles 
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The simulations displayed in Figure 5-25 demonstrate how the system responds to both 

concentration of cells and level of stress, by displaying high urease activity levels in areas 

of the gel containing more bacteria cells and subjected to higher stresses. The model also 

demonstrates that changing the pressure-sensitivity profiles of bacteria cells leads to 

significant changes in the amount and distribution of crystals precipitated. This suggests 

that by altering the behaviour of the genes at the nano-scale it is possible to change the 

macro-scale properties of the gel. From a practical point of view, developing such a 

responsive living system that can sense changes in its environment would have 

implications for many fields (more discussion is provided in Chapter 6). 

As mentioned above, these simulations are time-dependent since pore pressure is one of 

the parameters that govern the outcomes of the system. From consolidation theory, and 

shown in Mode 2, the pore pressure levels decrease significantly over time, due to the 

dissipation effect upon drainage. This suggests that the coefficient of consolidation (a 

value of 0.5 m2/year was selected for the simulations) plays an important role in 

determining the levels of urease present in the gel. However, as further discussed in 

section 5.5. Model limitations, there is the possibility that cells could also detect total 

stresses or a combination of total stresses and pore pressures. Therefore, a series of 

simulations are presented in Figure 5-26, with the exact same conditions specified for 

Figure 5-25, but with the differences that total stresses are now considered, instead of 

pore pressures. With this scenario proposed, the model is still time-dependent due to the 

variance in cell concentration over time, but the total stresses do not dissipate over time 

and the effect on the urease activity levels is not time-dependent. 

With this configuration, much higher urease levels are obtained at t=3h, for the three 

Expression Ratio – Total Stress relationships analysed. By looking at the linear relationship 

(Figure 5-26, simulation on the left), it can be appreciated how levels of urease 

approximately 10-fold higher do appear in the areas beneath the loading platform. 

Furthermore, if urease activity is associated to crystal formation (as described in previous 

sections), this would lead to a much larger concentration of crystals in the areas of the gel 

where higher concentration of cells are present as well as higher stresses develop. From 

a practical point of view, this behaviour is expected to increase the bearing capacity of the 

gel and reduce the settlement upon loading, amongst other benefits. 
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Therefore, it can be confirmed by the results obtained in Mode 8 that the computational 

model has succeeded in combining the pressure-sensitivity ability of engineered bacteria 

cells (nano-scale behaviour) with their growth rate and distribution of colonies (micro-

scale behaviour), and is ultimately able to visually represent the effect produced at the 

macro-scale. 

 

5.5. Model limitations 

This section discusses the limitations of the model that have not been detailed in the main 

body of the chapter. These limitations are summarised as follows: 

- Total stress v pore water pressure 

As described in Chapter 4, B. subtilis cells are relatively bigger than the micropores present 

in 6% agarose gels. When the solution containing the cells solidifies into the gel, the cells 

become embedded to the 3D fibrous microstructure, and it is assumed that their 

movement is restricted. Thus, when a load is applied and stresses develop within the gel 

matrix, the cells become pressurised by the forces that the fibres transmit to the cell 

membrane as well as the uniform pressure generated by the pore water. 

The computational model assesses the stresses developed in the gel and their effect on 

the engineered bacteria cells by applying two different analysis modes: total stresses and 

pore pressures. However, if the above-presented scenario is confirmed to be accurate, a 

new type of analysis should be considered where part of the stresses transmitted to the 

cells remain constant (i.e. the stress transmitted by the fibres of the gel) and part of these 

stresses reduce over time (i.e. the pressure applied by the pore water).  

Effectively, the stresses transmitted to the cell membrane could be split into two 

components: a static component associated to the stresses generated by the fibres, which 

does not fluctuate over time, and a dynamic component related to the pore pressure 

values and their dissipation upon consolidation. 
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- Structural changes upon cell growth 

Following on from the above model limitation, the movement of the cells is impeded due 

to their size being bigger than the pore throats. Hence, the only way the cells can divide 

upon growth and form colonies of thousands of cells is by cracking the fibres surrounding 

their membrane to create space for themselves. This phenomena will potentially affect 

the way stresses distribute and, to a certain extent, reduce the strength of the gel.  

The computational model does not consider any changes in the structure produced by the 

cells upon colony forming, however, the author recommends studying further this 

behaviour so that it can be determined whether any strength changes occur. 

Additionally, as bacteria cells grow and divide by breaking the gel fibres, additional forces 

act on the cell membrane. These forces might amplify the expression of urease if the 

engineered strain is very sensitive to pressure changes and may need to be considered in 

the model. 

 

- Bacteria growth 

The bacterial growth analysis performed by the computational model is uni-dimensional 

– i.e. the model assumes that the growth rate is the same for every depth considered (i.e. 

alongside a horizontal plane). However, areas near the mould walls are more likely to have 

a different growth rate due to the availability of space for cell movement. Further research 

needs to be done in order to characterise the three-dimensional distribution of bacteria 

and growth rate in a more accurate way. 

 

- Consolidation analysis 

The expressions used to analyse the consolidation behaviour of the gel and pore pressure 

dissipation effect are based on soils saturated with water. Section 5.3.4. Mechanical 

behaviour describes the assumptions adopted for the analysis in hydrogels. However, one 

effect not considered in the analysis is the viscosity of the pore water. As cells grow within 

the micropores, the cells-nutrients-water solution becomes thicker/more viscous, which 
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ultimately leads to a higher resistance to movement. Therefore, this change in media 

composition will gradually prolong the time needed for drainage, potentially maintaining 

higher pressures in the gel micropores for longer periods of time. 

 

- Changes in gel structure 

As mentioned in previous sections, one of the objectives of the project is to be able to 

grow and monitor crystal formation within the hydrogel, potentially demonstrating a 

higher density of crystals in areas with higher urease expression (see section 6.5. 

Recommendations for future work for more details about the gel-based physical 

demonstrator). Hence, this precipitation of crystals within the gel micropores will 

gradually change its composition, ultimately leading to changes in the gel strength as well 

as changes in the stress distribution behaviour and pore pressure dissipation rate. The 

formation of crystals significantly increases the strength of soil samples, as reviewed in 

Chapter 2, due to the crystals bonding soil particles together and forming a cement-like 

matrix. However, the extend of this effect in agarose gels is unknown, and therefore, one 

of the objectives of the physical demonstrator will be to assess the changes in strength in 

relation to the amount of crystals precipitated. 

 

- Plasticity of the gel 

The mathematical expressions used for stress distribution analysis and settlement 

calculation are based on elasticity laws. However, as it was confirmed in Chapter 3, 

hydrogels are an elasto-plastic material, and as such, they are composed by both elastic 

and plastic behaviour. The elastic range is considerably bigger than in soils, however, due 

to the high coefficient of volume compressibility, hydrogels also experience plastic 

deformations which, ultimately, lead to changes in the stress-strain behaviour upon 

loading. Therefore, the repercussion these plastic deformations have on the stress-strain 

relationship will have to be considered in order to model with accuracy some of the 

properties of the gel system (e.g. stress distribution or total settlements). However, it is 
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believed that these plastic strains will have a minimal effect on the behaviour since 

agarose hydrogels mainly behave elastically, as demonstrated in Chapter 3. 

 

5.6. Concluding remarks 

Chapter 5 describes the core methodology development of a computational model 

designed to assess the response of a pressure-sensitive biomineralization gel-based 

system that has similar geotechnical properties to soft saturated soils. This responsive 

system is based on a volume of gel homogenously seeded with pressure-sensitive bacteria 

cells to which a certain load is applied on the surface, generating a distribution of stresses 

throughout the gel volume. The engineered bacteria cells present in the gel are modelled 

in such a way that they detect these pressure changes and respond by releasing a reporter 

enzyme (urease) associated to the level of stress. This relationship is what we call gene 

expression profile, and it dictates the amount of urease released in relation to the 

pressure value. 

The model developed in this chapter is based on the model described in Dade-Robertson 

et al. (2018), however, it has been tailored to the specific needs of this study by: 

1) Characterising the behaviour of agarose hydrogels under loading with the 

experimental data obtained in Chapter 3. 

2) Integrating real biological data that describes the growth behaviour and 

distribution of bacteria colonies in agarose hydrogels. 

3) Incorporating hypothetical values of urease activity as the reporting parameter to 

characterise the behaviour of the system. 

The urease activity profiles associated to the stresses in the system are based on 

hypothetical data, however, the range of values selected for the analysis were obtained 

from the literature. 

The different modelling components and parameters described throughout the chapter 

were successfully integrated in a user-friendly application that allows exploration of the 

impact different conditions have on the model, and helps to characterise the response of 

the pressure-responsive gel-based system to different inputs. 
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The model is able to predict cell concentration values over time throughout the whole 3D 

volume of gel for specific conditions, however, it should be noted that the model is not 

truly predictive, since it cannot simulate scenarios beyond these conditions. The 

simulations of the computational model showed the response of this pressure-responsive 

system to different loading scenarios and environmental conditions, and demonstrates 

how small changes in gene expression profiles (i.e. nano-scale behaviour of engineered 

bacteria) might alter substantially the behaviour of the system at the macro-scale. This 

can be appreciated by the different ‘cementation’ patterns that can be generated 

depending on the gene profile selected. 

The computational model has succeeded in integrating the mechanical and biological 

components of the system, by simulating the behaviour of small-scale geotechnical 

scenarios in a gel-based medium, and illustrating the relationships between multiple 

scales. The results obtained from Mode 8 describe the behaviour of the so-called 

pressure-responsive bio-cementation system which is based on living bacteria cells and is 

able to operate across multiples and under different conditions. 

The model, however, still relies in hypothetical data relative to the release of urease from 

the cells. As work in Thinking Soils progresses, the relationship between cell concentration 

and urease activity will be better understood. This will lead to a much better control over 

the initial conditions of the gel-based system, and will provide with accurate simulations 

of the urease distribution throughout the gel. 

On the other hand, the model also uses gene expression profiles of a hypothetic pressure-

sensitive strain of bacteria. This is presented as a bigger challenge since it involves the use 

of SynBio techniques to modify the nano-scale behaviour of a cell. However, as work 

progresses and the engineered strain is develop, the associated gene expression profiles 

will be integrated in the computational model, and simulations will be provided that 

describe the behaviour of the this pressure-responsive biomineralization system. 

All limitations aside, this computational model is presented as a tool for the development, 

testing and monitoring of engineered responsive systems, and as work progresses within 

the Thinking Soils research group, and some of the model limitations are overcome, it is 
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believed that the model will be critical in demonstrating the applicability of the system 

and will provide a key contribution towards the validation of the proof of concept. 

As a conclusion, the model describes the behaviour of a responsive living system which is 

able to combine computation (i.e. design of specific gene expression profiles) and material 

synthesis (biomineralization) due to the engineered behaviour of bacteria cells, and their 

ability to be designed to sense changes from the environment and respond in a useful 

way. A responsive system of this kind has never been developed before and it is expected 

to provide many benefits across several fields. A discussion about the potential benefits 

of using engineered responsive living systems for different applications can be found in 

chapter 6 (Concluding remarks).
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Conclusions 

 

6.1. Introduction 

This chapter summarises the main findings and significance of this research. The 

conclusions from the three experimental chapters of the thesis are described accordingly. 

Chapter 3 demonstrates the feasibility of using agarose hydrogels as a soil substitute for 

the development of responsive bio-mediated ground improvement methods by analysing 

their mechanical and physical properties and comparing them to certain types of soils. 

Chapter 4 further develops this idea by studying the growth behaviour and distribution of 

bacterial cells across the 3D matrix of agarose hydrogels. Chapter 5 describes the 

development of a computational model that integrates the data obtained from Chapter 3 

(behaviour of agarose gels under loading) with the outcomes from Chapter 4 (growth 

behaviour and colonies distribution of bacteria-seeded hydrogels). Additionally, the 

computational model also incorporates hypothetical values of gene expression (urease 

activity, in particular) associated to stress levels in order to simulate the behaviour of the 

so-called responsive bio-cementation system in a gel-based medium. The contribution of 

this work to the Thinking Soils project is also discussed alongside some 

actions/recommendations to consider for further work. In addition, section 6.8. Concluding 

remarks reviews the overall findings and implications of this research and discusses its 

applicability in the field of engineered responsive living systems. 

 

6.2. Agarose Hydrogel as a Soil Analogue 

The development of bacteria-based Engineered Responsive Systems requires cultivation, 

monitoring and testing in a highly controllable material, biologically clean (i.e. absence of 

other microorganisms) and with well-understood mechanical and physical properties. 
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Agarose gels possess all these attributes and are, therefore, presented as an attractive 

option as a soil analogue for researchers working in a laboratory environment on bio-

mediated responsive ground improvement systems.  

Agarose gels are commonly used for biomedical applications, however, their geotechnical 

properties and their behaviour under induced loading of this type and magnitude have 

never been studied. Thus, Chapter 3 of this thesis describes an experimental investigation 

to assess the suitability of agarose LM (Low Melting Point) gels as a soil analogue by 

examining some of their relevant mechanical and physical properties. Scanning Electron 

Microscopy indicated that the pore-fibre structure of the gels is very similar to that found 

in organic soils such as peats. In addition, the size of the pores (0.3 µm on average) is 

similar to those found in homogeneous clay soils, although agarose gels have a 

considerably higher water content (1583%), porosity (0.96) and void ratio (26) than 

granular materials. The stress-strain relationship was also measured and the elastic 

modulus (309 kPa) was found to be smaller than the typical values of saturated cohesive 

soils. In addition, agarose gels present a much more elastic behaviour upon loading in 

comparison to soils. 

On the contrary, the maximum undrained shear strength (27 kPa) and maximum axial 

strain (18%) are very similar to that found in medium-firm saturated cohesive soils.  

The consolidation behaviour was also investigated and the coefficient of consolidation of 

agarose gel was found to range between 0.10 and 1.36 m2/year. These values are very 

similar to those found in organic silts, glacial clays and Chicago silty clays. Additionally, the 

coefficient of compressibility was obtained (1.82-4.78 m2/MN), suggesting that the rate 

of deformability under loading is very similar to that of sensitive clays and highly organic 

soils. Finally, the hydraulic conductivity of agarose gel was also analysed, and the values 

obtained (4.1-8.8E-11 m/s) suggest that agarose has a very low permeability, similar to 

that of homogeneous clay soils. 

Although not all of the mechanical and physical properties of saturated cohesive soils are 

reproduced well by this type of agarose, the outcomes obtained from the experimental 

programme suggest that the properties required to develop the gel-based computational 

model/demonstrator are comparable, and in some cases identical. However, if the aim is 
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to model the behaviour of cohesionless soil types – such as sands – under loading, 

hydrogels are not fit for the purpose, since they present a different stress-strain, 

consolidation and pore pressure dissipation behaviour. 

Chapter 3 demonstrates that agarose gels are suitable to model the geotechnical 

behaviour of saturated cohesive soils and it is expected that an agarose-based physical 

demonstrator will mimic the behaviour of saturated cohesive soils under induced loading, 

including stress distribution, pore pressure dissipation and rate of deformation. 

Furthermore, the benefit of using agarose gels in the early-stage development of 

engineered responsive systems is that they allow complex biological systems – such as 

Genetically Modified Organisms – to be studied in detail before being tested in a soil 

environment. 

 

6.3. Growth and Distribution of Bacteria Colonies in Agarose 

Hydrogel 

Agarose gels have been presented as a highly-controllable material in which bacteria 

colonies can be grown and monitored. The next step to achieve a complete control over 

the performance of a bacteria-based system was to understand the growth and 

distribution of the microbes and how they behave under different environmental 

conditions. The concentration of bacteria cells is one of the main parameters that dictates 

the rate and magnitude of crystal formation through the process of Microbially-Induced 

Calcite Precipitation (MICP). Thus, a critical factor to consider when developing responsive 

ground improvement methods based on MICP is understanding the formation of bacterial 

colonies in agarose gels and characterising the concentration of cells throughout a volume 

of gel over time. 

Chapter 4, section 4.3.3. Bacteria-seeded agarose gel preparation, introduces a new method 

to produce homogeneously bacteria-seeded 3D agarose gels. The low gelling temperature 

of LM agarose is a key factor of the production process since it prevents causing thermal 

shock to the bacteria cells suspended in the liquid mixture. After gelation, the cells 

embedded within the matrix of the gel begin to form networks of colonies by breaking the 
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fibrous web-like structure and growing in number. The methods to visualise and monitor 

the 3D distribution and growth rate in agarose are also introduced, which rely on the 

glowing effect of engineered cells when exposed to fluorescence light.  

Chapter 4, section 4.4.4. Bacteria growth in agarose hydrogels, evaluates the behaviour of 

bacterial colonies within the three-dimensional matrix of agarose hydrogels and describes 

the effect pH, temperature and initial dilution have on the growth rate, cell distribution 

and colony formation throughout a gel volume. The growth behaviour in hydrogels is 

demonstrated to differ significantly from the growth in liquid cultures, mainly due to the 

limitations of space and oxygen availability. The results suggest that an acidic environment 

(pH6) promotes a higher growth rate of bacteria compared to a more alkali environment 

(pH8). It was also found that higher temperatures (35°C) result in an increased growth 

rate in comparison to lower incubation temperatures (25°C), but were followed by an 

accelerated decay rate (due to cell death), resulting in a similar cell concentration after 

24h. 

Chapter 4, section 4.4.5. Growth characterisation in cylinders, focuses on characterising the 

growth rate of colonies throughout the length of a hydrogel cylinder. To do that, 20 slices 

were taken from each cylindrical sample and the concentration of cells was counted at 

different time lengths using the same procedure. Furthermore, growth profiles were also 

obtained for each layer of the gel and each condition analysed. The results obtained 

showed that a differential (uneven) growth rate appears between the different layers of 

the gels, with layers closer to the top surface and bottom of the cylinders showing higher 

concentrations over time. 

Finally, a series of growth profiles in the form of numerical expressions were obtained for 

the different growth conditions. This data represents the macro-distribution of bacteria 

colonies throughout a volume of hydrogel as well as the growth rate of such colonies and, 

similarly to the mechanical properties obtained in Chapter 3, it allows modelling and 

simulation of the cell concentration over time under different environmental conditions. 

The work performed in this chapter has characterised the behaviour of bacteria in 

hydrogels and provides an additional control over the performance of a bacteria-based 

system. The results obtained in the study have implications on both the Thinking Soils 
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project and the overall development of engineered responsive systems. However, these 

results also suggest that more work is necessary in order to better understand the growth 

behaviour of bacteria, especially when they are exposed to less controlled environments, 

such as soils. 

6.4. Modelling of a Gel-based Pressure-responsive System 

Chapter 5 describes the modelling of a bacteria-based pressure-responsive system which 

combines the data obtained in Chapters 3 and 4 with gene expression profiles associated 

to the behaviour of a pressure-sensitive urease-producing strain of bacteria (Figure 6-1). 

The model simulates the behaviour of agarose gels under loading and uses the data 

obtained from the experimental program on hydrogels in conjunction with various 

governing equations to describe how the stresses and deformations distribute throughout 

a 3D volume. This is referred as the macro-scale behaviour of the system. The model also 

integrates the data relevant to the growth and distribution of bacteria colonies described 

in Chapter 4. This data describes the micro-scale behaviour of the system and allows a 

high degree of control over the concentration of cells present in the 3D gel volume over 

time by varying temperature and initial inoculum. The computational model is further 

designed to simulate the behaviour of a pressure-sensitive urease-producing strain of 

bacteria homogeneously seeded in the matrix of the gel. The pressure-sensitivity is 

achieved by modifying the nano-scale behaviour of bacteria cells. The ultimate aim of this 

computational model is to illustrate how the system interacts across the different scales, 

and establish the fundaments of a system – based on the use of living organisms – that 

can change the properties at the macro-scale, by synthesizing biocements in response to 

pressure changes. 
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Figure 6-1. Components of the computational model 

 

The chapter is divided into two parts; section 5.3. Model development describes the 

development of the model and how all the different components were integrated into a 

user-friendly application. Section 5.4. Model simulations focuses on the performance of the 

system under different mechanical, physical and biological conditions and provides a 

series of time-dependent simulations that illustrate how the system behaves. The 

simulations represent small-scale geotechnical scenarios – based on the behaviour of a 

shallow foundation under loading – and illustrate how the system is able to reinforce the 

gel volume by releasing urease and inducing biocementation in response to pressure. This 

behaviour is achieved due to the pressure-sensitivity of engineered bacteria cells and their 

associated gene expression profiles. 

The simulations generated from the several modes intend to provide an insight into the 

sensitivity of the model to different parameters. In particular, modes 6, 7 and 8 provide 

with series of simulations that explore how sensible the model is to variables such as cell 

concentration, urease activity profile, load applied or coefficient of consolidation.  

Referring to the latter, the simulations from mode 8, underpinned by the results from 

mode 2, clearly show how sensible the model is to the coefficient of consolidation, which 
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reiterates the importance of developing a more robust understanding of the consolidation 

behaviour of agarose hydrogels. 

Moreover, the results also show how the non-uniform distribution of bacteria colonies 

throughout the gel volume plays an important role in the biocementation performance of 

the system. Furthermore, the integration of different gene expression profiles allows 

visualisation of the different biocementation areas that develop depending on the 

conditions selected. 

The simulations obtained from the model have clear implications for the Thinking Soils 

project, and it is intended to use the model as the design framework for the future 

physical demonstrator that will validate the proof-of-concept of the pressure-responsive 

system. But more importantly, the model has succeeded in integrating real data related 

to the mechanical and biological components of the system, and it has been able to create 

a system that combines computation (i.e. design of specific gene expression profiles) and 

material synthesis (biomineralization) by using living organisms that have the ability to 

sense stimuli from the environment and respond in a useful way. Furthermore, the model 

presented in this study and the soil-based model introduced in Dade-Robertson et al. 

(2018) are the first ones that combine engineered organisms and material synthesis, and 

they are expected to underpin the development of more responsive systems with 

potential applications for the environment. 

 

6.5. Recommendations for future work 

While this study has succeeded in achieving the main aim of characterising a gel-based 

pressure-responsive system from the micro to the macro-scale, there are still numerous 

limitations and questions associated to the design and implementation of such system 

that need to be tackled. The author suggests a series of actions and experimental 

procedures that could be performed to build on the findings from this project and the 

overall research. These include the following: 
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- Gel Mechanics 

• Exploring further the plastic deformations that occur to agarose gels under loading 

and how it affects the stresses developed. Also, understanding the long-term 

creep effect of the gels is believed to be important since it might alter the value of 

the stresses within the gel and the total settlement values. Therefore, an 

additional triaxial testing programme should be performed to agarose gel samples 

subjected to long-term induced loading. 

• Understand how pore pressures develop upon loading and the rate at which they 

dissipate upon drainage. This will most likely involve the use of a triaxial apparatus 

and pressure-volume controllers in order to assess how pore pressures dissipate 

upon consolidation. 

• As bacteria colonies grow within the microstructure of the gels, it is believed that 

changes occur to the fibre-pore matrix. The pore throats of the gel are 

considerably smaller than bacteria cells, therefore, the only way colonies can grow 

and distribute through the gel is by breaking the fibrous structure as they increase 

in number. Understanding the extent to which the cells change the mechanical 

properties of the gel is a crucial aspect of the project. The author suggest a series 

of experiments where the stress-strain relationship of bacteria-saturated gels is 

analysed. This might involve the use of a triaxial apparatus and similar tests to the 

ones described in Chapter 3. Furthermore, exploring visually this effect through 

SEM inspection might also help understand this behaviour. 

- Bacterial Behaviour 

• The model currently contains data on the concentration of cells over time for three 

specific temperatures (25°C, 30°C and 35°C) and two initial concentration of cells 

(high = 1/100 dilution; and low = 1/1000 dilution). The author suggest exploring 

further the growth behaviour in order to incorporate growth profiles for a wider 

range of conditions. Ultimately, the model should include the governing equations 

that describe the growth and distribution of bacteria in 3D agarose gels in order to 

be able to simulate every possible scenario and make it purely predictive. 
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• The addition of a calcium source is a crucial parameter for calcium carbonate 

precipitation to occur. However, the model does not take into account the 

consequences of adding calcium into the gel and how it affects the growth rate of 

bacteria. Hence, the author suggests an experimental programme where hydrogel 

samples are prepared with various concentrations of calcium and the growth rate 

of bacteria is assessed by using the methods described in Chapter 4. Furthermore, 

the author also recommends exploring the impact of adding inorganic compounds 

– e.g. calcium chloride – on the mechanical properties of the gel. 

• Understanding the relationship between urease activity and cell concentration is 

another important parameter that needs exploration. The urease enzyme 

catalyses the hydrolysis of urea and dictates the rate at which calcite crystals 

precipitate through MICP. Therefore, a deeper understanding is needed on the 

factors that activate B. subtilis urease in vivo and the pathways that regulate its 

activity. 

• One of the key aspects of the overall research project is the development of a 

pressure-responsive strain of bacteria which is capable of sensing pressure-

changes and responding in a meaningful way (for example, by releasing specific 

levels of urease activity at certain stress values). The successful creation of such 

engineered strain will bring our research to the next level, and will establish the 

basis of a new type of responsive system based on engineered living organisms. 

This work will require an in-depth understanding of Synthetic Biology techniques 

and will involve the collaboration between researchers from several fields and a 

vast amount of resources. 

- Crystal Formation 

• Another important aspect to consider in future work is the process of 

biomineralization through MICP and the different pathways for calcite 

precipitation in agarose gels. In particular, understanding the relationship 

between cell concentration and crystal formation as well as the different 

parameters that dictate the rate at which crystals precipitate is essential for the 

further development of our responsive biocementation system. 
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• Following from the previous point, it is also important to understand how crystals 

attach to the fibres of the gel and how the new composition of the matrix changes 

the mechanical properties of the gel. Once the pathways for calcite precipitation 

in agarose are understood and controlled, the author suggests an experimental 

programme involving triaxial and oedometer tests in order to assess the stress-

strain relationship of “biocemented” agarose samples at varying crystal 

concentrations. 

• The author also suggests a series of experiments involving visualisation of crystal-

precipitated agarose gels using a technique called quantitative X-ray Diffraction 

(XRD). This will allow monitoring and quantification of the amount and type of 

biomineralization occurring under different conditions. Additionally, it might also 

be worth performing a series of X-ray Computing Tomography (XRT/CT) tests to 

biocemented gel samples. This type of analysis allows dynamic exploration of 3D 

structures, and in our case, it would allow visualisation of the 3D precipitated 

crystal structure within the gel. 

 

- Computational Modelling 

The simulations obtained from the model are subjected to various limitations, which are 

discussed in section 5.5. Model limitations. Some of these limitations can be overcome by 

studying further the behaviour of the different components of the system, and some 

suggested actions are discussed above. Additionally, the author proposes a list of actions 

to improve the certainty and applicability of the model. These are: 

• Understanding the different stresses generated at the bacterial cell membrane. 

The model currently uses pore pressures as the input value to compute urease 

activity levels for the bio-mechanical integrated simulations. However, as 

discussed in section 5.5. Model limitations, the engineered cells are also expected 

to sense a stationary or total stress contribution from the fibres enclosing the cell 

membrane. Therefore, understanding the contribution of the different stresses 

generated and how they evolve over time is crucial for the future implementation 

of the system.  
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• The author also suggests an experimental programme where the settlement 

values obtained from the model simulations are compared to results obtained 

experimentally from a similar physical setup. This might involve the use of an 

oedometer cell to quantify both elastic and consolidation settlements under 

different stress levels. By doing this, the accuracy and validity of the model can be 

assessed. 

 

6.6. Parallel studies 

Some of the author’s recommendations mentioned in the previous section have already 

become individual work packages in the Thinking Soils project and have been running in 

parallel to this study. One of these work packages, carried out at Newcastle University, 

aims to understand the relationship between cell concentration and crystal formation as 

well as the different pathways for calcite precipitation within the matrix of agarose gels 

and the parameters that dictate the rate of precipitation. Achieving homogeneous crystal 

precipitation within the gel’s structure is a crucial aspect of the Thinking Soils project. 

Most of the procedures used to produce bacteria-seeded gels and some of the techniques 

employed to monitor the precipitation of minerals within the gels are described in this 

thesis. 

Preliminary results from this work package have demonstrated that it is possible to induce 

calcite precipitation within agarose gels. Figure 6-2 (left) shows a slice of a bacteria-seeded 

agarose gel observed with a light microscope, in which crystals of different sizes have 

precipitated. Qualitative X-Ray Diffraction analysis confirmed that the large-size crystals 

are indeed calcium carbonate precipitation, induced by the process of MICP. Note that 

these precipitated crystals can be appreciated with the naked eye. Additionally, Figure 6-2 

(right) shows an SEM image of a CaCl2 particle embedded within the fibrous structure of 

the gel. These samples were prepared by adding calcium chloride to the agarose solution 

and processing several gel slices in accordance to the ultrafast freezing technique 

described in section 3.3.3. Scanning Electron Microscope (SEM) imaging. The image shows 

how particles become embedded within the honeycomb structure of the gel upon 

gelation, and it is assumed that the same behaviour occurs with inoculated bacteria cells 
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but at a smaller scale (Note that the concentration of agarose for these samples was 2% 

m/v, hence the relatively large pore size). 

 

Figure 6-2. CaCO3 induced by MICP (left) and CaCl2 embedded within the structure of the gel 
(right) 

 

Our project partners (Northumbria University) are also investigating the Microbially-

Induced Calcite Precipitation phenomenon. In particular, they are conducting a study on 

the activation of B. subtilis urease in vivo. As described in this thesis, urease is an enzyme 

produced by some bacteria strains that catalyses the hydrolysis of urea into ammonia and 

carbon dioxide. This process is responsible for the formation of calcium carbonate (if a 

calcium source is available), hence, understanding the pathways that regulate urease 

expression is hugely valuable for the overall research. 

The model presented in this thesis incorporates hypothetical profiles of gene expression 

and, although the simulations clearly demonstrate the potential of the system, it is 

recognised that the integration of real gene profiles into the model would considerably 

improve the significance of the model and would assist towards the development of the 

prototyped responsive system. Therefore, a considerable next step in the development of 

the gel-based computational model is the incorporation of real urease activity levels 

associated with the expression of the engineered pressure-sensitive bacteria strain. 

Preliminary results from a pressure-sensitive E.coli strain are reported in Guyet et al. 
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(2018), however, work continues at the Centre for Bacterial Cell Biology (Newcastle 

University) in order to find better strain candidates and refine the pressure sensitivity. 

 

6.7. The ethical aspect 

An aspect that has not been discussed on this thesis is the ethical conduct of the overall 

research project. As described throughout the body of the thesis, the Thinking Soils 

project involves the use of GMOs for environmental applications. The release of these 

engineered organisms into the geo-environment raises concerns of biosafety and 

sustainability. For instance, a possible impact associated to the use of GMOs for in-situ 

applications is the effect on indigenous species and the potential alteration of their 

behaviour due to horizontal gene transfer of recombinant DNA from the engineered 

organism or the release of GEM-derived metabolites (Urgun-Demirtas et al., 2006). 

On the other hand, from a socio-economic point of view, one of the main concerns of 

governmental bodies in relation to the development of GMOs are the processes involving 

DNA recombinant techniques and pathogenic organisms, which under uncontrolled 

conditions, might lead to the generation and use of these engineered pathogens with 

malevolent purposes. 

Although in many cases the use of GMOs to deal with environmental problems is 

presented as a very attractive option in comparison to traditional processes, the above-

mentioned environmental concerns are the main cause of their poor commercialisation 

for in-situ practices (Megharaj et al., 2011). 

In relation to the Thinking Soils project, at this stage the work conducted is purely 

exploratory, very far from field applications; hence, these concerns about biosafety and 

sustainability are still not considered in the development of the project. Further, for all 

the experimental packages that require dealing with GMOs, the work is performed in 

Containment Level 2 laboratories and under the narrow supervision of extremely qualified 

staff. 
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For more details about the potential risks associated to Synthetic Biology practices, and 

the current strategies to deal with these concerns, see König et al. (2013) and Ramos et 

al. (2011). 

 

6.8. Concluding remarks 

The world of Geotechnical Engineering is becoming interested in the use of Genetically 

Modified Organisms (GMOs) to deal with geo-environmental problems since they provide 

benefits that conventional microorganisms are not able to offer. Of particular interest to 

this project is the process of bio-mineralisation through Microbially-Induced Calcite 

Precipitation (MICP) as an effective and sustainable solution to deal with ground 

improvement problems. The work described in this thesis interacts with Thinking Soils, an 

EPSRC-funded research project that aims to develop a responsive ground improvement 

technique, based on an engineered strain of bacteria capable of sensing pressure changes 

in soils (e.g. due to induced loading) and able to respond by synthesizing bio-cements that 

increase the strength of the soil where it is needed. 

The main aim of the study described in this thesis was to characterise at the micro and 

macro-scale an agarose-based system capable of testing engineered bacteria in a safe 

environment, monitoring their response and simulating the effect of a pressure-sensitive 

bio-cementation system. The implementation of such gel-based system offers many 

advantages, like enabling cell cultivation in a biologically clean medium where the 

physical, chemical and mechanical properties are controllable. 

The development of this system has clear implications for the Thinking Soils project since 

it will be used for the development of the pressure-responsive bacteria strain as well as 

for preliminary tests to assess the behaviour of the engineered cells under different 

conditions. Additionally, the proposed system will ultimately support the validation of the 

proof-of-concept. 

However, we believe a system of this kind can be used for many other applications, even 

for studies where the effect of mechanical forces are not used as an input. In particular, 

we believe our gel-based system can be beneficial to researchers working with engineered 
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living systems for environmental purposes. For example, a current trend of research is 

focusing on the development of engineered strains for bio-remediation purposes. A 

benefit of using our gel-based system would be the ability to mimic the biological and 

chemical properties of the ground and monitoring the remediation performance of the 

engineered cells. Additionally, another field of research where our gel-based system could 

be beneficial is in the development of biological sensors for different environmental 

applications. Therefore, we introduce this gel-based physical and computational model as 

a tool for the development, testing and monitoring of engineered responsive systems. 

As a conclusion, this study has presented the design and modelling of a gel-based physical 

and computational demonstrator that can be used to study the performance of living 

engineered bacteria-based systems that can adapt and respond to changes in their 

environment. Furthermore, the successful implementation of such gel-based 

demonstrator, accompanied by the corresponding proof-of-concept validation supported 

by the computational model, would establish the first steps towards the development of 

a new type of biotechnology in which a material is able to remodel itself in response to 

physical forces from its environment. 
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Appendix A. Unconsolidated Undrained Triaxial tests and moisture 

content calculation 

 

Diameter (mm)

Length (mm)

Cell pressure (kPa)

Axial 

Strain 

(%)

Deviator 

Stress 

(kPa)

Axial 

Strain 

(%)

Deviator 

Stress 

(kPa)

Axial 

Strain 

(%)

Deviator 

Stress 

(kPa)

Axial 

Strain 

(%)

Deviator 

Stress 

(kPa)

Axial 

Strain 

(%)

Deviator 

Stress 

(kPa)
0.00 0.09 0.00 -0.08 0.00 1.21 0.00 0.57 0.00 0.85
0.13 0.55 4.24 14.17 0.13 1.64 0.00 0.78 0.00 0.76
0.30 1.10 4.41 14.49 0.30 2.24 0.18 0.98 0.18 1.39
0.46 1.56 4.58 14.89 0.47 2.85 0.27 0.97 0.39 2.23
0.63 2.02 4.75 15.28 0.63 3.36 0.32 1.56 0.61 3.07
0.79 2.39 4.92 15.77 0.80 3.86 0.58 2.60 0.81 3.72
0.96 2.84 5.09 16.16 0.97 4.36 0.84 3.54 1.02 4.48
1.12 3.38 5.26 16.63 1.14 4.86 1.10 4.48 1.24 5.25
1.29 3.83 5.43 17.19 1.30 5.44 1.37 5.51 1.47 5.98
1.45 4.37 5.60 17.66 1.47 5.84 1.63 6.33 1.68 6.77
1.62 4.81 5.77 18.12 1.64 6.42 1.89 7.24 1.90 7.56
1.78 5.26 5.94 18.59 1.80 6.90 2.15 8.23 2.11 8.08
1.95 5.78 6.11 19.14 1.97 7.47 2.42 9.03 2.33 8.85
2.11 6.22 6.29 19.68 2.14 7.85 2.68 10.01 2.54 9.58
2.28 6.66 6.46 20.13 2.30 8.42 2.94 10.78 2.76 10.29
2.44 7.18 6.63 20.58 2.47 8.80 3.20 11.65 2.97 10.91
2.61 7.62 6.80 21.11 2.64 9.36 3.47 12.61 3.17 11.66
2.77 8.05 6.97 21.56 2.81 9.91 3.73 13.41 3.39 12.33
2.94 8.31 7.14 22.08 2.97 10.28 3.99 14.25 3.62 13.09
3.10 8.90 7.31 22.60 3.13 10.60 4.25 15.07 3.83 13.63
3.27 9.32 7.48 23.12 3.31 11.28 4.52 15.89 4.05 14.42
3.43 9.74 7.65 23.63 3.47 11.64 4.78 16.70 4.26 15.12
3.60 10.25 7.82 24.14 3.64 12.17 5.04 17.59 4.48 15.80
3.75 10.67 8.00 24.65 3.81 12.61 5.30 18.38 4.69 16.48
3.93 11.08 8.16 25.16 3.98 13.05 5.56 19.16 4.91 17.15
4.09 11.58 8.34 25.58 4.14 13.49 5.83 20.12 5.12 17.90
4.26 12.08 8.51 26.16 4.31 14.01 6.09 20.98 5.33 18.62
4.42 12.34 8.68 26.65 4.48 14.43 6.35 21.73 5.55 19.28
4.59 12.98 8.85 27.14 4.65 14.95 6.61 22.57 5.77 20.00
4.75 13.38 9.02 27.63 4.81 15.37 6.88 23.49 5.98 20.71
4.92 13.87 9.19 28.20 4.98 15.79 7.14 24.31 6.20 21.49
5.08 14.36 9.36 28.76 5.15 16.29 7.40 25.12 6.42 22.34
5.23 14.67 9.53 29.24 5.31 16.71 7.66 26.10 6.63 23.10
5.41 15.15 9.70 29.71 5.48 17.20 7.93 26.89 6.85 23.70
5.58 15.63 9.87 30.18 5.65 17.69 8.19 27.76 7.06 24.52
5.74 16.02 10.04 30.65 5.81 18.09 8.45 28.71 7.26 25.17
5.91 16.49 10.21 31.11 5.98 18.66 8.71 29.65 7.49 26.00
6.07 16.96 10.39 31.49 6.15 19.06 8.98 30.59 7.71 26.86
6.24 17.35 10.56 32.02 6.32 19.53 9.24 31.42 7.92 27.64
6.41 17.81 10.73 32.48 6.48 19.92 9.50 32.33 8.14 28.42
6.57 18.36 10.90 33.01 6.65 20.47 9.76 33.23 8.35 29.26
6.74 18.74 11.07 33.46 6.82 20.94 10.03 34.12 8.57 30.17
6.90 19.20 11.24 33.90 6.99 21.48 10.26 34.85 8.78 30.93
7.07 19.58 11.41 34.50 7.15 21.86 10.53 35.98 8.98 31.68
7.23 19.95 11.58 35.01 7.32 22.40 10.79 36.75 9.20 32.60
7.40 20.31 11.75 35.61 7.49 22.85 11.05 37.65 9.43 33.49
7.56 20.85 11.92 36.04 7.65 23.22 11.33 38.52 9.64 34.20
7.73 21.30 12.10 36.62 7.82 23.74 11.59 39.35 9.86 35.06
7.89 21.66 12.27 37.12 7.99 24.18 11.84 40.14 10.07 35.72

Triaxial data
SAMPLE 1 SAMPLE 2 SAMPLE 3 SAMPLE 4 SAMPLE 5

37.36 37.28 37.3 37.03 37.46

74.2975.72 73.17 74.8 74.95

100 kPa 200 kPa 300 kPa 400 kPa 500 kPa
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Cont.
8.05 22.10 12.44 37.62 8.15 24.62 12.10 41.02 10.29 36.59
8.22 22.54 12.61 38.27 8.32 24.97 12.38 41.87 10.50 37.45
8.39 23.06 12.78 38.76 8.49 25.56 12.64 42.67 10.72 38.26
8.55 23.50 12.95 39.33 8.66 25.90 12.90 43.60 10.93 38.99
8.72 23.85 13.12 39.89 8.82 26.41 13.16 44.46 11.14 39.74
8.88 24.28 13.29 40.44 8.99 27.00 13.43 45.26 11.34 40.47
9.05 24.63 13.46 41.00 9.16 27.24 13.70 46.16 11.58 41.34
9.21 25.22 13.63 41.55 9.32 27.57 13.96 46.88 11.79 42.03
9.38 25.64 13.80 42.01 9.49 28.06 14.21 47.74 12.01 42.85
9.54 26.06 13.97 42.55 9.66 28.54 14.47 48.49 12.22 43.61
9.71 26.56 14.14 43.17 9.83 29.02 14.75 49.46 12.44 44.40
9.87 26.91 14.31 43.70 9.99 29.58 15.00 50.12 12.65 45.20

10.04 27.47 14.49 44.15 10.16 30.06 15.27 51.00 12.87 45.98
10.20 27.89 14.66 44.75 10.33 30.61 15.54 51.91 13.07 46.70
10.37 28.38 14.83 45.35 10.49 31.24 15.80 52.67 13.30 47.46
10.53 28.86 15.00 45.79 10.66 31.70 16.04 53.38 13.52 48.20
10.69 29.27 15.17 46.22 10.83 32.24 16.30 54.28 13.73 48.95
10.86 29.75 15.34 46.73 10.99 32.78 16.57 55.07 13.95 49.82
11.03 30.15 15.51 47.32 11.16 33.23 16.83 55.77 14.16 50.55
11.19 30.62 15.68 47.74 11.33 33.83 17.10 56.42 14.38 51.34
11.36 31.10 15.85 48.23 11.50 34.35 17.35 56.87 14.59 52.10
11.52 31.49 16.02 48.81 11.66 34.87 17.63 57.49 14.81 52.94
11.69 31.96 16.20 49.21 11.83 35.46 17.89 57.74 15.01 53.49
11.85 32.35 16.37 49.54 12.00 35.97 18.14 57.78 15.24 54.15
12.02 32.73 16.54 49.95 12.16 36.56 18.40 57.61 15.45 55.08
12.18 33.19 16.71 50.43 12.33 37.05 18.66 56.78 15.67 55.80
12.35 33.65 16.88 50.82 12.50 37.64 18.92 52.99 15.88 56.58
12.51 34.18 17.05 51.14 12.67 38.21 19.18 46.16 16.10 57.35
12.68 34.64 17.22 51.53 12.83 38.81 19.45 38.52 16.31 58.18
12.84 35.01 17.39 51.76 13.00 39.37 19.52 36.86 16.53 58.93
13.01 35.53 17.56 52.06 13.17 39.89 16.74 59.78
13.17 35.90 17.73 52.37 13.33 40.48 16.95 60.36
13.34 36.34 17.90 52.52 13.50 41.02 17.17 61.10
13.50 36.78 18.07 52.59 13.67 41.62 17.39 61.88
13.67 37.29 18.25 52.73 13.84 42.18 17.60 62.18
13.83 37.73 18.41 52.80 14.00 42.71 17.82 62.78
14.00 38.24 18.59 52.71 14.17 43.24 18.03 63.24
14.16 38.66 18.76 52.40 14.34 43.92 18.25 63.75
14.33 39.09 18.93 52.09 14.51 44.43 18.46 64.20
14.49 39.51 19.10 50.07 14.67 44.95 18.68 64.56
14.66 40.01 19.27 45.84 14.84 45.61 18.88 64.71
14.82 40.35 15.01 46.19 19.11 64.69
14.99 40.84 15.17 46.69 19.32 64.68
15.15 41.18 15.34 47.27 19.54 64.11
15.32 41.58 15.51 47.92 19.75 61.56
15.48 41.91 15.67 48.56 19.97 50.23
15.65 42.28 15.84 49.03 20.18 18.69
15.81 42.72 16.01 49.58 20.22 17.20
15.98 43.16 16.18 50.13
16.15 43.68 16.34 50.76
16.31 44.11 16.51 51.29
16.48 44.62 16.68 51.83
16.64 45.05 16.84 52.43
16.81 45.47 17.01 52.87
16.97 45.89 17.18 53.47
17.14 46.39 17.35 53.90
17.30 46.73 17.51 54.41
17.46 47.22 17.68 55.00
17.63 47.63 17.85 55.50
17.80 47.80 18.01 55.99
17.96 48.12 18.18 56.48
18.12 47.99 18.35 56.89
18.29 47.78 18.51 57.37
18.45 47.34 18.68 57.77
18.62 46.68 18.85 57.86
18.78 44.67 19.02 58.03
18.95 38.46 19.18 58.19
19.11 30.64 19.35 58.21

19.52 58.14
19.68 58.08
19.85 57.50

SAMPLE 1 SAMPLE 2 SAMPLE 3 SAMPLE 4 SAMPLE 5
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Undrained shear strength 

 

 

Moisture content 

 

 

Max. deviator 

stress (kPa)

Max. axial strain 

(%)

Membrane 

correction (kPa)

Corrected deviator 

stress (kPa)

Undrained shear 

strength, Cu (kPa)

Average Cu (kPa) 27.25

23.19 25.50 28.15 27.99 31.43

46.37 51.00 56.31 55.98 62.86

1.75 1.80 1.90 1.80 1.85

17.95 18.41 18.14 18.8819.35

48.12 52.80 58.21 57.78 64.71

SAMPLE 2 SAMPLE 3 SAMPLE 4 SAMPLE 5SAMPLE 1

Before 

drying (g)

After 

drying (g)

Water 

evaporated (g)

Dry 

sample (g)

Moisture 

content (%)

Average moisture 

content (%)

Tin 82.54

Tin + sample 116.03 84.52 31.51 1.98

Tin 81.79

Tin + sample 103.65 83.11 20.54 1.32

Tin 82.22

Tin + sample 115.78 84.19 31.59 1.97

1583.68

SAMPLE 1 1591.41

SAMPLE 2 1556.06

SAMPLE 3 1603.55
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Appendix B. Oedometer tests 

 

 

Sample 1

Diameter = 49.99 mm

Height = 20.45 mm

Loading stage 0 kPa --> 6 kPa

√t90 = 65 H1 = 20.45 mm

t90 = 4225 s H2 = 20.03 mm

H = 20.24 mm P1 = 0 kPa

Cv = 0.04 mm2/s P2 = 6 kPa

Cv = 1.36 m2/yr mv = 3.45 m2/MN
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Sample 2

Diameter = 49.79 mm

Height = 20.08 mm

Loading stage 12 kPa --> 25 kPa

√t90 = 210 H1 = 19.97 mm

t90 = 44100 s H2 = 18.84 mm

H = 19.40 mm P1 = 12 kPa

Cv = 0.00 mm2/s P2 = 25 kPa

Cv = 0.12 m2/yr mv = 4.39 m2/MN
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Sample 2

Diameter = 49.79 mm

Height = 20.08 mm

Loading stage 25 kPa --> 50 kPa

√t90 = 150 H1 = 18.84 mm

t90 = 22500 s H2 = 16.58 mm

H = 17.71 mm P1 = 25 kPa

Cv = 0.01 mm2/s P2 = 50 kPa

Cv = 0.20 m2/yr mv = 4.78 m2/MN
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Sample 3

Diameter = 49.36 mm

Height = 20.26 mm

Loading stage 0 kPa --> 6 kPa

√t90 = 68 H1 = 20.26 mm

t90 = 4624 s H2 = 19.92 mm

H = 20.09 mm P1 = 0 kPa

Cv = 0.04 mm2/s P2 = 6 kPa

Cv = 1.23 m2/yr mv = 2.80 m2/MN
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Sample 4

Diameter = 49.87 mm

Height = 20.86 mm

Loading stage 12 kPa --> 25 kPa

√t90 = 225 H1 = 19.87 mm

t90 = 50625 s H2 = 18.86 mm

H = 19.37 mm P1 = 12 kPa

Cv = 0.00 mm2/s P2 = 25 kPa

Cv = 0.10 m2/yr mv = 3.93 m2/MN
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Sample 5

Diameter = 49.12 mm

Height = 20.54 mm

Loading stage 12 kPa --> 25 kPa

√t90 = 120 H1 = 19.98 mm

t90 = 14400 s H2 = 19.51 mm

H = 19.74 mm P1 = 12 kPa

Cv = 0.01 mm2/s P2 = 25 kPa

Cv = 0.38 m2/yr mv = 1.82 m2/MN
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Sample 6

Diameter = 49.63 mm

Height = 20.74 mm

Loading stage 12 kPa --> 25 kPa

√t90 = 115 H1 = 20.74 mm

t90 = 13225 s H2 = 19.77 mm

H = 20.26 mm P1 = 12 kPa

Cv = 0.01 mm2/s P2 = 25 kPa

Cv = 0.44 m2/yr mv = 3.59 m2/MN
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Appendix C. Bacteria growth data  

 

20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

3 0.26 0.06 0.13 0.12 0.12 0.12 0.10 0.09 0.10 0.11 0.10 0.10 0.10 0.10 0.10 0.11 0.12 0.13 0.12 0.15

6 0.48 0.12 0.21 0.21 0.21 0.22 0.21 0.20 0.20 0.20 0.18 0.17 0.18 0.20 0.19 0.19 0.21 0.24 0.23 0.25

9 0.80 0.19 0.36 0.38 0.38 0.39 0.36 0.32 0.33 0.34 0.31 0.28 0.29 0.31 0.30 0.30 0.34 0.38 0.37 0.42

12 1.46 0.29 0.40 0.44 0.45 0.46 0.44 0.43 0.44 0.45 0.42 0.39 0.40 0.41 0.41 0.41 0.46 0.51 0.48 0.68

24 5.57 0.90 0.37 0.35 0.30 0.25 0.27 0.29 0.31 0.33 0.32 0.31 0.30 0.28 0.32 0.36 0.36 0.36 0.35 2.21

20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

3 0.19 0.07 0.14 0.14 0.15 0.16 0.15 0.14 0.14 0.14 0.14 0.15 0.16 0.18 0.18 0.18 0.16 0.14 0.13 0.12

6 0.91 0.32 0.37 0.35 0.37 0.40 0.37 0.34 0.33 0.33 0.31 0.30 0.31 0.33 0.37 0.41 0.36 0.32 0.29 0.35

9 4.04 0.53 0.44 0.43 0.45 0.46 0.45 0.43 0.41 0.39 0.43 0.48 0.45 0.43 0.45 0.48 0.44 0.41 0.47 1.94

12 7.30 0.55 0.50 0.45 0.46 0.46 0.44 0.42 0.39 0.36 0.39 0.41 0.41 0.41 0.45 0.49 0.48 0.48 0.63 2.78

24 8.89 0.92 0.48 0.30 0.29 0.28 0.28 0.29 0.27 0.26 0.26 0.25 0.26 0.28 0.30 0.32 0.32 0.32 0.51 0.65

20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

3 0.37 0.45 0.17 0.22 0.23 0.23 0.22 0.20 0.21 0.23 0.20 0.16 0.24 0.31 0.29 0.27 0.24 0.22 0.17 0.38

6 2.04 1.15 0.41 0.39 0.43 0.46 0.40 0.34 0.39 0.45 0.48 0.51 0.45 0.38 0.45 0.53 0.53 0.54 0.49 2.66

9 6.38 1.42 0.50 0.30 0.36 0.41 0.36 0.30 0.32 0.35 0.36 0.37 0.32 0.28 0.31 0.34 0.34 0.34 0.27 2.07

12 6.64 1.07 0.38 0.23 0.26 0.29 0.25 0.21 0.24 0.26 0.27 0.29 0.26 0.23 0.22 0.20 0.22 0.23 0.16 1.67

24 7.31 0.58 0.29 0.16 0.16 0.15 0.15 0.16 0.18 0.21 0.20 0.19 0.16 0.14 0.15 0.15 0.14 0.13 0.09 1.19

Dilution: 1/1000         Temperature: 35°C

Layer

Time (h)

Dilution: 1/1000         Temperature: 25°C

Layer

Time (h)

Dilution: 1/1000         Temperature: 30°C

Layer

Time (h)
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20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

3 0.10 0.05 0.09 0.09 0.10 0.11 0.10 0.09 0.10 0.10 0.10 0.10 0.09 0.08 0.09 0.09 0.09 0.08 0.06 0.14

6 0.71 0.34 0.51 0.53 0.53 0.53 0.57 0.61 0.58 0.54 0.53 0.51 0.55 0.59 0.58 0.57 0.52 0.47 0.45 0.63

9 2.69 1.05 1.11 1.09 1.01 0.94 0.91 0.88 0.88 0.88 0.91 0.93 0.89 0.86 0.81 0.77 0.84 0.91 0.96 1.77

12 5.13 1.70 1.23 1.21 1.19 1.17 1.03 0.90 0.96 1.02 1.00 0.98 0.95 0.91 0.87 0.83 0.98 1.14 1.31 2.70

24 15.24 2.21 0.48 0.41 0.43 0.44 0.42 0.39 0.41 0.43 0.49 0.54 0.54 0.54 0.59 0.64 0.62 0.60 0.54 10.52

20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

3 1.35 1.32 0.41 0.45 0.46 0.47 0.44 0.42 0.45 0.47 0.48 0.48 0.48 0.49 0.47 0.44 0.50 0.55 0.70 0.86

6 4.62 3.02 0.86 0.90 0.91 0.92 0.94 0.96 0.93 0.91 0.93 0.94 0.99 1.04 1.12 1.19 1.23 1.28 1.59 2.76

9 9.32 2.24 1.03 0.92 0.95 0.97 0.97 0.97 0.93 0.90 0.93 0.96 0.95 0.94 0.92 0.90 0.94 0.98 1.24 6.29

12 11.66 1.81 0.97 0.68 0.71 0.74 0.76 0.78 0.72 0.65 0.69 0.72 0.75 0.77 0.75 0.74 0.72 0.70 0.92 11.07

24 16.33 1.17 0.56 0.57 0.62 0.67 0.64 0.62 0.61 0.61 0.58 0.56 0.55 0.54 0.58 0.61 0.49 0.37 0.46 5.20

20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

3 1.22 2.04 0.91 0.88 0.80 0.72 0.72 0.71 0.69 0.66 0.67 0.69 0.74 0.79 0.80 0.81 0.77 0.73 0.60 0.77

6 12.92 5.33 1.21 1.20 1.11 1.01 0.96 0.92 0.98 1.03 1.06 1.08 1.14 1.20 1.20 1.20 1.10 1.00 1.20 9.65

9 19.01 4.04 0.94 0.81 0.90 0.99 0.92 0.86 0.97 1.08 1.00 0.93 0.99 1.05 1.01 0.97 0.97 0.97 0.86 9.36

12 15.24 1.18 0.71 0.60 0.61 0.62 0.68 0.75 0.79 0.83 0.77 0.70 0.78 0.85 0.79 0.73 0.64 0.54 0.59 5.01

24 6.90 0.53 0.30 0.24 0.27 0.30 0.30 0.30 0.29 0.28 0.28 0.28 0.30 0.32 0.28 0.24 0.26 0.27 0.23 1.44

Dilution: 1/100         Temperature: 35°C

Layer

Time (h)

Dilution: 1/100         Temperature: 25°C

Layer

Time (h)

Dilution: 1/100         Temperature: 30°C

Layer

Time (h)
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Appendix D. Bacteria growth expressions 

 

Initial dilution: 1/1000 Initial dilution: 1/100

20 y =  54253.7806 + (-54253.69251)/(1+(x/2371.69267)^2.00298) y = 21.62367 + (-21.660544)/(1+(x/17.79452)^2.91665)

19 y =  13846.8786 + (-13846.86254)/(1+(x/8812.31230)^ 1.63591) y = 2.25532 + (-2.23795)/(1+(x/9.26264)^4.18813)

18 y = 7.6451915 * (x + 0.16534)/((x^2 - 13.395334*x + 245.27145)) y = 5.1083385 * (x - 1.17732)/((x^2 - 18.563593*x + 122.91609))

17 y = 5.3056227 * (x + 0.23625)/((x^2 - 17.454946*x + 210.96046)) y = 4.3653414 * (x - 0.87994)/((x^2 - 18.508544*x + 118.16362))

16 y = 3.9105753 * (x + 0.47995)/((x^2 - 18.4203*x + 184.91571)) y = 4.5766511 * (x - 0.61966)/((x^2 - 18.838105*x + 125.99945))

15 y = 2.9714405 * (x + 0.72718)/((x^2 - 18.508266*x + 160.4001)) y = 4.7227103 * (x - 0.30965)/((x^2 - 19.303282*x + 135.32045))

14 y = 3.3678768 * (x + 0.35317)/((x^2 - 18.660021*x + 174.66581)) y = 5.113891 * (x - 0.6876)/((x^2 - 17.228378*x + 119.46884))

13 y = 3.5005918 * (x + 0.47344)/((x^2 - 20.124859*x + 200.48739)) y = 5.2319009 * (x - 0.99304)/((x^2 - 15.035661*x + 100.88425))

12 y = 3.7637502 * (x + 0.57873)/((x^2 - 20.337208*x + 208.89915)) y = 5.2913667 * (x - 0.80621)/((x^2 - 16.252215*x + 113.29719))

11 y = 4.0310572 * (x + 0.67998)/((x^2 - 20.54698*x + 217.22483)) y = 5.1796165 * (x - 0.5869)/((x^2 - 17.599531*x + 125.5917))

10 y = 3.7598837 * (x + 0.73654)/((x^2 - 21.462333*x + 228.61361)) y = 5.9851984 * (x - 0.81863)/((x^2 - 17.139284*x + 127.62262))

9 y = 3.6746207 * (x + 0.96289)/((x^2 - 21.814672*x + 241.90862)) y = 0.21989538 * (x + 7.98487) * (x - 0.44822)/((x^2 - 15.013151*x + 88.032033))

8 y = 3.6063968 * (x + 0.87815)/((x^2 - 21.086114*x + 227.20887)) y = 0.2373095 * (x + 8.00328) * (x - 0.77738)/((x^2 - 13.922898*x + 80.442694))

7 y = 3.619267 * (x + 0.60615)/((x^2 - 19.184974*x + 199.66929)) y = 0.28564284 * (x + 4.99855) * (x - 1.08212)/((x^2 - 12.465655*x + 66.468124))

6 y = 4.1305408 * (x + 0.64345)/((x^2 - 20.448117*x + 231.03146)) y = 0.38476607 * (x + 1.47406) * (x - 1.16125)/((x^2 - 10.864125*x + 53.969569))

5 y = 5.1227398 * (x + 0.65093)/((x^2 - 20.333545*x + 261.13605)) y = 0.47989016 * (x + 0.29219) * (x - 1.42938)/((x^2 - 9.0872761*x + 43.106168))

4 y = 4.630249 * (x + 0.76652)/((x^2 - 20.494672*x + 232.58672)) y = 8.4915638 * (x - 0.84968)/((x^2 - 17.082752*x + 155.95229))

3 y = 4.5128826 * (x + 0.78925)/((x^2 - 19.928425*x + 210.47514)) y = 6.7222404 * (x - 0.91146)/((x^2 - 19.500927*x + 155.12537))

2 y = 4.6939082 * (x + 0.5139)/((x^2 - 19.093157*x + 209.09295)) y = 5.2246271 * (x - 1.01742)/((x^2 - 20.872343*x + 150.16363))

1 y = 39848.7658 + (-39848.72277)/(1+(x/ 6689.31671)^1.74429) y = 51757.7937 + (-51757.82528)/(1+(x/2068.63365)^1.90685)

Temperature: 25°C
Layer
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Initial dilution: 1/1000 Initial dilution: 1/100

20 y = 8.96553 + (-8.84562)/(1+(x/9.32440)^5.58214) y = 17.80218 + (-17.754875)/(1+(x/8.99344)^2.42137)

19 y = 1.18174 + (-1.19642)/(1+(x/11.32573)^1.62120) y = 0.78717698 * (x + 1.85022) * (x - 0.02461)/((x^2 - 7.7898198*x + 22.968998))

18 y = 0.43767731 * (x + 0.10533) * (x - 0.21042)/((x^2 - 3.6281843*x + 28.446359)) y = 10.221162 * (x - 0.05676)/((x^2 - 9.2308904*x + 90.892631))

17 y = 5.737994 * (x - 0.14571)/((x^2 - 10.063578*x + 125.91537)) y = 0.36245445 * (x + 3.46178) * (x + 0.06758)/((x^2 - 6.7856899*x + 27.496979))

16 y = 5.5404972 * (x - 0.15589)/((x^2 - 9.4727742*x + 112.49402)) y = 0.42053787 * (x + 2.23518) * (x + 0.07001)/((x^2 - 6.3881033*x + 25.076142))

15 y = 5.2859621 * (x - 0.165)/((x^2 - 9.1381264*x + 100.84517)) y = 0.48026895 * (x + 1.27028) * (x + 0.08121)/((x^2 - 5.9943584*x + 22.680058))

14 y = 0.12023635 * (x + 16.98812) * (x - 0.03692)/((x^2 - 9.5172945*x + 66.474695)) y = 0.44582922 * (x + 1.73145) * (x + 0.07444)/((x^2 - 6.5743421*x + 25.49448))

13 y = 0.13599315 * (x + 11.95428) * (x - 0.00628)/((x^2 - 9.5969344*x + 64.69567)) y = 0.41480046 * (x + 2.13676) * (x + 0.06211)/((x^2 - 7.13787*x + 28.051996))

12 y = 0.14042091 * (x + 9.93742) * (x - 0.0007)/((x^2 - 8.9501672*x + 58.088215)) y = 0.42796317 * (x + 1.29763) * (x + 0.08988)/((x^2 - 6.5764174*x + 23.546709))

11 y = 0.14488697 * (x + 7.91384) * (x + 0.00492)/((x^2 - 8.3098929*x + 51.053436)) y = 0.44109961 * (x^2 + 0.44990129*x + 0.082776693)/((x^2 - 6.1178589*x + 19.139987))

10 y = 0.099970009 * (x + 17.66236) * (x + 0.16207)/((x^2 - 10.454526*x + 71.569875)) y = 0.38621885 * (x + 2.60492) * (x + 0.06495)/((x^2 - 6.5689121*x + 24.752613))

9 y = 3.9170916 * (x - 0.06848)/((x^2 - 12.377804*x + 109.65975)) y = 0.33002157 * (x + 5.64073) * (x + 0.05345)/((x^2 - 7.043495*x + 30.477425))

8 y = 4.7184789 * (x + 0.01209)/((x^2 - 10.470842*x + 112.71369)) y = 0.33837345 * (x + 4.50578) * (x + 0.0369)/((x^2 - 7.2135947*x + 28.677945))

7 y = 5.7541462 * (x + 0.03243)/((x^2 - 7.7732748*x + 114.20107)) y = 0.34748314 * (x + 3.49631) * (x + 0.01577)/((x^2 - 7.346072*x + 27.027606))

6 y = 0.059083984 * (x + 73.86094) * (x + 0.00098)/((x^2 - 8.4737931*x + 92.364379)) y = 0.42349055 * (x^2 - 0.19539413*x + 0.02302418)/((x^2 - 7.1620068*x + 20.175032))

5 y = 0.10825806 * (x + 31.10619) * (x - 0.03698)/((x^2 - 8.7779117*x + 76.995684)) y = 0.48627387 * (x - 0.00569) * (x - 2.01446)/((x^2 - 6.8243735*x + 14.716684))

4 y = 0.026385956 * (x + 211.01765) * (x - 0.04933)/((x^2 - 9.6210881*x + 119.03792)) y = 0.32118968 * (x + 1.53677) * (x + 0.03533)/((x^2 - 8.0372577*x + 24.055345))

3 y = -0.23174324 * (x - 0.05508) * (x - 53.47035)/((x^2 - 13.207026*x + 257.444)) y = 0.16671602 * (x + 12.20408) * (x + 0.00891)/((x^2 - 8.8987902*x + 31.639668))

2 y = 6.7063468 * (x + 0.20551)/((x^2 - 20.450977*x + 233.06281)) y = 0.19393527 * (x + 15.446) * (x - 0.01278)/((x^2 - 8.8763006*x + 32.924581))

1 y = 0.24008209 * (x^2 - 2.130873*x + 15.359838)/((x^2 - 20.325968*x + 111.48009)) y = 36.466208 * (x + 0.16336)/((x^2 - 25.231834*x + 198.90429))

Temperature: 30°C
Layer
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Initial dilution: 1/1000 Initial dilution: 1/100

20 y = 7.06215 + (-6.88847)/(1+(x/6.82920)^7.52943) y = 3.5514848 * (x + 4.72767) * (x - 1.43801)/((x^2 - 13.193476*x + 56.82352))

19 y = 0.19423508 * (x + 18.45054) * (x + 0.32584)/((x^2 - 11.416085*x + 57.970653)) y = 0.10547681 * x * (x^2 - 33.667588*x + 294.32248)/((x^2 - 14.408748*x + 65.674894))

18 y = 0.16081868 * (x + 4.80274) * (x + 0.27538)/((x^2 - 8.9337465*x + 43.186248)) y = 6.0371622 * (x + 0.00353)/((x^2 - 5.6649801*x + 27.870644))

17 y = 0.10749663 * (x + 2.5385) * (x + 0.01677)/((x^2 - 7.0040372*x + 20.079209)) y = 4.3397634 * (x - 0.01367)/((x^2 - 6.6476497*x + 25.610083))

16 y = 0.07037939 * (x + 13.78097) * (x + 0.01956)/((x^2 - 7.6954498*x + 29.780034)) y = 5.1677497 * (x + 0.01603)/((x^2 - 6.2863491*x + 29.422096))

15 y = 0.035935134 * (x + 43.6375) * (x + 0.03635)/((x^2 - 8.5809715*x + 38.761199)) y = 6.7236463 * (x + 0.03947)/((x^2 - 5.2287143*x + 35.813396))

14 y = 0.061515363 * (x + 18.15312) * (x + 0.03183)/((x^2 - 7.7311943*x + 32.610629)) y = 6.7236463 * (x + 0.03947)/((x^2 - 5.2287143*x + 35.813396))

13 y = 0.09106702 * (x + 6.3459) * (x + 0.02673)/((x^2 - 6.770933*x + 24.356891)) y = -0.63868656*(x - 0.00059)*(x - 38.92415)/((x^2 + 5.1143522*x + 71.690473))

12 y = 0.11844005 * (x + 2.54503) * (x + 0.03605)/((x^2 - 6.9474792*x + 21.160841)) y = -0.43292464 * (x + 0.00277) * (x - 40.11181)/((x^2 - 2.5018902*x + 68.988684))

11 y = 0.14429253 * (x + 0.48026) * (x + 0.11448)/((x^2 - 6.9961873*x + 18.779935)) y = -0.32848764 * (x + 0.01606) * (x - 41.002)/((x^2 - 6.4837141*x + 68.348274))

10 y = 0.13591688 * (x + 0.31345) * (x + 0.14368)/((x^2 - 7.7328609*x + 21.367416)) y = -0.18699047 * (x + 0.00606) * (x - 53.11654)/((x^2 - 6.4716775*x + 52.428987))

9 y = 0.12962818 * (x + 0.27727) * (x - 0.08808)/((x^2 - 8.3871923*x + 23.668561)) y = -0.06335273 * (x - 0.00043) * (x - 107.28892)/((x^2 - 6.7643554*x + 40.129818))

8 y = 0.10678813 * (x + 3.15356) * (x - 0.01276)/((x^2 - 7.3747326*x + 21.310044)) y = -0.10375101 * (x - 0.00321) * (x - 81.15097)/((x^2 - 6.2491495*x + 42.659617))

7 y = 0.079072098 * (x + 10.22963) * (x - 0.003)/((x^2 - 5.5864257*x + 17.718212)) y = -0.15809908 * (x - 0.00468) * (x - 65.96907)/((x^2 - 5.645834*x + 45.713659))

6 y = 0.086825881 * (x + 4.81339) * (x + 0.01592)/((x^2 - 7.2009843*x + 19.625153)) y = -0.14356379 * (x - 0.00411) * (x - 63.5638)/((x^2 - 5.9790705*x + 41.448524))

5 y = 0.084159665 * (x + 3.91697) * (x + 0.09933)/((x^2 - 8.0275096*x + 21.818148)) y = -0.13888566 * (x - 0.00334) * (x - 58.38914)/((x^2 - 6.2855487*x + 38.20864))

4 y = 0.074493038 * (x + 5.60308) * (x + 0.06145)/((x^2 - 8.4120102*x + 24.300229)) y = -0.11295342 * (x + 0.01426) * (x - 65.54696)/((x^2 - 6.286213*x + 37.830835))

3 y = 0.066215988 * (x + 7.22353) * (x + 0.00891)/((x^2 - 8.843119*x + 26.828079)) y = -0.088408493 * (x + 0.03448) * (x - 76.13849)/((x^2 - 6.2696577*x + 37.451246))

2 y = 0.043318064 * (x + 7.13871) * (x + 0.07439)/((x^2 - 9.3378501*x + 27.1485)) y = 0.037175311 * (x + 81.23337) * (x - 0.01257)/((x^2 - 8.8282006*x + 33.162469))

1 y = 0.88154094 * (x + 0.00217) * (x - 1.96438)/((x^2 - 8.6998536*x + 24.221705)) y = -0.042434928 * x * (x - 0.421) * (x - 42.77729)/((x^2 - 12.863437*x + 46.594581))

Temperature: 35°C
Layer
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Appendix E. Processing code 

// Computational model to represent and predict the behaviour of agarose gels, bacteria growth and effect 
stress-sensitive urease-producing engineered bacteria on the matrix of the gel 

import controlP5.*; //Graphic user interface 

import peasy.*; //3D cam 

import nervoussystem.obj.*; 

PeasyCam cam; //Initialise the cam 

ControlP5 cp5; //Initialise the GUI 

Slider2D lp1; 

// Variables for initiation and reset of the interface. 

boolean set = false; //Turns to true after the initial stress simulation and prevends the stress values resetting. 

boolean run = false; //Runs the simulation 

boolean reset = false; // Resets all values and sets run to false 

boolean drainage = false; //Allows/restricts vertical drainage of water out of the sample 

boolean one_way = false; //Changes the drainage from 2 way to 1 way 

boolean local_stress = false; //Allows/restricts the generation of local stresses due to a reduced foundation 

boolean lock = false; //Locks the movement of the hydrogel sample 

boolean low = false; //Initial concentration of bacteria cells 

boolean high = true; //Initial concentration of bacteria cells 

boolean linear_increase_1 = false; //Graph gene expression 

boolean linear_decrease_1 = false; //Graph gene expression 

boolean linear_increase_2 = false; //Graph gene expression 

boolean linear_decrease_2 = false; //Graph gene expression 

boolean peak_1 = false; //Graph gene expression 

boolean peak_2 = false; //Graph gene expression 

boolean isobars = false; //Allows the representation of the stresses in terms of isobars 

boolean record = false; 

float amount = 0; //Initialises the variable amount 

float load = 1000; //Initialises the variable load (in N) 

float cv = 1; //Initialises the coefficient of Consolidation (square METER/YEAR) 

float skempton_factor = 6.2;  

float cu = 27;  

float ultimate_bearing_capacity = skempton_factor*cu; //Calculates the ultimate bearing capacity of the gel 
(considering a semi-infinite space) 
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int temperature = 30; //Initialises the variable temperature 

// Initialise the  arrays 

float[][][]recording_pressure; //updates to track changes in pore pressure over time 

float[][][]static_stress; //records total stress due to loading 

float[][][]immediate_settlement; 

float[][][]total_immediate_settlement; 

float[][][]consolidation_settlement; 

float[][][]total_consolidation_settlement; 

float[][][]bacteria_growth; 

float[][][]amount_urease; 

float counter = 0; //counter used to display timer (MINUTES) 

float time_threshold =4; //variable to stop the simulation at a certain time (in HOURS) 

//Dimnesions of the analysis area and the foundation 

float ratio = 4; 

float number_boxes_length = 40; //number of total boxes  

float number_boxes_breadth = 40; //number of total boxes  

float number_boxes_depth = 40; //number of total boxes  

float gel_length_real = 100; //real dimensions of the volume of hydogel (mm) 

float gel_length_virtual = gel_length_real*ratio;   //virtual dimensions of the volume of hydrogel (pixels) 

float gel_breadth_real = 100;     //(mm) 

float gel_breadth_virtual = gel_breadth_real*ratio;  //(pixels) 

float gel_depth_real = 100;       //(mm) 

float gel_depth_virtual = gel_depth_real*ratio;    //(pixels) 

float foundation_length;     //real dimensions of the foundation(mm) 

float foundation_depth = 20;    //virtual dimensions of the foundation (pixels) 

float box_size_virtual = gel_length_virtual/number_boxes_length;  //virtual dimensions of the boxes (pixels) 

float box_size_real = gel_length_real/number_boxes_length; //real dimensions of the boxes (mm) 

int slice = 1; 

 

int Simulation_Mode = 1; //Initialises the variable silation_mode 

//Properties of the hydrogel 

float mu=0.45; 

float young=300; 

float Cc=0.41; 
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float e0=27; 

float Ip=0.9; ////for rigid foundations and L/B=1 

float mv=0.5; 

float Val2_0 = 0; //Initialises the values for graph 2 

float Val2_35 = 0.8; 

float Val2_70 = 1.6; 

float Val2_105 = 2.4; 

float Val2_140 = 3.2; 

float Val2_175 = 4; 

float Val1_0 = 0; //Initialises the values for graph 1 

float Val1_0_5 = 4.16; 

float Val1_1 = 8.32; 

float Val1_1_5 = 12.5; 

float Val1_2 = 16.65; 

float Val1_2_5 = 20.8; 

float Val1_3 = 25; 

int box_height = 150; //size of the graphs 

int box_width = 150; //size of the graphs 

int box_x = 1400; //x location of the graphs 

int box_y_1 = 70; //y location of graph 1 

int box_y_2 = 450; //y location of graph 2 

float max_expression_1 = 25; //max expression of graph 1 (y axis) 

float max_expression_2 = 4; //max expression of graph 2 (y axis) 

boolean hit_line = false; //variable that identifies the x coordinate of the graphs 

int[][]graph_matrix_1 = new int[box_width][box_height]; //Initialise the 2D array for graph 1 

int[][]graph_matrix_2 = new int[box_width][box_height]; //Initialise the 2D array for graph 2 

 

float y_value_1; //Initialises the variable y_value_1 

float y_value_2; //Initialises the variable y_value_2 

boolean export_2d = true; 

 

////////////////////////////////////////////////SETUP//////////////////////////////////////////// 

void setup(){ 

  frameRate(60); //SLOWS DOWN THE COUNTER 
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  reset = false; 

  size(1600, 800, OPENGL); //size of the GUI 

  cam = new PeasyCam(this, 700);  //Initialize the  cam 

  cam.setMinimumDistance(700); 

  cam.setMaximumDistance(1000); 

  cam.lookAt(200, 200,200); 

  //cam.rotateX(0.0); 

  cam.setYawRotationMode(); //Allows only rotation on the y direction 

  cam.setResetOnDoubleClick(false);  //Avoid the camera resetting when double-clickling 

 

  //setup sliders of the GUI 

  cp5 = new ControlP5(this); 

    cp5.addToggle("run") 

    .setPosition(30, 60) 

      .setSize(50, 50) 

        .setValue(false) 

          .setColorCaptionLabel(1) 

            ; 

  cp5.addSlider("load") 

    .setPosition(30, 130) 

      .setSize(150, 20) 

        .setRange(0, 1000) 

          .setValue(150) 

            .setColorCaptionLabel(1) 

          

     ; 

    cp5.addSlider("foundation_length") 

    .setPosition(30, 180) 

      .setSize(150, 20) 

        .setRange(10, 100) 

          .setValue(30) 

            .setColorCaptionLabel(1) 

              .setNumberOfTickMarks(10) 

                ; 

  cp5.addSlider("cv") 

    .setPosition(30, 480) 

      .setSize(150, 20) 

        .setRange(0, 3) 

          .setValue(0) 

            .setColorCaptionLabel(1) 

              .setNumberOfTickMarks(31) 

            ; 

  cp5.addSlider("Simulation_Mode") 

    .setPosition(30, 230) 

      .setSize(150, 20) 

        .setRange(1, 8) 

          .setValue(5) 

            .setColorCaptionLabel(1) 

              .setNumberOfTickMarks(8) 

                ;       

  cp5.addToggle("one_way") 

    .setPosition(80, 330) 

      .setSize(10, 10) 

        .setValue(false) 

          .setColorCaptionLabel(1) 

            ; 

  cp5.addToggle("drainage") 

    .setPosition(30, 330) 
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      .setSize(10, 10) 

        .setValue(true) 

          .setColorCaptionLabel(1) 

            ; 

  cp5.addToggle("local_stress") 

    .setPosition(130, 330) 

      .setSize(10, 10) 

        .setValue(true) 

          .setColorCaptionLabel(1) 

            ; 

  cp5.addSlider("time_threshold") 

    .setPosition(30, 280) 

      .setSize(150, 20) 

        .setRange(0, 10) 

          .setValue(4) 

            .setColorCaptionLabel(1) 

              .setNumberOfTickMarks(11) 

            ; 

  cp5.addSlider("temperature") 

    .setPosition(30, 380) 

      .setSize(150, 20) 

        .setRange(25, 35) 

          .setValue(30) 

            .setColorCaptionLabel(1) 

              .setNumberOfTickMarks(3) 

            ;  

 cp5.addToggle("lock") 

    .setPosition(460, 650) 

      .setSize(10, 10) 

        .setValue(false) 

          .setColorCaptionLabel(1) 

            ; 

 cp5.addToggle("low") 

    .setPosition(60, 430) 

      .setSize(10, 10) 

        .setValue(false) 

          .setColorCaptionLabel(1) 

            ; 

 cp5.addToggle("high") 

    .setPosition(130, 430) 

      .setSize(10, 10) 

        .setValue(true) 

          .setColorCaptionLabel(1) 

            ; 

 cp5.addSlider("Val2_0") 

    .setPosition(1350, 630) 

      .setSize(10, 100) 

        .setRange(0, 4) 

          .setValue(0) 

            .setColorCaptionLabel(1) 

              .setColorValue(color(0, 0, 0)) 

                //.setColorBackground(color(0, 0, 0)) 

//.setColorForeground(color(255,0,0)) 

            ;  

  cp5.addSlider("Val2_35") 

    .setPosition(1390, 630) 

      .setSize(10, 100) 

        .setRange(0, 4) 

          .setValue(0.8) 

            .setColorCaptionLabel(1) 

               .setColorValue(color(0, 0, 0)) 

            ;  

  cp5.addSlider("Val2_70") 

    .setPosition(1430, 630) 

      .setSize(10, 100) 

        .setRange(0, 4) 

          .setValue(1.6) 

            .setColorCaptionLabel(1) 
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              .setColorValue(color(0, 0, 0)) 

            ; 

  cp5.addSlider("Val2_105") 

    .setPosition(1470, 630) 

      .setSize(10, 100) 

        .setRange(0, 4) 

          .setValue(2.4) 

            .setColorCaptionLabel(1) 

               .setColorValue(color(0, 0, 0)) 

            ;  

  cp5.addSlider("Val2_140") 

    .setPosition(1510, 630) 

      .setSize(10, 100) 

        .setRange(0, 4) 

          .setValue(3.2) 

            .setColorCaptionLabel(1) 

              .setColorValue(color(0, 0, 0)) 

            ;      

  cp5.addSlider("Val2_175") 

    .setPosition(1550, 630) 

      .setSize(10, 100) 

        .setRange(0, 4) 

          .setValue(4) 

            .setColorCaptionLabel(1) 

              .setColorValue(color(0, 0, 0)) 

            ;  

  cp5.addToggle("linear_increase_1") 

    .setPosition(1350, 750) 

      .setSize(10, 10) 

        .setValue(false) 

          .setColorCaptionLabel(1) 

            ; 

  cp5.addToggle("linear_decrease_1") 

    .setPosition(1440, 750) 

      .setSize(10, 10) 

        .setValue(false) 

          .setColorCaptionLabel(1) 

            ; 

  cp5.addToggle("peak_1") 

    .setPosition(1550, 750) 

      .setSize(10, 10) 

        .setValue(false) 

          .setColorCaptionLabel(1) 

            ; 

 cp5.addToggle("linear_increase_2") 

    .setPosition(1350, 380) 

      .setSize(10, 10) 

        .setValue(false) 

          .setColorCaptionLabel(1) 

            ; 

  cp5.addToggle("linear_decrease_2") 

    .setPosition(1440, 380) 

      .setSize(10, 10) 

        .setValue(false) 

          .setColorCaptionLabel(1) 

            ; 

     cp5.addToggle("peak_2") 

    .setPosition(1550, 380) 

      .setSize(10, 10) 

        .setValue(false) 

          .setColorCaptionLabel(1) 

            ; 

 cp5.addSlider("Val1_0") 

    .setPosition(1350, 250) 

      .setSize(10, 100) 

        .setRange(0, 25) 

          .setValue(5) 

            .setColorCaptionLabel(1) 
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              .setColorValue(color(0, 0, 0)) 

                //.setColorBackground(color(0, 0, 0)) 

//.setColorForeground(color(255,0,0)) 

            ;  

  cp5.addSlider("Val1_0_5") 

    .setPosition(1390, 250) 

      .setSize(10, 100) 

        .setRange(0, 25) 

          .setValue(5) 

            .setColorCaptionLabel(1) 

               .setColorValue(color(0, 0, 0)) 

 

            ;  

  cp5.addSlider("Val1_1") 

    .setPosition(1430, 250) 

      .setSize(10, 100) 

        .setRange(0, 25) 

          .setValue(5) 

            .setColorCaptionLabel(1) 

              .setColorValue(color(0, 0, 0)) 

            ; 

  cp5.addSlider("Val1_1_5") 

    .setPosition(1470, 250) 

      .setSize(10, 100) 

        .setRange(0, 25) 

          .setValue(5) 

            .setColorCaptionLabel(1) 

               .setColorValue(color(0, 0, 0)) 

            ;  

  cp5.addSlider("Val1_2") 

    .setPosition(1510, 250) 

      .setSize(10, 100) 

        .setRange(0, 25) 

          .setValue(5) 

            .setColorCaptionLabel(1) 

              .setColorValue(color(0, 0, 0)) 

            ;      

  cp5.addSlider("Val1_2_5") 

    .setPosition(1550, 250) 

      .setSize(10, 100) 

        .setRange(0, 25) 

          .setValue(5) 

            .setColorCaptionLabel(1) 

              .setColorValue(color(0, 0, 0)) 

            ;  

  cp5.addSlider("Val1_3") 

    .setPosition(1590, 250) 

      .setSize(10, 100) 

        .setRange(0, 25) 

          .setValue(5) 

            .setColorCaptionLabel(1) 

              .setColorValue(color(0, 0, 0)) 

            ;  

 cp5.addToggle("isobars") 

    .setPosition(460, 130) 

      .setSize(10, 10) 

        .setValue(true) 

          .setColorCaptionLabel(1) 

            ; 

  cp5.addSlider("slice") 

    .setPosition(30, 630) 

      .setSize(150, 20) 

        .setRange(1, 40) 

          .setValue(20) 

            .setColorCaptionLabel(1) 

              //.setColorValue(color(0, 0, 0)) 

            ; 

  cp5.addSlider("mu") 
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    .setPosition(30, 580) 

      .setSize(150, 20) 

        .setRange(0.4, 0.49) 

          .setValue(0.45) 

            .setColorCaptionLabel(1) 

              .setNumberOfTickMarks(10) 

              //.setColorValue(color(0, 0, 0)) 

            ; 

  cp5.addSlider("mv") 

    .setPosition(30, 530) 

      .setSize(150, 20) 

        .setRange(0,1) 

          .setValue(0.5) 

            .setColorCaptionLabel(1) 

              .setNumberOfTickMarks(11) 

              //.setColorValue(color(0, 0, 0)) 

            ; 

  cp5.addToggle("export_2d") 

    .setPosition(1200, 30) 

      .setSize(50, 50) 

        .setValue(false) 

        .setColorCaptionLabel(1) 

          ;      

  cp5.setAutoDraw(false);  

} 
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//////////////////////////////////////////////DRAW/////////////////////////////////////////// 

void draw(){ 

background(255); 

    //Draws the arrow 

  //pushMatrix(); 

  //translate(190,-200,200); 

  //stroke(1); 

  //fill(100); 

  //rect(0,0,20,100); 

  //triangle(-10,100,30,100,10,120); 

  //popMatrix(); 

    //Set the dimensions of the volume of gel 

  pushMatrix(); 

  translate(200,202.5,200); 

  noFill(); 

  stroke(1); 

  box(gel_length_virtual, gel_depth_virtual, gel_breadth_virtual); //Dimensions of the bix box 

  popMatrix(); 

   //Draws the foundation 

  if (drainage == false || local_stress == false){  

  pushMatrix();  

  translate(200,-7.5,200); 

  stroke(1); 

  fill(150); 

  box(100*ratio,foundation_depth,100*ratio); 

  popMatrix(); 

  } else { 

  pushMatrix(); 

  translate(200,-7.5,200); 

  stroke(1); 

  fill(150); 

  box(foundation_length*ratio,foundation_depth,foundation_length*ratio); 

  popMatrix(); 
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  } 

   

  //Draws the confinement 

  if (run == false){ 

  pushMatrix(); 

  translate(-5,202.5,100); 

  fill(100); 

  stroke(1); 

  //box(10, gel_depth_virtual, gel_breadth_virtual/2);  

  popMatrix();   

  pushMatrix(); 

  translate(405,202.5,100); 

  fill(100); 

  stroke(1); 

  //box(10, gel_depth_virtual, gel_breadth_virtual/2);  

  popMatrix();   

  pushMatrix(); 

  translate(200,407.5,100); 

  fill(100); 

  stroke(1); 

  //box(gel_length_virtual+20, 10, gel_breadth_virtual/2);  

  popMatrix();  

  pushMatrix(); 

  translate(200,207.5,-5); 

  fill(100); 

  stroke(1); 

  //box(gel_length_virtual+20, gel_depth_virtual+10, 10); 

  popMatrix(); 

  } 

  if (lock == true){ 

  cam.setActive(false); //Restricts rotation  

  }else{ 

  cam.setActive(true); //Allows rotation 

  } 
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  if (linear_increase_1 == true && linear_decrease_1 == false && peak_1 == false){ //linear increase graph 

    Val2_0 = 0; 

    Val2_35 = 0.8; 

    Val2_70 = 1.6; 

    Val2_105 = 2.4; 

    Val2_140 = 3.2; 

    Val2_175 = 4; 

  } 

    if (linear_decrease_1 == true && peak_1 == false){ //linear decrease graph 

    Val2_0 = 4; 

    Val2_35 = 3.2; 

    Val2_70 = 2.4; 

    Val2_105 = 1.6; 

    Val2_140 = 0.8; 

    Val2_175 = 0; 

  } 

    if (linear_increase_1 == false && linear_decrease_1 == false && peak_1 == true){ //peak graph 

    Val2_0 = 0; 

    Val2_35 = 0.5; 

    Val2_70 = 3.5; 

    Val2_105 = 3.5; 

    Val2_140 = 0.5; 

    Val2_175 = 0; 

  } 

      if (linear_increase_2 == true && linear_decrease_2 == false && peak_2 == false){ //linear increase graph 

     Val1_0 = 0; 

     Val1_0_5 = 4.16; 

     Val1_1 = 8.32; 

     Val1_1_5 = 12.5; 

     Val1_2 = 16.65; 

     Val1_2_5 = 20.8; 

     Val1_3 = 25; 

    } 
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    if (linear_decrease_2 == true && peak_2 == false){ //linear decrease graph 

    Val1_0 = 25; 

    Val1_0_5 = 20.8; 

    Val1_1 = 16.65; 

    Val1_1_5 = 12.5; 

    Val1_2 = 8.32; 

    Val1_2_5 = 4.16; 

    Val1_3 = 0; 

  } 

    if (linear_increase_2 == false && linear_decrease_2 == false && peak_2 == true){ //peak graph 

    Val1_0 = 0; 

    Val1_0_5 = 3; 

    Val1_1 = 19; 

    Val1_1_5 = 23; 

    Val1_2 = 19; 

    Val1_2_5 = 3; 

    Val1_3 = 0; 

  } 

    float Es = young*(1-mu)/((1+mu)*(1-2*mu)); 

    if (run==true) { 

    counter = counter + 1;  

    if (((load*1000)/(foundation_length*foundation_length)) > ultimate_bearing_capacity){     //if the stress 
generated exceeds the ultimate bearing capacity of the gel... 

              println("Bearing capacity exceeded"); 

    } else { 

             if (set == false) { //Turns to true after the initial stress simulation and prevents the stress values 
resetting. 

       //Initialises the  arrays of 40x40x40 boxes 

       static_stress = new 
float[int(number_boxes_length+1)][int(number_boxes_breadth+1)][int(number_boxes_depth+1)]; 

       recording_pressure = new 
float[int(number_boxes_length+1)][int(number_boxes_breadth+1)][int(number_boxes_depth+1)]; 

       immediate_settlement = new 
float[int(number_boxes_length+1)][int(number_boxes_breadth+1)][int(number_boxes_depth+1)]; 

       total_immediate_settlement = new 
float[int(number_boxes_length+1)][int(number_boxes_breadth+1)][int(number_boxes_depth+1)]; 



249 
 

       consolidation_settlement = new 
float[int(number_boxes_length+1)][int(number_boxes_breadth+1)][int(number_boxes_depth+1)]; 

       total_consolidation_settlement = new 
float[int(number_boxes_length+1)][int(number_boxes_breadth+1)][int(number_boxes_depth+1)]; 

       bacteria_growth = new 
float[int(number_boxes_length+1)][int(number_boxes_breadth+1)][int(number_boxes_depth+1)]; 

       amount_urease = new 
float[int(number_boxes_length+1)][int(number_boxes_breadth+1)][int(number_boxes_depth+1)]; 

       for (int i = 1; i < (number_boxes_length+1); i++) { 

          for (int j = 1; j < (number_boxes_breadth+1); j++) { 

             for (int k = 1; k < (number_boxes_depth+1); k++) { 

                  if (local_stress == false){ 

                  static_stress[i][j][k] = StressDistribution((i-(gel_length_real-foundation_length)/5)*2.5-1.25, (j-
(gel_breadth_real-foundation_length)/5)*2.5-1.25, k*2.5-1.25, load, foundation_length, 
foundation_length); 

                  recording_pressure[i][j][k] = (load*1000)/(100*100); 

                  } 

                  if (local_stress == true){ 

                  static_stress[i][j][k] = StressDistribution((i-(gel_length_real-foundation_length)/5)*2.5-1.25, (j-
(gel_breadth_real-foundation_length)/5)*2.5-1.25, k*2.5-1.25, load, foundation_length, 
foundation_length); 

                  recording_pressure[i][j][k] = StressDistribution((i-(gel_length_real-foundation_length)/5)*2.5-
1.25, (j-(gel_breadth_real-foundation_length)/5)*2.5-1.25, k*2.5-1.25, load, foundation_length, 
foundation_length); 

                  total_immediate_settlement[i][j][k] = (static_stress[i][j][k]/Es)*box_size_real; 

                  total_consolidation_settlement[i][j][k] = static_stress[i][j][k]*box_size_real*mv/1000; 

              } 

              } 

           } 

        } 

            set = true;  

        } 

    for (int i = 1; i < number_boxes_length+1; i++) { 

      for (int j = slice; j < slice+1; j++) { 

        for (int k = 1; k < number_boxes_depth+1; k++) { 

          pushMatrix(); 

          translate(i*box_size_virtual-5, k*box_size_virtual-2.5, j*box_size_virtual+5); 

          bacteria_growth[i][j][k] = bacteria_amount(k,counter/60); //The values for the 3D array 
bacteria_growth depend on the function bacteria_amount and the vertical layer (k) 
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          if (drainage == false){ 

              static_stress[i][j][k] = (load*1000)/(100*100); //Static stress equals load/dimensions across the gel 
if foundation dimensions equals confinement dimensions 

              float pore_pressure = static_stress[i][j][k]; //PWP equals static stress if drainage is not allowed 

              if (Simulation_Mode == 1) { 

              println(static_stress[20][20][1]); 

              noStroke(); 

              fill(255,255-static_stress[i][j][k]*2.5,255-static_stress[i][j][k]*2.5); 

              box(box_size_virtual); 

              } 

              if (Simulation_Mode == 2) { 

              noStroke(); 

              println(pore_pressure); 

              //if ((static_stress[i][j][k]-recording_pressure[i][j][k]) > 10){  

              //fill(pore_pressure/1, 0, 255-(pore_pressure/1)); 

              fill(255-pore_pressure*2.5,255-pore_pressure*2.5,255); 

              //fill(0); 

              box(box_size_virtual); 

              //} 

              } 

          } 

          if (drainage == true){ 

            if (foundation_length == 100){ 

             

              static_stress[i][j][k] = (load*1000)/(100*100); //Static stress equals load/dimensions across the gel 
if foundation dimensions equals confinement dimensions 

              float pore_pressure = recording_pressure[i][j][k]; //PWP dissipation in the vertical direction 

              if (Simulation_Mode == 1) { 

              println(static_stress[20][20][1]); 

              noStroke(); 

              fill(255,255-static_stress[i][j][k]*2.5,255-static_stress[i][j][k]*2.5); 

              box(box_size_virtual); 

              } 

              if (Simulation_Mode == 2) { 

              noStroke(); 
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              fill(255-pore_pressure*2.5,255-pore_pressure*2.5,255); 

              box(box_size_virtual); 

              println(pore_pressure); 

                  if (isobars == true){ //Represents the pwp in the form of isobars 

                if(recording_pressure[i][j][k] > 157.7){ 

                   fill(245,13,5); 

                } else if (recording_pressure[i][j][k] > 140 && recording_pressure[i][j][k] < 157.7){ 

                   fill(247,81,15); 

                } else if (recording_pressure[i][j][k] > 122.5 && recording_pressure[i][j][k] < 140){ 

                   fill(255,126,5); 

                } else if (recording_pressure[i][j][k] > 105 && recording_pressure[i][j][k] < 122.5){ 

                   fill(255,191,13); 

                } else if (recording_pressure[i][j][k] > 87.5 && recording_pressure[i][j][k] < 105){ 

                   fill(255,255,0); 

                } else if (recording_pressure[i][j][k] > 70 && recording_pressure[i][j][k] < 87.5){ 

                   fill(182,255,0); 

                } else if (recording_pressure[i][j][k] > 52.5 && recording_pressure[i][j][k] < 70){ 

                   fill(0,255,99); 

                } else if (recording_pressure[i][j][k] > 35 && recording_pressure[i][j][k] < 52.5){ 

                   fill(0,255,249); 

                } else if (recording_pressure[i][j][k] > 17.5 && recording_pressure[i][j][k] < 35){ 

                   fill(0,146,255); 

                } else { 

                   fill(0,0,255); 

                } 

                stroke(200); 

                box(box_size_virtual); 

              } 

              } 

            } 

            if (foundation_length < 100){ //local stresses develop if the dimensions of the foundation are smaller 
than the confinement 

              static_stress[i][j][k] = StressDistribution((i-(gel_length_real-foundation_length)/5)*2.5-1.25, (j-
(gel_breadth_real-foundation_length)/5)*2.5-1.25, k*2.5-1.25, load, foundation_length, 
foundation_length);; 

              float pore_pressure = recording_pressure[i][j][k]; //PWP dissipation in the vertical direction 
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              immediate_settlement[i][j][k] = (static_stress[i][j][k]/Es)*box_size_real; 

              consolidation_settlement[i][j][k] = (static_stress[i][j][k]-pore_pressure)*box_size_real*mv/1000; 

              if (Simulation_Mode == 1) { 

              println(static_stress[20][20][k]); 

              stroke(200); 

              fill(255,255-static_stress[i][j][k]*2,255-static_stress[i][j][k]*2); 

              box(box_size_virtual); 

              if (isobars == true){ //Represents the stress in the form of isobars 

                if(static_stress[i][j][k] >= 157.7){ 

                   fill(245,13,5); 

                } else if (static_stress[i][j][k] > 140 && static_stress[i][j][k] < 157.7){ 

                   fill(247,81,15); 

                } else if (static_stress[i][j][k] > 122.5 && static_stress[i][j][k] < 140){ 

                   fill(255,126,5); 

                } else if (static_stress[i][j][k] > 105 && static_stress[i][j][k] < 122.5){ 

                   fill(255,191,13); 

                } else if (static_stress[i][j][k] > 87.5 && static_stress[i][j][k] < 105){ 

                   fill(255,255,0); 

                } else if (static_stress[i][j][k] > 70 && static_stress[i][j][k] < 87.5){ 

                   fill(182,255,0); 

                } else if (static_stress[i][j][k] > 52.5 && static_stress[i][j][k] < 70){ 

                   fill(0,255,99); 

                } else if (static_stress[i][j][k] > 35 && static_stress[i][j][k] < 52.5){ 

                   fill(0,255,249); 

                } else if (static_stress[i][j][k] > 17.5 && static_stress[i][j][k] < 35){ 

                   fill(0,146,255); 

                } else { 

                   fill(0,0,255); 

                } 

                stroke(200); 

                box(box_size_virtual); 

              } 

            } 

              if (Simulation_Mode == 2) { 
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              if (counter/60 <= time_threshold){   

              stroke(200); 

              fill(255-recording_pressure[i][j][k]*2,255-recording_pressure[i][j][k]*2,255); 

              box(box_size_virtual); 

              println(recording_pressure[20][20][k]); 

                if (isobars == true){ //Represents the pwp in the form of isobars 

                if(recording_pressure[i][j][k] > 157.7){ 

                   fill(245,13,5); 

                } else if (recording_pressure[i][j][k] > 140 && recording_pressure[i][j][k] < 157.7){ 

                   fill(247,81,15); 

                } else if (recording_pressure[i][j][k] > 122.5 && recording_pressure[i][j][k] < 140){ 

                   fill(255,126,5); 

                } else if (recording_pressure[i][j][k] > 105 && recording_pressure[i][j][k] < 122.5){ 

                   fill(255,191,13); 

                } else if (recording_pressure[i][j][k] > 87.5 && recording_pressure[i][j][k] < 105){ 

                   fill(255,255,0); 

                } else if (recording_pressure[i][j][k] > 70 && recording_pressure[i][j][k] < 87.5){ 

                   fill(182,255,0); 

                } else if (recording_pressure[i][j][k] > 52.5 && recording_pressure[i][j][k] < 70){ 

                   fill(0,255,99); 

                } else if (recording_pressure[i][j][k] > 35 && recording_pressure[i][j][k] < 52.5){ 

                   fill(0,255,249); 

                } else if (recording_pressure[i][j][k] > 17.5 && recording_pressure[i][j][k] < 35){ 

                   fill(0,146,255); 

                } else { 

                   fill(0,0,255); 

                } 

                stroke(200); 

                box(box_size_virtual); 

              } 

              } 

              if(counter/60 >= time_threshold){ 

                  cv = 0; 

              stroke(200); 
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              fill(255-recording_pressure[i][j][k]*2,255-recording_pressure[i][j][k]*2,255); 

              box(box_size_virtual); 

              println(recording_pressure[20][20][2]); 

                if (isobars == true){ //Represents the pwp in the form of isobars 

                if(recording_pressure[i][j][k] > 157.7){ 

                   fill(245,13,5); 

                } else if (recording_pressure[i][j][k] > 140 && recording_pressure[i][j][k] < 157.7){ 

                   fill(247,81,15); 

                } else if (recording_pressure[i][j][k] > 122.5 && recording_pressure[i][j][k] < 140){ 

                   fill(255,126,5); 

                } else if (recording_pressure[i][j][k] > 105 && recording_pressure[i][j][k] < 122.5){ 

                   fill(255,191,13); 

                } else if (recording_pressure[i][j][k] > 87.5 && recording_pressure[i][j][k] < 105){ 

                   fill(255,255,0); 

                } else if (recording_pressure[i][j][k] > 70 && recording_pressure[i][j][k] < 87.5){ 

                   fill(182,255,0); 

                } else if (recording_pressure[i][j][k] > 52.5 && recording_pressure[i][j][k] < 70){ 

                   fill(0,255,99); 

                } else if (recording_pressure[i][j][k] > 35 && recording_pressure[i][j][k] < 52.5){ 

                   fill(0,255,249); 

                } else if (recording_pressure[i][j][k] > 17.5 && recording_pressure[i][j][k] < 35){ 

                   fill(0,146,255); 

                } else { 

                   fill(0,0,255); 

                } 

                stroke(200); 

                box(box_size_virtual); 

              } 

              } 

              } 

               if (Simulation_Mode ==3){ // IMMEDIATE SETTLEMENT 

                 stroke(200); 

                 fill(255-total_immediate_settlement[i][j][k]*10,255,255-total_immediate_settlement[i][j][k]*10); 

                 box(box_size_virtual); 
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                 if (isobars == true){ 

                 if (total_immediate_settlement[i][j][k] >= 4.5){ 

                   fill(245,13,5); 

        }else if (total_immediate_settlement[i][j][k] >= 4 && total_immediate_settlement[i][j][k] < 4.5){ 

                   fill(247,81,15); 

         }else if (total_immediate_settlement[i][j][k] >= 3.5 && total_immediate_settlement[i][j][k] < 4){ 

                   fill(255,126,5); 

         }else if (total_immediate_settlement[i][j][k] >= 3 && total_immediate_settlement[i][j][k] < 3.5){ 

                   fill(255,191,13); 

         }else if (total_immediate_settlement[i][j][k] >= 2.5 && total_immediate_settlement[i][j][k] < 3){ 

                   fill(255,255,0); 

         }else if (total_immediate_settlement[i][j][k] >= 2 && total_immediate_settlement[i][j][k] < 2.5){ 

                   fill(182,255,0); 

}else if (total_immediate_settlement[i][j][k] >= 1.5 && total_immediate_settlement[i][j][k] < 2){ 

                   fill(0,255,99); 

}else if (total_immediate_settlement[i][j][k] >= 1 && total_immediate_settlement[i][j][k] < 1.5){ 

                   fill(0,255,249); 

}else if (total_immediate_settlement[i][j][k] >= 0.5 && total_immediate_settlement[i][j][k] < 1){ 

                   fill(0,146,255); 

                 }else{ 

                   fill(0,0,255); 

                 } 

                 stroke(200); 

                 box(box_size_virtual); 

                 } 

println(static_stress[20][20][1],immediate_settlement[20][20][1],total_immediate_settlement[20][20][1]); 

               } 

               if (Simulation_Mode ==4){ // CONSOLIDATION SETTLEMENT 

                 if (counter/60 <= time_threshold){ 

                 stroke(200); 

fill(255-total_consolidation_settlement[i][j][k]*100,255,255-total_consolidation_settlement[i][j][k]*100); 

                 box(box_size_virtual); 

                 if (isobars == true){ 

                  if (total_consolidation_settlement[i][j][k] >= 4.5){ 
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                   fill(245,13,5); 

}else if (total_consolidation_settlement[i][j][k] >= 4 && total_consolidation_settlement[i][j][k] < 4.5){ 

                   fill(247,81,15); 

}else if (total_consolidation_settlement[i][j][k] >= 3.5 && total_consolidation_settlement[i][j][k] < 4){ 

                   fill(255,126,5); 

}else if (total_consolidation_settlement[i][j][k] >= 3 && total_consolidation_settlement[i][j][k] < 3.5){ 

                   fill(255,191,13); 

}else if (total_consolidation_settlement[i][j][k] >= 2.5 && total_consolidation_settlement[i][j][k] < 3){ 

                   fill(255,255,0); 

}else if (total_consolidation_settlement[i][j][k] >= 2 && total_consolidation_settlement[i][j][k] < 2.5){ 

                   fill(182,255,0); 

}else if (total_consolidation_settlement[i][j][k] >= 1.5 && total_consolidation_settlement[i][j][k] < 2){ 

                   fill(0,255,99); 

}else if (total_consolidation_settlement[i][j][k] >= 1 && total_consolidation_settlement[i][j][k] < 1.5){ 

                   fill(0,255,249); 

}else if (total_consolidation_settlement[i][j][k] >= 0.5 && total_consolidation_settlement[i][j][k] < 1){ 

                   fill(0,146,255); 

                 }else{ 

                   fill(0,0,255); 

                 } 

                 stroke(200); 

                 box(box_size_virtual); 

                 } 

                 println(consolidation_settlement[20][20][1],total_consolidation_settlement[20][20][1]); 

                 } 

                 if (counter/60 >= time_threshold){ 

                 cv = 0; 

                 stroke(200); 

fill(255-total_consolidation_settlement[i][j][k]*100,255,255-total_consolidation_settlement[i][j][k]*100); 

                 box(box_size_virtual); 

                 if (isobars == true){ 

                  if (total_consolidation_settlement[i][j][k] >= 4.5){ 

                   fill(245,13,5); 

                 }else if (total_consolidation_settlement[i][j][k] >= 4 && total_consolidation_settlement[i][j][k] < 
4.5){ 
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                   fill(247,81,15); 

                 }else if (total_consolidation_settlement[i][j][k] >= 3.5 && total_consolidation_settlement[i][j][k] < 
4){ 

                   fill(255,126,5); 

                 }else if (total_consolidation_settlement[i][j][k] >= 3 && total_consolidation_settlement[i][j][k] < 
3.5){ 

                   fill(255,191,13); 

                 }else if (total_consolidation_settlement[i][j][k] >= 2.5 && total_consolidation_settlement[i][j][k] < 
3){ 

                   fill(255,255,0); 

                 }else if (total_consolidation_settlement[i][j][k] >= 2 && total_consolidation_settlement[i][j][k] < 
2.5){ 

                   fill(182,255,0); 

                 }else if (total_consolidation_settlement[i][j][k] >= 1.5 && total_consolidation_settlement[i][j][k] < 
2){ 

                   fill(0,255,99); 

                 }else if (total_consolidation_settlement[i][j][k] >= 1 && total_consolidation_settlement[i][j][k] < 
1.5){ 

                   fill(0,255,249); 

                 }else if (total_consolidation_settlement[i][j][k] >= 0.5 && total_consolidation_settlement[i][j][k] < 
1){ 

                   fill(0,146,255); 

                 }else{ 

                   fill(0,0,255); 

                 } 

                 stroke(200); 

                 box(box_size_virtual); 

                 } 

                 println(consolidation_settlement[20][20][1],total_consolidation_settlement[20][20][1]); 

                 } 

               } 

               if (Simulation_Mode ==5){ // CONSOLIDATION SETTLEMENT 

 float total_settlement = total_immediate_settlement[i][j][k]+total_consolidation_settlement[i][j][k]; 

                 if (counter/60 <= time_threshold){ 

                 stroke(200); 

                 fill(255-total_settlement*100,255,255-total_settlement*100); 

                 box(box_size_virtual); 
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                 if (isobars == true){ 

                  if (total_settlement >= 9){ 

                   fill(245,13,5); 

                 }else if (total_settlement >= 8 && total_settlement < 9){ 

                   fill(247,81,15); 

                 }else if (total_settlement >= 7 && total_settlement < 8){ 

                   fill(255,126,5); 

                 }else if (total_settlement >= 6 && total_settlement < 7){ 

                   fill(255,191,13); 

                 }else if (total_settlement >= 5 && total_settlement < 6){ 

                   fill(255,255,0); 

                 }else if (total_settlement >= 4 && total_settlement < 5){ 

                   fill(182,255,0); 

                 }else if (total_settlement >= 3 && total_settlement < 4){ 

                   fill(0,255,99); 

                 }else if (total_settlement >= 2 && total_settlement < 3){ 

                   fill(0,255,249); 

                 }else if (total_settlement >= 1 && total_settlement < 2){ 

                   fill(0,146,255); 

                 }else{ 

                   fill(0,0,255); 

                 } 

                 stroke(200); 

                 box(box_size_virtual); 

                 } 

println(total_immediate_settlement[20][20][1]+total_consolidation_settlement[20][20][1]); 

                 } 

                 if (counter/60 >= time_threshold){ 

                 cv = 0; 

                 stroke(200); 

                 fill(255-total_settlement*100,255,255-total_settlement*100); 

                 box(box_size_virtual); 

                 if (isobars == true){ 

                  if (total_settlement >= 9){ 
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                   fill(245,13,5); 

                 }else if (total_settlement >= 8 && total_settlement < 9){ 

                   fill(247,81,15); 

                 }else if (total_settlement >= 7 && total_settlement < 8){ 

                   fill(255,126,5); 

                 }else if (total_settlement >= 6 && total_settlement < 7){ 

                   fill(255,191,13); 

                 }else if (total_settlement >= 5 && total_settlement < 6){ 

                   fill(255,255,0); 

                 }else if (total_settlement >= 4 && total_settlement < 5){ 

                   fill(182,255,0); 

                 }else if (total_settlement >= 3 && total_settlement < 4){ 

                   fill(0,255,99); 

                 }else if (total_settlement >= 2 && total_settlement < 3){ 

                   fill(0,255,249); 

                 }else if (total_settlement >= 1 && total_settlement < 2){ 

                   fill(0,146,255); 

                 }else{ 

                   fill(0,0,255); 

                 } 

                 stroke(200); 

                 box(box_size_virtual); 

                 } 

                 println(total_immediate_settlement[20][20][1]+total_consolidation_settlement[20][20][1]); 

                 } 

               } 

             } 

           } 

          hit_line = false; 

          if (Simulation_Mode == 6){ //Represents enzyme activity w.r.t. amount of bacteria (Graph 1) 

              amount = bacteria_growth[i][j][k]; 

              //println(bacteria_growth[i][j][1],y_value_1); 

              float value_of_x_1 = (float(box_width)/3)*amount; 

                for (int l = 0; hit_line == false; l++) { 
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                  if (graph_matrix_1[int(value_of_x_1)][l] < -2) { 

                      float y_value_1 = max_expression_1-(l*(max_expression_1/box_height)); 

                      println(y_value_1); 

                      float voxel_size = y_value_1/450; 

                      //noStroke(); 

                      //fill(0,255,0); 

                      //fill(0); 

                      //box(voxel_size); 

                      if (isobars == true){ 

                        if (y_value_1 >= 22.5){ 

                   fill(245,13,5); 

                        }else if (y_value_1 >= 20 && y_value_1 < 22.5){ 

                   fill(247,81,15); 

                        }else if (y_value_1 >= 17.5 && y_value_1 < 20){ 

                   fill(255,126,5); 

                        }else if(y_value_1 >= 15 && y_value_1 < 17.5){ 

                   fill(255,191,13); 

                        }else if(y_value_1 >= 12.5 && y_value_1 < 15){ 

                   fill(255,255,0); 

                        }else if(y_value_1 >= 10 && y_value_1 < 12.5){ 

                   fill(182,255,0); 

                        }else if(y_value_1 >= 7.5 && y_value_1 < 10){ 

                   fill(0,255,99); 

                        }else if(y_value_1 >= 5 && y_value_1 < 7.5){ 

                   fill(0,255,249); 

                        }else if(y_value_1 >= 2.5 && y_value_1 < 5){ 

                   fill(0,146,255); 

                        }else{ 

                   fill(0,0,255); 

                        } 

                        //noStroke(); 

                        stroke(200); 

                        box(box_size_virtual); 

                      } 
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                      hit_line = true; 

                   } 

                 }  

          } 

              if (Simulation_Mode == 7) { //Represents enzyme activity w.r.t. level of stress (Graph 2) 

                float example_pressure = recording_pressure[i][j][k]; 

                float value_of_x_2 = (float(box_width)/175)*example_pressure; 

                for (int l = 0; hit_line == false; l++) { 

                  //println(graph_matrix[int(0)][0]); 

                  if (graph_matrix_2[int(value_of_x_2)][l] < -2) { 

                      float y_value_2 = max_expression_2-(l*(max_expression_2/box_height))+1; 

                      println(y_value_2); 

                      float voxel_size = y_value_2/450; 

                      stroke(0); 

                      fill(0,255,0); 

                      //box(voxel_size); 

                      if (isobars == true){ 

                        if (y_value_2 >= 4.6){ 

                   fill(245,13,5); 

                        }else if (y_value_2 >= 4.2 && y_value_2 < 4.6){ 

                   fill(247,81,15); 

                        }else if (y_value_2 >= 3.8 && y_value_2 < 4.2){ 

                   fill(255,126,5); 

                        }else if(y_value_2 >= 3.4 && y_value_2 < 3.8){ 

                   fill(255,191,13); 

                        }else if(y_value_2 >= 3 && y_value_2 < 3.4){ 

                   fill(255,255,0); 

                        }else if(y_value_2 >= 2.6 && y_value_2 < 3){ 

                   fill(182,255,0); 

                        }else if(y_value_2 >= 2.2 && y_value_2 < 2.6){ 

                   fill(0,255,99); 

                        }else if(y_value_2 >= 1.8 && y_value_2 < 2.2){ 

                   fill(0,255,249); 

                        }else if(y_value_2 >= 1.4 && y_value_2 < 1.8){ 
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                   fill(0,146,255); 

                        }else{ 

                   fill(0,0,255); 

                        } 

                        //noStroke(); 

                        stroke(200); 

                        box(box_size_virtual); 

                      } 

                      hit_line = true; 

                   } 

                 }  

               } 

              if (Simulation_Mode == 8){ //Couples simulation 6 and 7 

                float amount = bacteria_growth[i][j][k]; 

                float example_pressure = recording_pressure[i][j][k]; 

                float value_of_x_1 = (float(box_width)/3)*amount; 

                float value_of_x_2 = (float(box_width)/175)*example_pressure; 

                  for (int l = 0; hit_line == false; l++) { 

                    if (graph_matrix_1[int(value_of_x_1)][l] < -2){ 

                        float y_value_1 = max_expression_1-(l*(max_expression_1/box_height)); 

                     for (int l2 = 0; hit_line == false; l2++) { 

                        if (graph_matrix_2[int(value_of_x_2)][l2] < -2){ 

                            float y_value_2 = max_expression_2-(l2*(max_expression_2/box_height))+1; 

                            float integrated_response = y_value_1*(y_value_2); 

                            noStroke(); 

                            fill(255-integrated_response/4); 

                            println(y_value_1, y_value_2, integrated_response); 

                            //box(box_size_virtual); 

                             

                            if (isobars == true){ 

                        if (integrated_response >= 112.5){ 

                   fill(245,13,5); 

                        }else if (integrated_response >= 100 && integrated_response < 112.5){ 

                   fill(247,81,15); 
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                        }else if (integrated_response >= 87.5 && integrated_response < 100){ 

                   fill(255,126,5); 

                        }else if(integrated_response >= 75 && integrated_response < 87.5){ 

                   fill(255,191,13); 

                        }else if(integrated_response >= 62.5 && integrated_response < 75){ 

                   fill(255,255,0); 

                        }else if(integrated_response >= 50 && integrated_response < 62.5){ 

                   fill(182,255,0); 

                        }else if(integrated_response >= 37.5 && integrated_response < 50){ 

                   fill(0,255,99); 

                        }else if(integrated_response >= 25 && integrated_response < 37.5){ 

                   fill(0,227,255); 

                        }else if(integrated_response >= 12.5 && integrated_response < 25){ 

                   fill(0,146,255); 

                        }else{ 

                   fill(0,0,255); 

                        } 

                        //noStroke(); 

                        stroke(200); 

                        box(box_size_virtual); 

                      } 

                            hit_line = true; 

                    } 

                   } 

                    } 

                   } 

                    } 

          popMatrix(); 

        } 

      } 

    } 

    if (Simulation_Mode == 6 || Simulation_Mode == 8){ //Represents bacteria growth by drawing lines next 
to each layer 

      for (int i=1; i<41; i++){ 

        amount = bacteria_amount(i,counter/60); 
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        pushMatrix(); 

        translate(-20,0,200); 

        stroke(0); 

        fill(0); 

        line(500,-5,730,-5); 

        line(730,-5,725,-10); 

        line(730,-5,725,0); 

        line(535,-10,535,0); 

        line(570,-10,570,0); 

        line(605,-10,605,0); 

        line(640,-10,640,0); 

        line(675,-10,675,0); 

        line(710,-10,710,0); 

        line(500,-5,500,420); 

        line(500,420,495,415); 

        line(500,420,505,415); 

        textMode(SHAPE); 

        textSize(20); 

        text("0.5",520,-13); 

        text("1",565,-13); 

        text("1.5",590,-13); 

        text("2",635,-13); 

        text("2.5",660,-13); 

        text("3",705,-13); 

        text("%",740,0); 

        stroke(0); 

        fill(255,255,0); 

        rect(500,(i*10.1-10),amount*70,7); 

        popMatrix(); 

        //println(bacteria_amount(1,counter/60),counter/60); 

      } 

    } 

    ///////////CALCULATION SETTLEMENT///////////////////// 

    cam.beginHUD(); 
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    //float immediate_ement = ((1-
mu*mu)*load*foundation_length*Ip)/(young*foundation_length*foundation_length); //It occurs in all 
types of soil due to elastic compression.It is determined from elastic theory. 

    //float first_parameter = Cc/(1+e0); 

    //float consolidation_settlement = first_parameter*gel_depth_real*0.5*log((load*1000)/(100*100));      

    if (drainage == true && local_stress == false){ 

      textSize(15); 

      stroke(1); 

      fill(0); 

      //text("Total settlement (mm) =",500,700); 

      //text(consolidation_settlement,700,700); 

    } 

    if (drainage == true && local_stress == true && foundation_length<100){ 

      textSize(15); 

      stroke(1); 

      fill(0); 

      //text("Total settlement (mm) =",500,700); 

      //text(immediate_settlement+consolidation_settlement,700,700); 

    } 

    cam.endHUD(); 

    float time_inc = 1;   //MINUTES!// 

    float beta = (cv*1000000*time_inc)/(525600*box_size_real*box_size_real); //Variable used to control 
the pwp dissipation 

    if (one_way == false){ //Drainage through top and bottom 

      for (int i = 1; i < number_boxes_length+1; i++) { 

        for (int j = 1; j < number_boxes_breadth+1; j++) { 

          for (int k = 1; k < number_boxes_depth+1; k++) { 

            if (k==1){ 

              recording_pressure[i][j][k] = 0; //pwp at the top layer becomes 0 

            } 

            if (k>1 && k<number_boxes_depth){ 

recording_pressure[i][j][k] = recording_pressure[i][j][k] + beta*(recording_pressure[i][j][k-1] + 
recording_pressure[i][j][k+1] - 2*recording_pressure[i][j][k]); //Expression that updates pwp with time 

            } 

            if (k==number_boxes_depth){ 

              recording_pressure[i][j][k] = 0; //pwp at the bottom layer becomes 0 
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            } 

          } 

        } 

      } 

    } 

    if (one_way == true){ //Only drainage through the top 

      for (int i = 1; i < number_boxes_length+1; i++) { 

        for (int j = 1; j < number_boxes_breadth+1; j++) { 

          for (int k = 1; k < number_boxes_depth+1; k++) { 

            if (k==1){ 

              recording_pressure[i][j][k] = 0; //pwp at the top layer becomes 0 

            } 

            if (k>1 && k<number_boxes_depth){ 

recording_pressure[i][j][k] = recording_pressure[i][j][k] + beta*(recording_pressure[i][j][k-1] + 
recording_pressure[i][j][k+1] - 2*recording_pressure[i][j][k]); //Expression that updates pwp with time 

            } 

            if (k==number_boxes_depth){ 

              //recording_pressure[i][j][k] = 0; 

            } 

          } 

        } 

      } 

    } 

    for (int i = 1; i < number_boxes_length+1; i++) { 

        for (int j = 1; j < number_boxes_breadth+1; j++) { 

          for (int k = 1; k < number_boxes_depth+1; k++) { 

              if (k+1<41){ 

               total_immediate_settlement[i][j][k] = total_immediate_settlement[i][j][k+1] + 
immediate_settlement[i][j][k]; 

               total_consolidation_settlement[i][j][k] = total_consolidation_settlement[i][j][k+1] + 
consolidation_settlement[i][j][k]; 

              } 

          } 

        } 

      } 

  } 
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  } ///////////////////////////////////////// END RUN //////////////////////////////////////////// 

if (export_2d == true) { 

    saveFrame("Screen_Shot-####.png"); 

    export_2d = false; 

  } 

  // Draw in the 2D window overlaying 3D 

  cam.beginHUD(); 

  ///////////////////////// DRAW THE LEGENDS AND TEXT ON THE GUI ///////////////////////// 

  if (run == true){ 

    if (drainage == false){ 

      if (Simulation_Mode ==1){ 

        for (int i=1; i<11; i++){ 

        stroke(0); 

        fill(255,0 +30*i,0+30*i); 

        rect(1050,250+20*i,20,20); 

        textSize(12); 

        fill(0); 

        text("100kPa",1073,275); 

        text("50kPa",1073,374); 

        text("0kPa",1073,473); 

        } 

      } 

       if (Simulation_Mode ==2){ 

        for (int i=1; i<11; i++){ 

        stroke(0); 

        fill(0 +30*i,0+30*i,255); 

        rect(1050,250+20*i,20,20); 

        textSize(15); 

        fill(0); 

        text("100kPa",1073,275); 

        text("50kPa",1073,374); 

        text("0kPa",1073,473); 

        } 

      } 
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    } 

     if (drainage == true && local_stress == false){ 

      if (Simulation_Mode ==1){ 

        for (int i=1; i<11; i++){ 

        stroke(0); 

        fill(255,0 +30*i,0+30*i); 

        rect(1050,250+20*i,20,20); 

        textSize(12); 

        fill(0); 

        text("100kPa",1073,275); 

        text("50kPa",1073,374); 

        text("0kPa",1073,473); 

        } 

      } 

       if (Simulation_Mode ==2){ 

        for (int i=1; i<11; i++){ 

        stroke(0); 

        fill(0 +30*i,0+30*i,255); 

        rect(1050,250+20*i,20,20); 

        textSize(15); 

        fill(0); 

        text("100kPa",1073,275); 

        text("50kPa",1073,374); 

        text("0kPa",1073,473); 

        } 

      } 

    } 

     if (drainage == true && local_stress == true){ 

      if (Simulation_Mode ==1){ 

        for (int i=1; i<11; i++){ 

        stroke(0); 

        fill(255,0 +30*i,0+30*i); 

        rect(1050,250+20*i,20,20); 

        textSize(12); 
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        fill(0); 

        text("160kPa",1073,275); 

        text("800kPa",1073,374); 

        text("0kPa",1073,473); 

        } 

      } 

       if (Simulation_Mode ==2){ 

        for (int i=1; i<11; i++){ 

        stroke(0); 

        fill(0 +30*i,0+30*i,255); 

        rect(1050,250+20*i,20,20); 

        textSize(15); 

        fill(0); 

        text("160kPa",1073,275); 

        text("80kPa",1073,374); 

        text("0kPa",1073,473); 

        } 

      } 

    } 

  } 

  textSize(12); 

  fill(20); 

  int upper_margin = 30; 

  int margin = 250; 

  int spacer = 220; 

  textSize(18); 

  //text("Computational model to represent and predict the behaviour of agarose gels, bacteria growth", 
180,40); 

  //text("and effect stress-sensitive urease-producing engineered bacteria on the matrix of the gel", 200,65); 

  textSize(15); 

  fill(255, 0, 0);   

  if (run == true) { 

    text("Stop and reset", 85, 110); 

  } else { 

    text("Run", 85, 110); 
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  } 

  fill(0);  

  textSize(10); 

  text("Load (N)", margin - spacer, 160); 

  text("Coefficient of consolidation (square meter/year)", margin - spacer, 510); 

  text("Coefficient of compressibility (square meter/megaNewton)", margin - spacer, 560); 

  text("Poisson's ratio", margin - spacer, 610); 

  text("Time threshold (HOURS)", margin - spacer, 310); 

  text("Length (mm)", margin - spacer, 210); 

  text("Temperature (C)", margin - spacer, 410); 

  textSize(12); 

  text("Initial Concentration Cells", margin - spacer, 190); 

  textSize(10); 

  if (Simulation_Mode == 1) { 

    text("Stress Static", margin - spacer, 260); 

  } 

  if (Simulation_Mode == 2) { 

    text("Dissipation Excess PWP", margin - spacer, 260); 

  } 

  if (Simulation_Mode == 3) { 

    text("Immediate settlement", margin - spacer, 260); 

  } 

  if (Simulation_Mode == 4) { 

    text("Consolidation settlement", margin - spacer, 260); 

  } 

  if (Simulation_Mode == 5) { 

    text("Total settlement", margin - spacer, 260); 

  } 

   if (Simulation_Mode == 6) { 

    text("Enzyme activity w.r.t. cell concentration (Graph 1)", margin - spacer, 260); 

  } 

  if (Simulation_Mode == 7) { 

    text("Enzyme activity w.r.t. stress (Graph 2)", margin - spacer, 260); 

  } 
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  if (Simulation_Mode == 8) { 

    text("Enzyme activity w.r.t. cell concentration and stress", margin - spacer, 260); 

  } 

  textSize(12); 

  text("Counter (time in MINUTES):", margin-spacer, upper_margin + 680); 

  text(counter, margin, upper_margin + 680); 

  text("Counter (time in HOURS):", margin-spacer, upper_margin + 730); 

  text(counter/60, margin, upper_margin + 730); 

  cp5.draw(); 

///////////////////////////////////////////GRAPH 1//////////////////////////////////// 

//draw the gene expression graph to the screen 

  noStroke(); 

  fill(255); 

  rect(box_x, box_y_2, box_width, box_height); 

  fill(0); 

  float tick_marks_x_1 = 6; 

  float tick_marks_x_2 = 5; 

  float tick_marks_y_1 = 5; 

  float tick_marks_y_2 = 4; 

  stroke(1); 

  for (int i = 0; i< (tick_marks_y_1+1); i++) { //Y AXIS 

    float tick_distance = box_height/(tick_marks_y_1); 

    stroke(1); 

    line(box_x-5, (box_y_1+box_height)-(i*tick_distance), box_x-1, (box_y_1+box_height)-(i*tick_distance)); 

    float axis_y_value = (max_expression_1/tick_marks_y_1)*i; 

    textSize(10); 

    text(nf(axis_y_value, 1, 0), box_x-25, (box_y_1+box_width)-(i*tick_distance)); 

  }  

  for (int i = 0; i< (tick_marks_x_1+1); i++) { // X AXIS 

    float x_tick_distance = box_width/(tick_marks_x_1); 

    stroke(1); 

    line(box_x+(i*x_tick_distance), box_y_1+box_height, box_x+(i*x_tick_distance), 
(box_y_1+box_height+5));  

    float axis_x_value = (3/(tick_marks_x_1))*i; //changes the spacing of the x values of the graph 

    textSize(10); 
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    text(nf(axis_x_value, 1, 0), box_x+(i* x_tick_distance)-5, box_y_1+box_height+20); //moved 10 pixels to 
the left 

  } 

  //////////////////////////////////////// CURVE OF THE GRAPH ////////////////////////////////////// 

  noFill(); 

  stroke(1); 

  beginShape(); 

  curveVertex(translated_point_x(box_x, 0, box_width,3), translated_point_y_1(box_y_1, Val1_0, 
box_height,25)); 

  curveVertex(translated_point_x(box_x, 0, box_width,3), translated_point_y_1(box_y_1, Val1_0, 
box_height,25));  

  curveVertex(translated_point_x(box_x, 0.5, box_width,3), translated_point_y_1(box_y_1, Val1_0_5, 
box_height,25)); 

  curveVertex(translated_point_x(box_x, 1, box_width,3), translated_point_y_1(box_y_1, Val1_1, 
box_height,25)); 

  curveVertex(translated_point_x(box_x, 1.5, box_width,3), translated_point_y_1(box_y_1, Val1_1_5, 
box_height,25)); 

  curveVertex(translated_point_x(box_x, 2, box_width,3), translated_point_y_1(box_y_1, Val1_2, 
box_height,25)); 

  curveVertex(translated_point_x(box_x, 2.5, box_width,3), translated_point_y_1(box_y_1, Val1_2_5, 
box_height,25));  

  curveVertex(translated_point_x(box_x, 3, box_width,3), translated_point_y_1(box_y_1, Val1_3, 
box_height,25)); 

  curveVertex(translated_point_x(box_x, 3, box_width,3), translated_point_y_1(box_y_1, Val1_3, 
box_height,25)); 

  endShape(); 

///////////////////////////////////////////////GRAPH 2///////////////////////////////////////////// 

  //draw the gene expression graph to the screen 

  noStroke(); 

  fill(255); 

  rect(box_x, box_y_2, box_width, box_height); 

  fill(0); 

  stroke(1); 

  ///////////////// Y AXIS GRAPH ///////////////// 

  for (int i = 0; i< (tick_marks_y_2+1); i++) { 

    float tick_distance = box_height/(tick_marks_y_2); 

    stroke(1); 

    line(box_x-5, (box_y_2+box_height)-(i*tick_distance), box_x-1, (box_y_2+box_height)-(i*tick_distance)); 
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    float axis_y_value = ((max_expression_2)/tick_marks_y_2)*i; 

    textSize(10); 

    text(nf(axis_y_value+1, 1, 0), box_x-25, (box_y_2+box_width)-(i*tick_distance)); 

  }  

///////////////////////////////////////// X AXIS GRAPH /////////////////////////////////////////// 

  for (int i = 0; i< (tick_marks_x_2+1); i++) { 

    float x_tick_distance = box_width/(tick_marks_x_2); 

    stroke(1); 

    line(box_x+(i*x_tick_distance), box_y_2+box_height, box_x+(i*x_tick_distance), 
(box_y_2+box_height+5));  

    float axis_x_value = (175/(tick_marks_x_2))*i; //changes the spacing of the x values of the graph 

    textSize(10); 

    text(nf(axis_x_value, 1, 0), box_x+(i* x_tick_distance)-10, box_y_2+box_height+20); //moved 10 pixels to 
the left 

  } 

 ////////////////////////////////////////// CURVE OF THE GRAPH /////////////////////////////////////  

  noFill(); 

  stroke(1); 

  beginShape(); 

  curveVertex(translated_point_x(box_x, 0, box_width,175), translated_point_y_2(box_y_2, Val2_0, 
box_height,4)); 

  curveVertex(translated_point_x(box_x, 0, box_width,175), translated_point_y_2(box_y_2, Val2_0, 
box_height,4));  

  curveVertex(translated_point_x(box_x, 35, box_width,175), translated_point_y_2(box_y_2, Val2_35, 
box_height,4)); 

  curveVertex(translated_point_x(box_x, 70, box_width,175), translated_point_y_2(box_y_2, Val2_70, 
box_height,4)); 

  curveVertex(translated_point_x(box_x, 105, box_width,175), translated_point_y_2(box_y_2, Val2_105, 
box_height,4)); 

  curveVertex(translated_point_x(box_x, 140, box_width,175), translated_point_y_2(box_y_2, Val2_140, 
box_height,4)); 

  curveVertex(translated_point_x(box_x, 175, box_width,175), translated_point_y_2(box_y_2, Val2_175, 
box_height,4));  

  curveVertex(translated_point_x(box_x, 175, box_width,175), translated_point_y_2(box_y_2, Val2_175, 
box_height,4)); 

  endShape(); 

  cam.endHUD();  

   



274 
 

  //////////////////////////////// PICKS THE VALUES OFF GRAPH 1 //////////////////////////// 

  for (int l = 0; l< box_width; l++) { 

    for (int m = 0; m< box_height; m++) { 

      graph_matrix_1[l][m] = get(l+box_x, m+box_y_1); 

    } 

  } 

//////////////////////////////// PICKS THE VALUES OFF GRAPH 2 ////////////////////////////// 

  for (int l = 0; l< box_width; l++) { 

    for (int m = 0; m< box_height; m++) { 

      graph_matrix_2[l][m] = get(l+box_x, m+box_y_2); 

    } 

  } 

  if (run==false) { 

    set = false; 

    counter = 0; 

  } 

} 

///////////////////////////////////////////END DRAW//////////////////////////////////////////// 

 

/////////////////////////////////////////// FUNCTIONS ////////////////////////////////////////// 

float StressDistribution(float l, float b, float z, float load, float pad_length, float pad_breadth) { 

  float m1 = b/z; 

  float n1 = l/z; 

  float I1 = Influence(m1, n1); 

  float m2 = (pad_length - b)/z; 

  float n2 = l/z; 

  float I2 = Influence(m2, n2); 

  float m3 = (pad_length - b)/z; 

  float n3 = (pad_breadth - l)/z; 

  float I3 = Influence(m3, n3); 

  float m4 = b/z; 

  float n4 = (pad_breadth - l)/z; 

  float I4 = Influence(m4, n4); 

  float stress = (load/(pad_length*pad_breadth))*(I1+I2+I3+I4)*1000; // in kPa 
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  return stress; 

} 

float Influence(float m, float n) { 

 float I = 
(1/(2*PI))*(atan((m*n)/sqrt(m*m+n*n+1))+((m*n)/sqrt(m*m+n*n+1))*((1/(1+m*m))+(1/(1+n*n)))); 

  return I; 

} 

 

////////////////////////////////////EQUATIONS BACTERIA GROWTH//////////////////////////////// 

float bacteria_amount(int layer, float time){  

  if (counter/60 > time_threshold){ 

    counter = counter-1; //to counteract the counter value 

  } else { 

  if (low == true && high == false){ 

    if (temperature == 25){ 

                  if(layer == 1){ 

                  amount=54253.7806 + ((-54253.69251)/(1+pow((time/2371.69267),2.00298))); 

                  }  

  } 

////////////////ADD HERE THE REST OF CONDITIONS AND GROWTH EXPRESSIONS///////////////// 

  if (amount < 0){ 

     amount = 0; 

     return amount; 

   } else { 

   return amount; 

   } 

} 

 

////////////////////////////////////////GENE LEVEL GRAPH////////////////////////////////////////// 

float translated_point_x(int margin_x, float pressure_val, float box_w, float max_value_x) { 

  float point_location =   ((box_w /max_value_x)*pressure_val) + margin_x;  

  return point_location; 

} 

float translated_point_y_2(int margin_y, float expression_value, float box_l, float max_expression) { 

  float point_location =   (-((box_l/max_expression)*expression_value) + margin_y)+box_l;  
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  return point_location; 

} 

float translated_point_y_1(int margin_y, float expression_value, float box_l, float max_expression) { 

  float point_location =   (-((box_l/max_expression)*expression_value) + margin_y)+box_l;  

  return point_location; 

} 

 


