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Su m m a r y

In the field of biogeocivil engineering one of the most promising in-situ 

ground im provement technologies is represented by Microbially Induced 

Carbonate Precipitation (MICP). Often referred to as biogrouting, MICP 

ground improvement is recognised os bioaugm entation technique 

em ployed to achieve the stabilisation of a granular soil by cem enting its 

constituent particles together through calcium  carbonate bonds. A 

substantial body of work has already gone into investigating the bulk 

properties of a biogrouted granular material as well as the b iogeochem ical 

processes underpinning the technology. However, little research has 

systematically focussed on the mechanisms that control the formation and 

failure of the carbonate  bond at the pore scale. A greater understanding of 

these mechanisms would lead to the developm ent of a solid conceptua l 

model which will becom e the basis for future improved com putational 

modelling of MICP treatments. Therefore, the main aim of the research was to 

investigate the pore scale phenomena leading to the formation and 

m echanical failure of the calcium  carbonate bonds between the particles of 

a granular medium.

Different treatm ent protocols were tested in saturated and unsaturafed 

soils to investigate the e ffect that treatm ent protocols, saturation, soil particle 

size and soil mineralogy have on the formation and structure of the bonds. 

Traditional injection methods were em ployed to deliver the process reagents 

in saturated soils. Whereas the research was extended to include the 

atomised delivery of process reagents (an emerging technology in the 

bioremediation field) due to the potential it offers in the treatm ent of 

unsaturafed soils. A multidisciplinary approach was taken throughout the 

project which was conducted  by means of a literature review, followed by a 

set of experiments. The laboratory scale experiments were designed to: (1)



verify hypofheses derived from the review of the literature and (2) observe 

and interpret the bonding phenonnena taking place at the pore scale. Data 

was collected using a diverse set of analytical testing, physical testing and 

visualization methods derived from the fields of applied microbiology, 

mineralogy and geotechnical engineering.

Overall the research has demonstrated that a number of parameters 

have a bearing on the formation, structure and failure of the inter-particle 

bond being formed during the MICP treatment of granular soils. Among 

these, the treatment protocol employed and the hydraulic regime of the soil 

being treated have shown to be the most critical. The addition of nutrients to 

the cementation solution was shown to control the abundance and 

distribution of bacteria at the pore scale and therefore affect the structure of 

bonds as well os the efficacy and homogeneity of a treatment. The 

establishment of partially saturated regimes during the treatment of 

unsaturated soils, instead, has shown to strongly control the structure of the 

bond: with relevant consequences extending to the macro scale. The 

minerological nature of the soil matrix has also shown to hove an im pact on 

the expected performance of treatments. Conversely, the im pact of soil 

particle size is seen to be mostly limited to the bioaugmentation injection and 

its relevance is subject to the treatment protocol employed.

Ultimately, the results demonstrated the viability of aerosol delivery 

methods for in-s ifu  MICP in unsaturated soils. A key advantage is represented 

by the ability to prevent the loss of liquid reagents by percolation. However, a 

number of limitations exist at the present stage of the technology 

development; these will need to be addressed in order to test the technology 

at a larger scale.
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C H A P T E R  1

In t r o d u c t i o n

1 )  M i c r o b i o l o g y  i n  G e o t e c h n i c a l  E n g i n e e r i n g

Bacteria were the early inhabitant of Earth's primordial 

ecosystems. As such, microbes today form a significant part of the 

ecosystems in soils: typically accounting for 10̂  to 10'2 organisms per 

cubic meter of near surface soil (Mitchell and Santamarina 2005). Early 

examples of human exploitation of soil microbes can be traced as far 

back as Pre-Roman mining techniques (Rawlings 2002). Early miners 

were unaware of the role played by these microbial communities but 

throughout the XIX and XX century, theoretical and technological 

advancements have increasingly allowed researchers to study microbes 

and microbial communities in their natural environment. This has led to 

the development of innovative industrial and agricultural processes 

based on an improved understanding of the biogeochemical 

interactions that exists between microbes; and between microbial 

communities and their environment (Ehrlich and Newman 2009; Ivanov 

2011).

Within the geotechnical discipline, it has only recently been 

recognised from an engineering perspective that soil is an active 

ecosystem (Mitchell and Santamarina 2005; DeJong, Soga et al. 2011). 

This new branch of geotechnics is building on the extensive knowledge 

already generated within the fields of agricultural soil science (van 

Veen, van Overbeek et ol. 1997), wastewater treatment (Gray 2004), 

bioremediation (Wiedemeier 1999; Crawford and Crawford 2005) and 

geomicrobiology (Banfield and Nealson 1997; Ehrlich 1998). As a result it 

is possible to extend the interpretation of soil properties beyond physics, 

geology and chemistry into a single, holistic, biogeocivil engineering



framework (Mitchell and Santamarina 2005; Jonkers and van Loosdrecht 

2010; Dejong, Soga et al. 2013).
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Figure 1.1 Evolution of the thinking about wastes and cleanups: transforming 
our thought process (Ellis and Hadley 2009). A tem pla te  for innovation trends in 
the geotechn ica l and civil engineering fields.

As illustrated in Figure 1.1, this paradigm shift repeats the trend 

followed by the closely related remediation industry; towards the much 

needed establishment of more sustainable practices. Therefore, 

biogeocivil engineering is deemed a young, vital field; and exciting 

research and development outcomes are expected for the future of the 

discipline. In fact, the significant potential for advancement offered by 

its principles has led the US Notional Research Council (2006) to identify 

biogeocivil engineering as one of the important research areas in the 

years to come. One such research effort is represented by the work 

presented here and focuses on the application of Microbially Induced 

Carbonate Precipitation (MICP) for soil improvement practices.
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2) MICP FOR G r o u n d  Im p r o v e m e n t

Settlement, erosion, slope stability and seismic activity can often 

represent a major threat to developm ent projects around the world. 

Hence, modern engineers have learnt to resort to soil im provem ent 

techniques and design solutions to address many of the limitations 

imposed by the local ground conditions (Karol 2003; Chu, Varaksin et al. 

2009). In the field of biogeocivil engineering, one of the most promising 

technologies for improving the m echanica l properties of sands and 

gravels is represented by Microbially Induced Carbonate Precipitation, 

or MICP (Whiffin, van Paassen et al. 2007; van der Ruyt and van der Zon 

2009; DeJong, Mortensen et al. 2010; Harkes, van Paassen et al. 2010).

MICP ground improvement, often referred to as biogrouting, falls 

within the ca tegory of non-displacem ent grouting techniques (Karol 

2003) where m icrobial activities or products are used to reduce the 

permeability and /o r increase the shear strength of a soil (Chu 2012). 

However, when com pared to traditional grouting methods biogrouting 

would offer a more sustainable alternative (Suer, Hallberg et al. 2009) by 

taking inspiration from naturally occurring phenom ena. In its typical 

concept, the treatm ent is delivered in -s i fu  accord ing  to the following 

general procedure:

1. Bioaugmentation: the m icrobiological catalyst of the reaction is 

delivered into the soil by injecting a bacteria l suspension;

2. Cementation: bioaugm entation is fo llowed by the injection of one 

or more batches of a concentra ted  solution containing calcium  

chloride (CaCb) and urea (CO(NH2)2).

In the soil, urea is hydrolysed to ammonium and carbonate  ions by the 

bacteria: in the presence of a high calcium  concentration, the resulting 

pH increase and availability of carbonate  ions causes the precipitation 

of calcium  carbonate  within the pore space (Stocks-Fischer, Galinat et 

al. 1999). Ultimately, biogrouting causes the transformation of loose
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sediment, suchi as sand, into a more stable rock-like material (Montoya, 

DeJong et al. 2013): very mucti like ttie natural lithogenesis of carbonate 

rocks.

The increasing number of research efforts (Dejong, Soga et al. 

2013) and the recent success of large scale experiments (van Paassen, 

Ghose et al. 2010) have made MICP by urea hydrolysis one of the 

biogeocivil technologies nearest to full scale and commercial 

implementation (Filet, Gadret et al. 2011): leading to the filing of several 

patents (Kucharski, Cord-Ruwisch et al. 2006; Balleur and Girinski 2008; 

Cheng and Shen 2008; Kucharski, Cord-Ruv\/isch et al. 2008)

3 )  S c o p e  o f  t h e  R e s e a r c h

A substantial body of work has already gone into investigating the 

bulk properties of a biogrouted granular material as v\/ell as the 

biogeochemical processes underpinning the technology. (Kucharski, 

Price et al. 1997; Whiffin, van Paassen et al. 2007; DeJong, Mortensen et 

al. 2010; van Paassen, Ghose et al. 2010; Tagliaferri, Waller et al. 2011). 

However, little research has systematically focussed on the mechanisms 

that control the formation and failure of the calcium carbonate bond at 

the pore scale.

Evidence suggests that the formation and failure of the bond is a 

crucial aspect of the technology and is expected to have a strong 

impact on the overall effectiveness of treatments. While some early 

conceptual models describing bonding and failure at the pore scale 

exist (DeJong, Mortensen et al. 2010; Al Qabany and Soga 2013), these 

would appear to be limited to very specific experimental conditions. 

Additionally, the literature appears to be mostly limited to the 

application of the technology in water saturated soils, with only one 

study investigating its application in unsaturated soils (Cheng and Cord- 

Ruwisch 2012).
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Therefore, the main aim of the research was to investigate the 

pore scale phenomena leading to the formation and failure of the 

calcium carbonate bonds between the particles of a granular medium. 

It is hoped that a greater understanding of these mechanisms would 

lead to the development of a solid conceptual model which will 

become the basis for future improved computational modelling of MICP 

treatments. The objectives of the research were to critically assess the 

impact of the following factors on the bond formation and failure 

processes:

• The treatment protocols employed;

• The composition of the cementation solution;

• The delivery mechanisms and procedures employed;

• The mineralogy, size and saturation of the soil being treated.

The research has extended to include atomised delivery of 

process reagents due to the potential it offers in the treatment of 

unsaturated soils. Atomised delivery is an emerging method in the 

bioremediation field where small droplets (< 10 gm) of reagents are 

delivered into the soil by a gas stream (Glew 2009; Riho, Murdoch et al. 

2010; Dyer, Glew et al. 2012). Incidentally, the review of biomediated 

carbonate precipitation processes has also led to the identification of 

on opportunity for process innovation: the precipitation of the more 

durable dolomite mineral, in place of calcium carbonate polymorphs. 

This has also been investigated in the context of the research.

3 . / R e s e a r c h  f r a m e w o r k

The work presented here comprises of a literature review in which 

the possible impact of the identified factors was evaluated. The 

literature review also aimed at providing an understanding of how 

phenomena occurring of the pore scale might influence some of the 

bulk properties of the treated material. A multidisciplinary approach was

5



taken throughout the research which has led to the review of a diverse 

set of sources in the fields of m icrobiology, engineering, geology and 

mineralogy. Ultimately, the hypotheses derived from the literature review 

were explored through a series of small and medium scale experiments. 

A graphical representation of the research framework is presented in 

Figure 1.2.
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Figure 1.2 Research framework showing the elements of the technology being 
investigated. Items marked with an asterisk were central to the research.
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4 )  S t r u c t u r e  o f  t h e  T h e s i s

This docum ent is organised in six chapters:

• Chapter 1 provides a general introduction to the field of 

biogeocivil engineering and to the work being presented.

• Chapter 2 and 3 discuss the literature review together with the 

scientific principles that describe the key elements of MICP 

applications.

• Chapter 4, 5 and 6 are ded ica ted  to the experimental work 

carried out in the context of the research being presented. In 

particular, Chapter Four is ded ica ted  fo the description of the 

methods em ployed; Chapter Five and Chapter Six present and 

discuss the results of the experiments conducted  in saturated and 

unsaturated soils respectively. Interim conclusions are also 

provided.

• Chapter 7 is the concluding chapter in which the conclusions 

derived from the research will be presented.
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CHAPTER 2

L i t e r a t u r e  R e v i e w

1 )  I n s p i r e d  b y  N a t u r a l  L i t h o g e n e s i s

MICP takes inspiration fronn the fornnation process of one of the 

most significant groups of sedimentary rocks; calcium carbonate rocks. 

While the extent of the microbial contribution to the lithogenesis of 

carbonate rocks is still a matter of discussion (Costanier, Le Metayer- 

Levrel et ol. 1999; Broissont, Verrecchia et al. 2002; Wright and Oren 

2005), evidence exists, throughout the geological record, of the ability of 

microbes to intervene in their formation and diagenesis (Knoll and Sv\/ett 

1990; Ehrlich 1999; Riding 2000; Mastandreo, Perri et ol. 2006; Konhauser 

2007). Well known examples are found in the formation of microbialites 

operated by complex microbial mats in marine environments (Dupraz 

and Visscher 2005; Lopez-Garcia, Kazmierczok et al. 2005). Additionally, 

the contribution of living organisms to the formation of large bioclastic 

carbonate deposits has been v/ell documented and established (Ehrlich 

1999).

1 . 1  T h e  c a t a l y t i c  f u n c t i o n  o f  t h e  u r e a s e  e n z y m e

The research presented here will focus on aerobic metabolic 

processes leading to the nucleotion and growth of calcium carbonate 

crystals from an interstitial supersaturated solution. In fact, most 

engineered applications of MICP take inspiration from one such naturally 

occurring processes, that is: the heterotrophic degradation of urea 

(Costanier, Le Metoyer-Levrel et al. 1999). Applications involving the 

degradation of urea rely on a biological catalytic step to control the 

alkalinity and dissolved inorganic carbon (DIC) in a liquid medium; in 

turn inducing the precipitation of calcium carbonate:

8



As shown in Eq. 2.1, the cata lytic function within the MICP process 

is performed by the enzynne urease (urea annidohydrolase) found in 

numerous bacteria, plant and animal species (Castanier, Le Metayer- 

Levrel et ol. 1999; Krojewska 2009). Urea is hydrolysed by the enzyme to 

ammonium and carbonate ions. In the presence of a high calcium  

concentration, the precipitation of calcium  carbonate, Eq. 2.2, is 

induced within the pore space (Stocks-Fischer, Galinat et al. 1999).

xiveo.se

C0{NH2)2 + 2 W2O ------> 2 /VW4+ + COi^~ Eq. 2.1

9 -  P WTCO3 +Ca2+ --------» CaC0 3 (̂  ̂ Eq. 2.2

The reactions involved in the precipitation of calcium  carbonate 

as described above, ore abiotically possible. However, the presence of 

the urease enzyme (in the form of selected bacteria species) allows the 

reaction to proceed up to 10'^ times faster and achieve cem entation in 

a useful timeframe (Ferris, Phoenix et al. 2004; Krojewska 2009).

In the context of MICP applications, optical density, urase activity 

and specific urease activity ore often referred to when describing a 

bacterial culture employed in the process:

• Optical Density at 600nm (OD600): the measure of suspended 

biomass as determ ined by spectrophotometric absorbance of 600 

nm;

• Urease Activity (UA): the am ount of urea hydrolysed in the unit of 

time by a bacterial suspension (usually reported in mM-min ');

• Specific Urease Activity (SUA): the am ount of urea hydrolysed in 

the unit of time and biomass (usually reported in mM-min-'ODdoo’ ').

These parameters are, in fact, useful in evaluating the, rate, 

performance and effectiveness of a m icrobiological species employed 

in biogrouting applications.

9



1 . 2  S P O R O S A R C I N A  P A S T E U R I i :  A  L I VE  S O U R C E  O F  U R E A S E

A readily available source of urease is represented by soluble 

forms of jack bean (Canava lio  ensiformis) extract or grind. However, 

urea degrading bacteria are com m only found to partic ipate  in 

d iogenetic processes by precipitating carbonates in natural soil and 

subsurface environments (Cacchio, Ercole et ol. 2003; Banks, Taylor et al. 

2010; Burbank, Weaver et ol. 2012). Most importantly a live m icrobial 

sources of urease v^ould present the advantage of being cost- 

effectively cultivable on-site as v/ell as being able to becom e a ttached  

to the particles of a soil being treated (Whiffin 2004; Harkes, van Poassen 

et al. 2010). Whiffin (2004) has summarised the key characteristics of a 

suitable bacterial source of urease as follov/s:

• Non pathogenic and environmentally sound;

• High specific urease activity;

• The enzyme should not be strongly repressed by high 

concentrations of process reagents or by-products.

Consensus am ong researchers is that Sporosarcina pasteurii (formerly 

known as Bacillus posteurii) mostly meets the requirements listed above. 

In fact, S. pasteurii is a com m on soil bacterium  (Burbank, Weaver et ol. 

2012) with optim al growth pH of 9.25 (Whiffin 2004), os such its localised 

bioaugm entation would pose only a limited threat to the environment. 

Crucially, S. pasteurii does not represent a significant threat to human 

health (Whiffin 2004) and is classified by the Advisory Com m ittee on 

Dangerous Pathogens as a Group 1 organism. While generally 

expressing a high specific urease activity (Mobley, Island et al. 1995; 

Krajewska 2009), this con be repressed by some of the reagents 

em ployed in MICP. In particular, concentrations of calcium  ions above 

1.5 M have shown to drastically reduce the performance of biogrouting 

applications (Whiffin 2004). However, such highly concentra ted solution 

are not usually employed; therefore, S. pasteurii has becom e the species

10



of e lection  in nnost engineering app lica tions of MICP co n d u c te d  using 

urea hydrolysis pathw ays (G ollapudi, Knutson e t al. 1995; Stocks-Fischer, 

G alinat e t al. 1999; Fujita, Ferris e t al. 2000; DeJong, Fritzges et al. 2006; 

Whiffin, van Paassen et al. 2007; Bang, Lippert e t al. 2010; van Paossen 

2011; Al Q abany, Soga et al. 2012; Dejong, Soga et al. 2013).

1.3 A l t e r n a t i v e  M I C P  p r o c e s s e s

As shown in Figure 2.1, urea hydrolysis is less the rm odynam ica lly  

favoured w hen co m pa re d  to a lte rnative MICP processes. However, the 

relatively u n com p lica ted  exp lo ita tion of the process has established 

urea hydrolysis os the main m e tabo lic  p a thw ay  em ployed. A lternative 

techniques tha t rely on the b io log ica l dissimilatory reduction  of n itrate 

(or denitrifica tion) are recently a ttrac ting  the interest o f researchers in 

the field.

Urea Hydrolysis k
(kJ/m ol)

NH2-C0-NH2+3H20->2NH;+HCO 3  + OH 5 AG®’ = -27
(ure^ (increases pH by produang OH ) §

Denitrification
CH3 COO + 2.6H*+ 1.6 N03^ 2C 02+ O.8 N2+ 2 .8 H2 O AG»’ = -785

(acetate) (increases pH by consuming H*) 0
2

Iron  R e d u c tio n 2
a>

CHjCOO +8Fe(0H)j,^,M,+ 6HC0j- +7H* 8FeCO,(^„^,+20HjO S
to AG°’= -316

(acetate) (increases pH by consuming H*)

Sulfate Reduction
CH3COO + 2H"+ SO/ ? HS + 2 H2 O + CO2 ' AG°' = -57

(acetate) (increases pH by consuming H*)

Figure 2.1 Alternative bio-mediated processes potentially leading to calcium 
carbonate supersaturation. Gibbs free energy com puted for standard 
conditions (DeJong, Mortensen et al. 2010).

The advan tages w ith respect to urea hydrolysis w ou ld  be: the 

red uce d  risk associated with the am m on ioca l b y -p roduc t o f the process 

(van Paossen, Daza et al. 2010); the po ten tia lly  higher ca lc ium
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carbonate yields (Hamdan, Kavazanjian et al. 2011); and the 

opportunity of using wastewater streams of different origin as a substrate 

source (von der Star, Taher et al. 2010). However, nitrate reduction as 

well as other alternative biological mechanisms, such as sulphate 

reduction, would be unsuitable for application in unsaturated soils due 

to their requirement for anaerobic conditions (Castanier, Le Metayer- 

Levrel et al. 1999; Dupraz, Reid et al. 2009).

2) B u l k  P r o p e r t i e s  o f  S o i l s  T r e a t e d  w i t h  MICP

In the geotechnical field, soil improvement technology is 

employed to modify, according to specific design requirements, the 

engineering parameters of a soil, namely: strength, stiffness, permeability 

and porosity. While pioneering examples of full scale field applications of 

biogrouting techniques exist (Filet, Godret et al. 2011), at present MICP 

has been mostly investigated in controlled laboratory scale experiments 

employing poorly graded fine to medium silica sands (DeJong, Fritzges 

et al. 2006; Whiffin, van Paassen et al. 2007; von Paassen, Ghose et al. 

2010; Al Qabany, Soga et al. 2012). Below are briefly introduced some of 

the key soil properties which can be improved or modified by means of 

MICP treatment.

2 . J U n c o n f i n e d  c o m p r e s s i v e  s t r e n g t h

Due to the brood utility that the improvement of mechanical 

strength characteristics of sand and gravel soils would have in field 

applications, unconfined compressive strength (UCS) has been often 

used in the literature to assess the efficacy of MICP treatments. As shown 

in Figure 2.2, by controlling the amount of calcium carbonate 

precipitated, the process con be engineered to achieve a vast range of 

UCS. Reported UCS values for treated sand vary greatly with typical 

values ranging between 150 kPo and 20 MPa (Horkes, von Paassen et al.
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2008; van der Ruyt an d  van de r Zon 2009; van Paassen 2009; Al Q abany 

and Soga 2013). There is a genera l consensus tha t a strict relationship 

exists betv/een ca lc ium  ca rb o n a te  con ten t and UCS (Whiffin, van 

Paassen et ol. 2007; Harkes, van Paassen et al. 2008; van Paassen 2009). 

However, this is be ing recently  cha lle ng ed  by the results presented by 

some authors (Cheng and  Cord-Ruv^isch 2012; Al Q abany and Soga 

2013): suggesting tha t m icro scale phenom ena and  m e thodo log ica l 

factors cou ld  have a bearing on the resulting effectiveness 

([C aC 0 3 ]/UCS) of the  trea tm ent. These will be discussed in m ore deta il in 

the fo llow ing paragraphs

O )
c
0) OO
V)
cno
=)

0 100 200 300 400 500 600

Calcium carbonate: kg/m^

Figure 2.2 Unconfined compressive strength versus calcium carbonate content 
(von der Ruyt and van der Zon 2009). By controlling the amount of calcium 
carbonate precipitated, it is possible to achieve a vast range of soil strength 
improvement.

2 .2  S t i f f n e s s  a n d  f a i l u r e

B iocem ented sands disp lay a stiff behaviour (van Paassen, Ghose 

et al. 2010), w ith re co rd ed  values of tan ge n t Young modulus, Eso. 

ranging be tw een  110 MPa an d  2210 MPa and  elastic Young modulus, 

Eur, rang ing be tw een  1300 MPa an d  13000 MPa. Due to  its stiff behaviour, 

the ce m e n te d  m ateria l displays little volum etric strain w hen lo a ded  with
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usually small differences in peak strength between drained and 

undrained compression tests (van Paassen 2009). Failure of biogrouted 

samples is typically brittle. Shear failure is reported to occur along a thin 

active band in confined triaxial tests (Tagliaferri, Waller et al. 2011), 

v/hereas tensile failures (cracks) are reported as typical in unconfined 

compression strength tests (Al Qabany and Soga 2013). As a result of 

stiffness, small increases in pore-water pressure have been observed 

under loading: highlighting the potential of MICP os a soil liquefaction 

mitigation measure. To this effect, it is of particular significance that 

progressive v/eakening is reported to occur under dynamic loading 

(Montoya, DeJong et al. 2013) as sudden catastrophic failure of a 

treated moss would be a matter of concern in seismic areas.

2.3 P e r m e a b i l i t y  a n d  p o r o s i t y

Unlike traditional cement and chemical grouting, where a 

significant proportion of the soil's strength increase is a consequence of 

pores filling with grout (Karol 2003), biogrouting can be successfully 

applied to increase a soil’s strength with limited losses of porosity and 

permeability (Whiffin, van Paassen et al. 2007; van Paassen 2009). By 

controlling the amount of calcium carbonate and the precipitation 

conditions it is possible to control the resulting permeability reduction (Al 

Qabany and Soga 2013).

3 )  B o n d  Fo r m a t i o n  a n d  Fa i l u r e  M o d e l

There is general agreement among authors that the strength 

increase observed in biogrouted sand samples is to be ascribed to the 

cementing effect of individual bonds between particles. As show in 

Figure 2.3, once failure occurs, the residual strength of the treated 

samples is comparable to that of an untreated sand: indicating that 

most of the improvement is caused by the formation of bonds between
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particles and lost after failure thereof (van Paassen 2009; Tagliaferri, 

Waller et al. 2011). Once the bonds become broken, the contribution of 

the carbonate precipitated on the surface of the soil particles, or part- 

filling the pore space, is marginal (DeJong, Fritzges et al. 2006; Whiffin, 

van Paassen et al. 2007). This would highlight the relationship that exists 

between the strength increase observed at the macro scale and the 

formation and failure mechanisms controlling the bond at the pore 

scale.

300
O )

CaCO.^ content <kg/m soil)

Figure 2.3 Confined compressive strength (full squares) and residual strength of 
material after failure (empty squares) versus calcium  carbonate  content. 
Confining pressure w'os 50 kPa. Under the same consolidation conditions, 
untreated sand of the same density gave a strength value of 167 kPa and a 
residual strength of 130 kPa (Whiffin, van Paassen et al. 2007).

An early conceptual model of bond formation and failure 

mechanisms has been proposed by DeJong et al. (2010) and is reported 

in Figure 2.4. The model proposed shows the bond being formed os a 

hybrid between: the formation of a uniform carbonate crust around the 

sand particles, and the preferential deposition at (or close to) inter

particle contact points. The failure mechanism considered by the 

authors is presented as a failure surface involving both the bond-sand 

interface and fractures within the bond itself. While the model is an 

accurate and insightful interpretation of what observed by the authors in
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scanning electron microscopy innoges, the experimental conditions 

em ployed were very specific. Therefore the conceptua l model 

proposed is deem ed limited by a lack of systematic investigation on the 

parameters that m ight have a bearing on the mechanisms leading to 

the establishment of a bonding structure. And in turn on the consequent 

failure mechanisms that might result.

Distribution Alternatives Failure Mechanism Alternatives
Calclte-SilicaPreferential Calcite-CalciteUniform

ActualActual

Figure 2.4 (a) Illustration of carbonate distribution patterns (bond formation) at 
the pore scale and (b) proposed failure mechanisms under shearing/loading 
(DeJong, Mortensen et al. 2010).

In addition to the factors affecting traditional grouting 

methodologies, biogrouting is com plica ted  by the live nature of the 

biological catalyser: requiring to extend the interpretation beyond the 

b iochem ical reactions involved in the precipitation process alone. The 

key factors that have been identified in the work presented here as 

possibly im pacting on the bond formation process are:

• The treatm ent protocols employed;

• The composition of the cem entation solution;

• The delivery mechanisms and procedures employed;

• The mineralogy, size and saturation of the soil being treated.

These will be individually discussed in the following paragraphs within the 

context of the work being carried out. Table 2.1 provides a summary of 

the key publications that have been reviewed in the context of this 

research.
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Materials and 
Methods

Enzyme source S. pasteurii S. pasteurii S. pasteurii S, pasteurii S. pasteurii S. pasteurii

Delivery Bioaugm entation Injection Inj. + fix Injection n.a. Percolation Injection

Cem enta tion Injection Inj. + ricirc. Injection n.a. Percolation Injection

Trophic regime Oligotrophiic O ligotrophic Eutrophic n.a. O ligotrophic Eutrophic

Soil
characteristics

Littiology Silica sand 
Shale

Silica sand 
Carbonaceous

Silica sand Perspex block 
Granite block

Silica sand Silica sand

Particle size < 300 pm 
n.d.

n.d.
n.d.

Dso = 120 pm n.o. 300-150 |jm 300-150 pm 
150-90 pm

Saturation Fully sat. Fully sat. Fully sat. n.a. Unsat. Fully sat.

Obsen/ation Chem ical
M icroscopy
Physical

M icroscopy SEM
Physical

M icroscopy SEM
C hem ical
Physical

SEM
Chem ical
Physical

Focus strength
Efficiency

Crystal
m orphology

Strength
Stiffness
Review

Crack sealing 
Biofilm

Delivery
Strength

Efficiency
Permeability
Strength

Parameters 
investigated 
at micro scale

Bacteria Distribution Yes Yes No No Yes Yes

Growth No No No Yes No No

Calcium
carbonate

Distribution No Yes Yes Yes Yes Yes

Form No Yes No No No Yes

Deliver/ method No No No No Yes No

Concentrations Yes No No Yes No Yes

Trophic regime No No No No No No

Soil caracteristics Yes Yes No No No Yes

Bond No No Yes No Yes Yes

Reference Whiffin (2004) van Paassen 
(2009)

DeJong e t al. 
(2006)

Cuthbert et ol. 
(2012)

C heng et al. 
(2012)

Al Q abany e t al. 
(2012, 2013)

Table 
2.1 

Sum
m

ary 
of key 

publications: investigation 
of M

ICP 
at the 

pore 
scale.



4 )  Tr e a t m e n t  P r o t o c o l s : Tr a n s p o r t  a n d  G r o w t h  o f  Ba c t e r i a

While the possibility o f strictly biostim ulation techniques is em erging 

in the literature (C acch io , Ercole et al. 2003; Banks, Taylor e t al. 2010; 

Burbank, W eaver e t al. 2011; Burbank, W eaver e t al. 2012; Dejong, Soga 

e t al. 2013), most o f the research so far has been concen tra ting  on 

b ioaugm enta tion  trea tm ent protoco ls for MICP in-situ applications. 

Typically, b ioaugm en ta tion  is then follow'ed by a num ber o f injection 

rounds (determ ined by the design requirements) w here  a cem en ta tion  

solution is de livered into the soil.

Table 2.2 Treatment protocols and relevant chemical composition of liquids 
employed in the literature for biogrouting applications.

Bacteria Injection Fixation Cem entation Refs.

S. pasteurii (culture)* 

20 g/L Yeast extract 

190 mM NH4CI 

(10 nM NiCb)# 

pH 9.0

S. pasteurii (cells)**

3 g/L Nutrient broth 

330 mM C0(NH2)2 

20 mM CoCb 

190 mM NH4CI 

25 mM NoHCOa 

pH 6.0

S. pasteurii (cells)** 

??? g/L Nutrient broth 

??? M NH4CI 

??? M NaHCOs

SOmMCaCb 0.5-1.0 M CaCb

0.5-1.0 M C0(NH2)2

Not
em ployed

Not
em ployed

3 g/L Nutrient broth 

330 mM C0(NH2)2 

20 mM CaCb 

190 mM NH4CI 

25 mM NaHCOa 

pH 6.0

3 g/L Nutrient broth 

0.1-1.1 M C0(NH2)2 

0.1-1.1 M C oC b 

190 mM NH4CI 

25 mM NaHCOa

(Whittin, van Paassen 
e t al. 2007)

(van Paassen 2009)

(Harkes, van Paassen 
e t al.2010)

(Cheng and Cord- 
Ruwisch 2012)

(DeJong, Fritzges et al. 
2006)

(Martinez and DeJong 
2009)

(Tagliaterri, Waller et al. 
2011 )

(Al Q abany, Soga et 
al. 2012)

(Al Q abany and Soga 
2013)

* The culture is in jected as is after it reaches late exponential
** The culture is grown to late exponential, filtered and resuspended in the medium
* Not em ployed consistently throughout the literature
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As shown in Table 2.2 two general protocols have been 

em ployed, albeit with some variations, in previous work; the key 

distinguishing parameters being: (1) the inclusion (or not) of a fixation 

treatm ent and (2) the presence (or absence) of nutrients in the 

cem entation fluid em ployed. In order to distinguish between these two 

general protocols the terms "oligotrophic treatm ent" and ‘‘eutrophic 

treatm ent” will be introduced here and used throughout this docum ent:

• Oligotrophic treatment: characterised by the absence of bacterial 

nutrients in the cem entation liquid and usually includes a fixation 

phase;

• Eutroptiic treatment: characterised by the addition of bacterial 

nutrients to the cem entation liquid.

While both protocols have been applied successfully throughout 

the literature, this is the first time that the difference between the two is 

highlighted. Most crucially, the possible biostimulation of S. p a s f e u r i i  

resulting from the addition of nutrients to the cem entation liquid has 

been mostly ignored by the literature. Additionally, the results obtained 

employing different protocols have often been com pared or evaluated 

collectively w ithout acknow ledgm ent of the differences that might exist. 

However, the selection of one MIGP treatm ent protocol over the other is 

deem ed here to hove a particular im pact on the transport and growth 

mechanism regulating the abundance  of bacteria  within the pore 

space (Ghaly, A. et al. 2013).

4. ? Tr a n s p o r t  a n d  d e p o s i t i o n  o f  S. p a s t e u r i i

Geometrical considerations have traditionally been assumed to 

determ ine the viability of b ioaugm entation in -s i fu  techniques (Grawford 

and Grawford 2005; Mitchell and Santamarina 2005; DeJong, Mortensen 

et al. 2010); one of the main limitations being the relative size of the 

biological com ponent com pared  to that of the pores and pore throats
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in the soil. As shown in the diagram  in Figure 2.5, in fine soils (silts and 

clays) the small size of the pores can hinder the transport of bacteria l 

cells and limit the flow of chem ical or nutrient solutions for in-sifu 

applications (Mitchell and Santamarina 2005).

Geometric
Limitf

Biology

Length
Scale

/;mrf oftrealmeni 
by m-situ injection

limit olbrealment 
by ex-situ mixing

atoms polymers 

A nm

Soil

Biomineralization 
Application Range

Biofilm 
Application Range

Biogat 
Application Range

unhindered microbial motion 
and easy nutrient transport

fraction o f microbes at 
partKle-parhcle contacts 
decreases nvmmning effectiveness

viruses
bacteria
archea eukarya

Mm

-1------------------- -------------------1------------------- 1-------------------

silt sand> gravl

7 ̂ ______________ i

5*^ ' ..............— -------------i""

1
I

Figure 2.5 Geom etric limitations, and approxim ate limits of various b iotreatm ent 
approaches (Mitchell and Santamarina 2005). Modified by DeJong e t al. 
( 2010 ) .

This is a critical aspect in most in-sifu bioremediation techniques 

(Crawford and Crawford 2005). However, in most ground im provem ent 

applications the size of the pore space is likely to be large enough to 

allow the transport of S. p as feu r i i cells. Conversely, in extremely coarse 

soils (very coarse sands and gravels), potentially fast flows and large 

pores could result in the bacteria being transported beyond the 

treatm ent area before these becom e deposited on a partic le ’s surface 

(van Paassen 2009; Harkes, van Poassen et al. 2010). Additionally, the 

relatively small kissing number per unit volume of soil would imply that 

the con tac t surfaces between soil particles could be too few  to ensure 

efficient cem entation of very coarse matrixes (DeJong, Mortensen et al. 

2010 ).
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Noticeably, bacteria are known to a c t as nucleation sites during 

the heterogeneous nucleation of crystals (Ferris, Fyfe et al. 1987; Ehrlich 

1999; Bosak and Newman 2003). Therefore the distribution of S. pasfeurii 

within the pore space is expected to hove consequences on the 

locations at which calciunn carbonate will be precipitated.

Figure 2.6 Solution of Navier-Stokes equation for a com plex pore space 
geometry using FEMLAB. Flow from top  to bottom : dark blue, low velocity flow; 
red, high velocity flow (Keller and Auset 2007).

When biocolloids, such as bacteria, are transported through a soil, 

these can typically becom e a ttached  (deposited) to: the soil-water 

interface, SWI; the air-water interface, AWI; or the triple con ta c t of soil- 

water-air, SWA (Fang and Logan 1999; Keller and Auset 2007). The 

movement of bacteria within the pores of a porous medium is generally 

controlled by odvection, diffusion, dispersion and active m ovem ent of 

the bacteria. These mechanisms con be described by referring to Figure 

2.6. In such com plex networks, larger particles tend to remain within the 

major stream lines (odvection) while smaller particles and solutes are 

more likely to cross streamlines (diffusion and active movement) and 

becom e deposited (Gannon, Manilal et al. 1991; Abu-Ashour, Joyi et al. 

1994; Keller and Auset 2007). Also, smaller particles have a larger number
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of pathways available (dispersion) and can nnove through narrow pore 

throats to regions of alnnost stagnant flow precluded to larger particles 

(Sirivithayapakorn and Keller 2003). This phenomenon is often referred to 

as size exclusion. Size exclusion is, in strict terms, a transport process but 

con be associate with other deposition processes (Bradford, Simunek et 

al. 2006). Additionally, as a result of size exclusion, biocolloids (such as 

bacteria) can becom e retained in the column without direct contact 

with the soil particle surface (Johnson, Li et al. 2007).
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Figure 2.7 C alcu lated Derjaguin-Landau-Verwey-Overbeek (DLVO) interaction 
energy between a co llecto r and a bacteria  cell as a function of separation 
distance and ionic strength of a KCI solution (Redman, Walker et al. 2004). 
Interaction energies were ca lcu la ted  from experimental data. Positive values 
ind icate repulsion and negative values ind icate attraction.

To limit the leaching of bacteria in sands, a fixation treatment, 

characterised by a relatively high ionic strength fluid (50 mM CaCb), is 

proposed by some authors (Table 2.2). As shown in Figure 2.7, by 

changing the ionic strength of the pore-water, the energy barrier to 

deposition is reduced. As a result, the adsorption of bacteria cells on the
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surface of soil particles (the co llector) is increased (Redman, W alker et 

ol. 2004; Torkzaban, Tazehkand et al. 2008); hence, limiting the leach ing  

of urease. While the literature shows tha t the fixation trea tm ent 

successfully increases the am oun t of ba c te ria  re ta ined in the soil co lum n 

(von Paassen 2009; Harkes, von Paassen et ol. 2010), it is o f s ign ificance 

tha t co llo id  deposition occurs in porous m edia  despite the exp e c te d  

presence of fo rm idab le  energy barriers to  deposition; and beyond  w ha t 

cou ld  be exp la ined by trad itiona l c lean  bed  filtration theory (Bradford, 

Simunek et al. 2006; Johnson, Li e t ol. 2007). This was shown to be 

occurring w hen the ratio o f the co llo id  d iam ete r to  the m ed ian  co llec to r 

d iam eter, D 5 0 ,  is g rea te r than 5x10-3 (Bradford, Simunek et al. 2003; 

Bradford, Torkzaban et al. 2007; Johnson, Li e t ol. 2007). In the con tex t of 

D erjaguin-Landou-Verwey-O verbeek (DLVO) theory, several authors 

(Redman, Walker e t al. 2004; Bradford, Simunek et al. 2006) suggest tha t 

the phenom enon cou ld  be the result of reversible a tta ch m e n t of 

bac te ria  cells in secondary energy m inim a (Figure 2.8).

O )

c
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0

-10
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Figure 2.8 Data from Figure 2.7 replotted to highlight the secondary energy 
minimum (Redman, Walker et al. 2004).
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4 .2  G r o w t h  o f  S. p a s t e u r i i  a n d  b i o f i l m  f o r m a t i o n

In oliogotrophic treatnnents, cell-bound urease has shown to 

remain active for over five days even though the bacteria cells are likely 

to becom e starved following the initial b ioaugm entation (Whiffin, van 

Paassen et al. 2007; van Paassen, Ghose et al. 2010). Interestingly, the 

urea hydrolysis mechanism of S. pasteurii appears to be connected  with 

the production of ATP (Johns 1996), which would likely increase the 

endurance of the bacterium  when low concentrations of nutrients ore 

available. However, Cuthbert et al. (2012) hove shown that the overall 

urease activity of S. pasteurii biofilms decreases in the absence of 

nutrients due to the encapsulation of bacteria cells within the newly 

formed carbonate crystals. The reduction of urease activity observed by 

Cuthbert et al. (2012) in oligotrophic conditions would therefore imply, 

from a biological perspective, the establishment of “ no-growth” 

conditions (stationary phase). That is: in treatments where no nutrients 

are added  during the cem entation process, no new cells of S. pasteurii 

would be formed to replace those lost by encapsulation and cell lysis. 

Conversely, an eutrophic cem entation solution would provide, albeit not 

in ideal conditions, the necessary nutrients for the growth of on urease 

active biofilm (Bonfieid and Nealson 1997; Cuthbert, Riley et al. 2012).

In porctice, oligotrophic protocols would require the initial 

introduction of excess urease to com plete  the reaction whereas 

eutrophic methods can rely on the creation of new biomass to counter 

the depletion of urease. In fact, Al Q abony et al. (2012) employing 

eutrophic methods ind icate that their experiments were not a ffected  by 

the initial urease activity of the bacteria l culture being injected; this 

despite introducing variably active cultures with measured urease 

activities in the range of 5 to 20 mM urea h '. Furthermore, differences 

between the methods would be expected in the distribution of S. 

pasteurii (and the consequent calcium  carbonate precipitation 

patterns) at the pore scale.
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The conceptual nnodel proposed by DeJong et al. (2010) was 

developed from the observation of samples treated eutrophically. 

Hence, the model could be specifically resulting from the formation of 

an active biofilm around the individual cells deposited during the 

augmentation exercise. Should this be the case, the mechanisms 

leading to the formation of a bond (and its failure) could be distinct from 

those occurring in oligotrophic treatments: with consequences on the 

resulting efficacy.
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Figure 2.9 Unconfined compressive strength p lo tted against calcium  
carbonate  conten t in MICP soil treatm ent (Al Q abany and Soga 2013), 
modified to include the treatm ent protocol em ployed by different authors. 
Eutrophic protocols appear to require less calcium  carbona te  for a given 
increase in DCS when com pared to oligotrophic protocols.

The hypothesis would be supported by the comparative analysis 

of unconfined compressive strength (DCS) values for samples treated 

with oligotorphic and eutrophic protocols. Figure 2.9 shows that 

approximately 140 Kg m-3 were sufficient to obtain a DCS of c. 1500 kPa 

when employing eutrophic protocols. However, up to 260 Kg m-3 were 

needed to achieve similar DCS values with oligotrophic methods 

employing the same concentration of process reagents in the
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cem entation solution (0.5 M). Additionally, while a large number of 

samples tested produced no measurable strength due to 

inhomogeneous cem entation (Al Q abany and Soga 2013), a similar 

d ifference can also be inferred by referring to 1 M treatments in Figure 

2.11 below.

5 )  R e a g e n t  C o n c e n t r a t i o n  i n  t h e  C e m e n t a t i o n  L i q u i d

As shown in Eqs. 2.1 and 2.2, one mole of urea and calcium  ions, 

respectively, ore required to produce one mole of calcium  carbonate. 

Consequently, the cem entation solution is usually characterised by 

approxim ately equimolor concentrations of these reagents independent 

of the protocol em ployed. Interestingly, different equimolar 

concentrations of reagents have been em ployed in the literature and 

evidence exists that these have on im pact on the resulting properties of 

the treated material. The literature on the subject is still scarce but the 

effects on permeability and DCS have been investigated specifically (Al 

Qabany, Soga et al. 2012; Al Q abany and Soga 2013).

5 . / E f f e c t  o f  r e a g e n t  c o n c e n t r a t i o n s  o n  UCS

Al Q uabany et al. (2013) have shown that a relationship exists 

between the concentration of the chem ical reagents and the resulting 

UCS. Figures 2.10 and 2.11 show the UCS of samples treated using 

different reagent concentrations for eutrophically treated samples. 

Despite some scatter, it is possible to observe that higher UCS values are 

obta ined, for a given calcium  carbonate  content, when mildly 

concentra ted (< 250 mM) solutions ore em ployed. Conversely, 

treatments employing more concentra ted  solutions (> 0.5 M) present 

higher UCS/[CaC0 3 ] ratios (referred to as effectiveness). 1 M solutions 

represent a limit case in that the treatm ent resulted in inhomogeneous 

localised reinforcement producing weak overall samples. Patchiness of
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the cem en ta tion  in these samples w ould be associated with the 

occu rre nce  of localised rap id  reduction  of perm eability  os discussed in 

the  next paragraphs (Al Q abany and  Soga 2013).
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Figure 2.10 UCS plotted against calcium carbonate precipitation for different 
eutrophic treatments [Al Qabany and Soga 2013). Mildly concentrated 
solutions are more effective than concentrated solutions.
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5.2 E f f e c t  o f  r e a g e n t  c o n c e n t r a t i o n s  o n  p e r m e a b i l i t y

Figure 2.12 shows the decrease of normalised pernneability (ratio 

between the actua l pernneability and the initial pernneability) with 

increasing amounts of precip ita ted calcium  carbonate in experiments 

conducted  employing eutrophic protocols. The authors of the research 

conclude that the injection of highly concentra ted (> 500 mM) solutions 

results in a rapid decrease of permeability when com pared with mildly 

concentra ted (< 250 mM) solutions (Al Qabany and Soga 2013).
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Figure 2.12 Normalised permeability versus calcium carbonate precipitation for 
three reagent concentrations (Al Qabany and Soga 2013). Increasing the 
concentration of reagents in the cementation liquid results in the rapid 
reduction of permeability.

5.3 P o r e  s c a l e  c o n c e p t u a l  m o d e l

Accord ing to Al Q abany et al. (2013), the e ffect of reagent 

concentration on both permeability and DCS could be explained by 

referring to previously published observations based on scanning
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electron microscope innages (Al Qabcny, Soga et cl. 2012). In fact, as 

shown in Figure 2.13, the innages show that when nnildly concentrated 

(250 mM) solutions are ennployed the resulting calciunn carbonate is 

precipitated in snnoll crystals over large portions of the sand particle 

(Figure 2.13(a)); whereas high concentrations (1 M) produced large 

individual structures, typically near inter-particle contact points (Figure 

2.13(b)). Al Qabany et al. (2013) suggest that the rapid permeability 

reduction observed with IM solutions is caused by the formation of these 

large crystals within the pore throats. Conversely, the numerous small 

crystals formed when mild solutions ore employed result in a 

homogenous reduction of the permeability with increasing amounts of 

calcium carbonate.

Figure 2.13 SEM im age of eutrophically treated biogrout samples employing: 
(a) 250 mM urea and Ca^^ solution which precip ita ted 80 Kg m-^ of CoCOa; (b) 
1 M urea and Ca^-" solution which precip ita ted 65 Kg m-3 of CaCOa (Al Qabany, 
Soga et al. 2012). Small crystals are formed when mild solutions are em ployed 
(a) whereas larger crystals are produced by concentra ted  treatments (b).

While debatable, the reasoning proposed by the authors to 

explain the different precipitation patterns shown in the SEM images 

provides a very good starting point for understanding the precipitation 

phenomena that affect the distribution of calcium carbonate at the 

pore scale. These ore central to the research being carried out and 

therefore will be discussed in further detail here. Two concurrent 

mechanisms are proposed (Al Qabany, Soga et al. 2012):
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1) Higher urea concentrations would cause a  higher and localised pH  
increase. This would prom ote the formation of th icker/larger precipitates.

This seems an unlikely occurrence. In fact, despite the 

bioaugmentaion, the available urease enzyme is likely to become 

saturated even at very low urea concentrations (refer to Chapter 3 

paragraph 2.1): implying that the circumcellular pH variations remain 

comparable despite the higher urea concentrations. It should be noted 

that the cultures employed during bioagumentation displayed a urease 

activity of 5 to 20 mM h '. Speculatively, an alternative explanation 

could be provided by the larger number of treatment rounds delivered 

when employing 250 mM solutions. To achieve comparable amounts of 

precipitated calcium carbonate, four times os many treatment rounds 

would be required when compared with 1 M treatments; albeit with 

shorter retention times. The authors assume that the distribution of 

bacteria is comparable between different treatments; however, in this 

case, four times as many nutrients (in the form of added nutrient broth) 

would have been delivered with a relatively rapid turnover: better 

supporting the formation of a biofilm. Hence, increasing the number and 

spreading of cells (nucleation sites) as well os the amount of urease 

activity contained in the soil. The precipitation process is further 

complicated by the polymorphic nature of calcium carbonate minerals 

(refer to Chapter 3 paragraph 1.1). In fact, increased urease activity has 

been shown to reduce the size of the crystals and, in extreme cases, 

promote the formation of metastable intermediates (van Paassen 2009).

2) The high supersaturation resulting from concentrated solutions would  
privilege crystal growth over nucleation.

Supersaturation alone would not appear to explain the 

phenomenon (refer to Chapter 3 paragraph 1.1). In fact, in the absence 

of poisons or additives and in sterile conditions, elevated supersaturation

30



is exp ec ted  to  favour nuc lection  over grow th (M eldrum and Colfen 

2008; van Paassen 2009). Additionally, the results reported  by Al Q abany 

et al. (2012) w ou ld  a p p e a r to co n tra d ic t those reported  by C uthbert e t 

al. (2012), w hich showed tha t higher reagen t concentra tions p roduce  

smaller crystals during MICP (Table 2.3).

Table 2.3 Average crystal size formed over S. pasfeurii biofilms by MICP using 
variably concentrated reagents (Cuthbert, Riley et al. 2012). Increasing the 
concentration of reagents hod the effect of reducing the average crystal size.

Samp. ID Nutrients* Reagents** Average St. Dev,
(Biofilm formation) (Urea and CaCb) (Crystal size) (Crystal size)

L6 0 .)3 g /l (NB) 

33 mM (Urea)

6 mM 100.5 nm 55.3 nm

H6 13g/l (NB)

330 mM (Urea)

6 mM 55.7 nm 13.6 |im

L200 0.13 g /l (NB) 

33 mM (Urea)

200 mM 214.4 nm 116.0 nm

H200 13 g /l (NB)

330 mM (Urea)

200 mM 18.0 nm 5.0 nm

L500 0.13 g /l (NB) 

33 mM (Urea)

500 mM 42.7 nm 13.4 [im

H500 13 g /l (NB)

330 mM (Urea)

500 mM 8.4 nm 2.4 nm

* NB = Nutrient Broth
** Reagents were applied in fresh solutions w ithout the addition of nutrients.

This highlights how  the in troduction of a b io log ica l co m po n e n t in 

engineering processes requires to extend the in te rpre ta tion  beyond 

chem ica l-physica l considerations. Biofilm de ve lop m en t appears to  be a 

key e lem ent in the process. In fac t, C uthbert e t al. (2012) report that, in 

iden tica lly  tre a ted  samples, larger crystals are deposited  w hen S. 

pasfeurii p rod u ce d  a biofilm  under low  nutrient conditions (Table 2.3). In 

this case, stressed cultures w ou ld  be exp ec ted  to display lower urease 

activities w hich w ou ld  in turn lead to higher [C o 2+ ]/[C 0 3 '2] ratios during
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the steady state of the reaction. Interestingly, the results presented by 

Han et al. (2006) in abiotic precipitation conditions show that, provided 

supersaturation is achieved, ca lc ite  is preferentially precip ita ted (over 

less stable vaterite) a t high [Ca2+]/[C0 3 '2] ratios. Speculatively, in Al 

Qabony et al. (2012) experinnents the lov/ concentration of reagents 

could have led, assisted by the abundance  of nutrients, to the 

vv/idespreod precipitation of vaterite, which would then have 

transitioned (Oswald’s ripening) into small ca lc ite  crystals. Conversely, 

IM  treatments would hove produced the relatively rapid nuclation of 

ca lc ite  crystals which, com bined with the slower bacterial growth, 

resulted in large isolated crystals.

6 )  D e l i v e r y  m e t h o d s  a n d  p r o c e d u r e s

One of the key features of biogrouting is that treatm ent can be 

em ployed for in-situ applications. As such, the delivery techniques 

em ployed have been developed by borrowing from the remediation 

industry (Suthersan 1997). In fact, the experimental literature has mostly 

focussed on flow-through column tests; while field scale piloting and 

pioneering full-scale tests have em ployed arrays of injection and 

extraction wells as would be typical of b ioaugm entation set-ups (Whiffin, 

van Poossen et al. 2007; Filet, Godret et al. 2011). Mixing techniques 

have occasionally been em ployed for the bioaugm entation step at 

laboratory scale, albeit not systematically (Al Qabany and Sogo 2013). 

However, in-situ mixing techniques would be a least preferable option in 

the field due to: cost, site disruption and biological stress implications 

(van Paassen 2009; Dejong, Sogo et al. 2013).

While most of the literature has focussed on the application of 

biogrout in fully staturated soils, treatm ent of unsaturated soils has been 

largely disregarded. Cheng et al. (2012) propose a m ethodology for the 

treatm ent of unsaturated soils by percolating alternate volumes of 

bacteria l suspension and concentra ted  (1 M), oligotrophic cem entation
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solution. The surface perco la tion  m e thod proposed (Figure 2.14) resulted 

in a successful treotnnent for some of the  regimes tested. However, a 

m ajor lim itation in the trea tm en t of unsaturated soils w ou ld  be 

represented by the relatively high perm eability  of the soils typ ica lly  being 

trea ted . In fac t, significant pe rco la tion  losses have been observed by 

C heng et al. (2012), w here urease activ ity  losses of up to  60 % occu rred  

in the trea tm ent by perco la tion  of unsaturated columns. This is a well 

known issue in irrigation practices where coarse sands are generally not 

re com m end ed  for surface flood  irrigation (Heibloem, Prins et al. 1990).

Bacterial suspension Urea/CaCl,

Sand
Columns

/
w 3

I
I

J2.5 c m ^ ▲ ik
5 cm I 

^  7.5 cm

i"15 cm

30 cm

2 Layers 4 Layers 6 Layers 12 Layers

Figure 2.14 Diagram of the treatment regimes employed in surface percolation 
biogrout tests. Each "layer" alternatively represents a volume of S. pasfeurii 
suspension and of the IM, oligotrophic cementation solution (Cheng and 
Cord-Ruwisch 2012).
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6 . 1 M a c r o  s c a l e  e f f e c t s  o f  d e l i v e r y  m e t h o d s

Figure 2.15 shows the set-up and  results, in terms o f ca lc ium  

ca rb o n a te  p rec ip ita ted , o f a 100 m^ o ligo troph ic  pilot test (Whiffin, van 

Paassen et al. 2007; van Paassen 2009; van Paassen, Ghose et al. 2010). 

In the pilot test the flow  d irection  and  intensity was kept constan t by 

means of con tinued  pum ping os a w a y  of simulating the g roundw a te r 

flow  in an aquifer (saturated).
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Figure 2.15 Percentage of CaCOa (w/w) along the cross section of a lOOm  ̂
biogrout experiment. The circles indicate the locations of the injection well (left) 
and the extraction well (right). A continuous gradient was maintained with 
water during curing of the cem ent (van Paassen, Ghose et al. 2010).
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The resulting uneven distribution of colciunn ca rbo n a te  within the 

soil nnass is a consequence  of several nnacro scale factors, nannely:

• Transport and retainment of bacteria a ffec ting  the hom ogene ity  

of the urease distribution (previously discussed in this C hapter), 

and  in turn o f ca rb o n a te  distribution (Harkes, von Paassen et ol. 

2010);

• Dilution with in-sifu groundwater has shown to c re a te  treatnnent 

gradients a long the three axis of the moss (von Paassen 2009);

• Depletion of urea and calcium ions in solution has shown to result 

in a linnited ava ilab ility  of reagents further a long the flow  direction 

(van Paassen 2009; Barkouki, Martinez et al. 2011).
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Figure 2.16 Calcium carbonate profiles in a ID experiment employing 
continuous flow and intermittent flow injection protocols. The cementation 
solution and bacterial suspension were injected in opposite directions. Results 
of a proposed computational model simulation are also shown, blue line 
(Barkouki, Martinez et al. 2011).
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While dilution with groundwater cannot be avoided, it would be 

possible to m itigate the e ffect of bacteria distribution and regent 

depletion. In fact, to improve the homogeneity of large scale 

treatments, Barkouki et al. (2011) have tested two alternative injection 

protocols in 0.5 m columns. Both injection protocols proposed by 

Barkouki et al. (2011) involved injecting the cem entation solution with a 

flow direction opposite that of the b ioaugm entation injection. The 

distribution would be more even os higher concentrations of reagents 

would be first exposed to areas with lesser deposited biomass. 

Additionally, one of the columns was treated using an intermittent 

pattern of short, high flow injections. The results are reported in Figure 

2.16 and provide a very strong argum ent for the use of intermittent 

inverse flows as a w ay to improve homogeneity.

4000 112 Layers

^  3000 - 6 Layer^

c  2 0 0 0 -

4 Layers
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30
Distance from injection (cm)

Figure 2.17 Strength profiles (pocket penetrometer) of 30 cm sand samples 
treated using different regimes of surface percolation (Cheng and Cord- 
Ruwisch 2012). Layers are defined in Figure 2.14.

As previously mentioned, Cheng et al. (2012) have investigated 

the treatm ent of unsaturated soil employing surface percolation delivery 

methods. The results reported in Figure 2.17 show that in two layer 

treatments, the strength increase is mostly concentra ted towards the 

lower part of the column where larger amounts of S. pasteurii and
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reagents accum ulate  due to gravity. Instead, when six and twelve layers 

are em ployed, the rapid alternation of small volumes causes the 

bacteria and cem entation fluid to react close to the surface very soon 

in the treatment: resulting in the formation of on almost impervious crust 

at the top of the column. The crust limits the penetration of the reagents 

and the reaction remains confined to within the top centimetres of the 

column. An ideal situation would be the result obta ined employing a 

four layer treatm ent regime, where the treatm ent produced a relatively 

homogeneous distribution in terms of soil strength. Most interestingly, this 

does not imply a homogeneous distribution of calcium  carbonate  as will 

be discussed in more detail in Paragraph 6.2 below.

6 .2  P o r e  s c a l e  e f f e c t s  o f  d e l i v e r y  m e t h o d s

The pore scale conceptua l models discussed so for have all been 

developed on the basis of tests conducted  employing eutrophic 

reagents in jected in fully saturated soils. Despite the differences 

highlighted above in this docum ent, eutrophic and oligotrophic 

methods have shown a similar direct relationship between the am ount 

of calcium  carbonate  and UCS of treated samples. However, Cheng et 

al. (2012) hove observed a deviation from this behaviour in unsoturoted 

soils treated by surface percolation with oligotrophic protocols. Figure 

2.18 shows, com paratively, the results obta ined by Cheng et ol. (2012) in 

a 1 m unsaturated column treated using oligotrophic surface 

percolation, and in a 1 m saturated column using an oligotrophic 

injection protocol. In the figure, “ local strength” is measured with a 

calibrated pocket penetrom eter on 3 cm  samples and correlated to the 

calcium  carbonate content.

Despite the different (in absolute terms) strength values measured 

due to the m ethod em ployed, the results of the saturated column are 

generally com parab le  to those presented by others in the literature. 

However, there does not appear to be a correlation between
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precip ita ted calcium  carbonate and strength in the unsaturated 

sample. In tact, the local strength remains constant, at about 20 MPa, 

whereas calcium  carbonate  increases with depth from c. 20 Kg m-3 to c. 

100 Kg m-3.
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Figure 2.18 Strength (pocket penetrometer) and precipitated calcium 
carbonate content obtained treating: (above) unsaturoted soils by percolation 
and (below) saturated soils by injection. Oligotrophic protocols were employed 
in both columns (Cheng and Cord-Ruwisch 2012).

The observed lack of correlation is explained by the authors by 

considering the hydraulic regime that might ensue in the unsaturated 

sample during treatm ent (Cheng and Cord-Ruwisch 2012). By referring 

to Figure 2.19, it is possible to apprecia te  how, during the reaction 

period, the top of the column would becom e characterised by a 

pendular regime in which small volumes of reagents are retained near
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in te r-partic le  c o n ta c t points or in the pore throats. A cco rd ing  to the  

authors, snnaller am ounts o f ca lc ium  ca rb o n a te  w ou ld  therefore be  

p rec ip ita ted  here bu t in areas of the pore network ideally lo ca te d  to 

p roduce  a strength increase: form ing bonds be tw een particles. The 

transition from pendu la r regim e to cap illa ry  fringe determ ines the 

volum e of reagents re ta ined in the colum n's section; and  in turn, the 

am ount o f ca rb o n a te  being p rec ip ita ted . A t the bo ttom  of the colum n, 

relatively large volumes of reagents w ou ld  be  ava ilab le , resulting in a 

larger am oun t o f ca lc ium  ca rb o n a te  po ten tia lly  p rec ip ita ted . However, 

this w ou ld  be p rec ip ita te d  over a larger surface (wet surface) o f the 

sand partic le : w ithou t necessarily con tribu ting  to the soil’s cem en ta tion .
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Figure 2.19 (left) Profile of volumetric water content in a 1 m sand column 
under surface percolation (unsaturated) conditions (porosity 37.7%) and (right) 
conceptual illustration of saturation in the unsaturated soil zone and water 
regime of the unsaturated soil zone (Cheng and Cord-Ruwisch 2012).
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The results and Interpretation presented by Cheng et al. (2012) are 

very interesting in that: despite a potentially low efficiency (up to 60% 

percolation losses) when connpored to injection delivery methods 

(Harkes, van Paassen et al. 2010; Al Qabany, Soga et al. 2012), the 

ensuing of a pendular or funicular regime could actually result in higher 

efficacy of the treatm ent (in terms of UCS/ICaCOa] ratios).

7 )  S o i l  m i n e r a l o g y

In the interest of repeatability, most of the published research work 

to dote  has been conducted  employing standardised silica sand as a 

test soil matrix. Therefore, the literature regarding the e ffect of soil 

m ineralogy on the MICP process is scarce (Whiffin 2004; van Paassen 

2009). However, soil m ineralogy is known to im pact on the transport of 

bacteria (Scholl, Mills et al. 1990; Foppen and Schijven 2005) os well as 

potentially affecting the heterogeneous nucleation of calcium  

carbonate  (Lioliou, Paraskeva et al. 2007). As shown in Figure 2.20, 

carbonaceous sand particles present a higher surface heterogeneity 

when com pared to silica particles.

The rough m icrom orphology of carbonaceous particles is a key 

elem ent in promoting the a ttachm ent of bacteria cells to the surface of 

the particle. Scholl et al. (1990) suggest that limestone particles would 

provide a larger area for the a ttachm ent of the bacteria and shielding 

from shear forces (drag). Additionally, m orphological and chem ical 

heterogeneities are known to im pact on the energy interactions 

between colloidal particles and surfaces (Bhottachorjee, Ko et al. 1998; 

Shellenberger and Logan 2002). In fact, Bhattacharjee et al. (1998) have 

demonstrated that the interaction energies are substantially reduced 

even in the presence of asperities which are very small com pared to the 

particle radius. Furthermore, Foppen et al. (2005) have shown that the 

addition of as small an am ount as 5% w /w  of ca lc ite  grains can 

significantly increase the retention of E. coli in a quartz sand column due
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to  the increased Zero Point of C harge pH, pHzpc, of the soil matrix 

(Banfield and  Nealson 1997).

LIMESTONE 
SA I = 2 .5 9 2 0pm

Q U A R T Z SA

MUSCOVI T E SA .00

Figure 2.20 Examples of sections of surface profiles of limestone, quartz and 
muscovite chips used in the experiments of Scholl et al. (1990). Surface area 
index (SAI) values are reported for each mineral species.

N oticeably, the increased affin ity of bac te ria  to the nnatrix’s 

ca rb o n a te  surfaces w ou ld  pronnote a hom ogeneous distribution of cells 

over the p a rtic le ’s surface, reducing the relative num ber o f cells strained 

a t in ter-partic le  c o n ta c t points. In add ition  to an increased retention of 

bac te ria , Lioliou et al. (2007) have shown tha t the seeding of of 

supersaturated solutions w ith ca lc ite  promotes the prec ip ita tion  o f 

ca lc ium  ca rbona te ; whereas the add ition  of quartz seeds is unable to 

in itia te the nucleation  and prec ip ita tion  process.

When treating ca rbonaceous sands, the com b ina tion  of these 

effects w ou ld possibly results in ca lc ium  ca rb on a te  p recip ita tes form ing 

hom ogenously over the w ho le  soil partic le . In fac t, this phenom enon 

was a lready identified by Van Paossen (2009) in o ligo troph ic  treatm ents 

em ploying 500 mM cem en ta tion  solutions. In his work. Von Paassen
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shows that, similarly treated silica and carbonaceous sand, respectively, 

produce isolated groups of mineral precipitates, and a homogeneous 

coating of carbonate crystals. The interpretation he provided was mostly 

focussed on the carbonate polymorph being precipitated. However, 

the occurrence of such a homogeneous precipitation would hove 

consequences on the resulting bulk properties. When generally 

compared to silica sand treatment, the large deposition area typical of 

carbonaceous sands would result in higher efficiencies (actual/potential 

CaCOa precipitation ratio) but lower efficacies (in terms of strength 

increase). In fact, only a small portion of the carbonate precipitated 

would be actually forming bonds between particles, while most of the 

crystals ore formed on free surfaces exposed to the pore liquid. 

Additionally, the permeability in carbonaceous sands would be 

progressively reduced as described by Al Qabany et al. (2013) for mildly 

concentrated cementation solutions.

8 )  V a l u e  o f  a  R e v i s e d  C o n c e p t u a l  B o n d / F a i l u r e  M o d e l

At the time of writing it is found that a limited number of 

computational models hove been developed for MICP soil 

improvement applications (Barkouki, Martinez et al. 2011; van 

Wijngaarden, Vermolen et al. 2013). While these models provide a sound 

starting point, the review of the literature shows that, in the field, the 

variability of ground conditions could introduce significant errors. A main 

limitation is represented by the assumption that the distribution of 

biomass is independent of the soils mineralogy. Additionally, it is also 

assumed that the active biomass remains quantitatively stable once the 

bioaugmentation is completed. However, the literature suggests that this 

is unlikely as competing phenomena, such as growth and 

encapsulation, occur during the cementation phase. Most crucially, the 

computational models developed so far have focussed on predicting 

the amount of calcium carbonate precipitated, then assuming a
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correlation with the engineering parameters of the treated soil. 

However, the experience of Cheng et al. (2012) with unsaturated soils 

treated by surface percolation, os well as the comparison between 

eutrophic and oligotrophic effectiveness (Paragraph 4.2), suggests that 

this assumption could be fallacious. Phenomena taking p lace at the 

pore scale have, in fact, shown to be relevant when considering the 

resulting bulk properties of the treated material. Despite having provided 

an insight on the parameters that m ight be involved in the bond 

formation process, the conceptua l models proposed by DeJong et ol. 

(2009; 2010) and Al Q abany et al. (2012; 2013) would be characterised 

by a narrow field of validity. A revised conceptua l model would 

therefore have to accoun t for on increased number of variables in order 

to provide a solid base to the developm ent of improved com putational 

models.

9 )  O p p o r t u n i t i e s  f o r  I n n o v a t i o n

9. / A t o m i s e d  D e l i v e r y  o f  MICP P r o c e s s  L i q u i d s

In the field of soil remediation technology, a pioneering example 

of large scale application of aerosol delivery methods is provided by the 

Liner® system (Dyer, Marnette et al. 2006). The system was em ployed to 

deliver atomised nutrient solutions for the anaerobic degradation of 

chlorinated solvents in a contam inated aquifer. The use of atomised 

liquids was em ployed as a way of improving the distribution 

hom ogeneity of the treatm ent reagents. Similarly, US Patent N. 

2010/0307754 describes a process for the treatm ent of chlorinated 

solvents in the vadose zone employing nebulised liquids (Riha, Murdoch 

et al. 2010). Nebulisers have also been em ployed in experimental 

biorem ediation work (Glew 2009). By taking cue from the similarities that 

exist between the structure of a human lung and that of granular soils,
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G lew  (2009) proposes the  use o f m e d ic a l je t nebulisers for tfne 

a tom isa tion  o f process reagen ts  a t a la b o ra to ry  sca le .

Figure 2.21 Schematic representation of drip irrigation wetting patterns in: (left) 
clay soils, (centre) sandy loam and (rigtit) sand. In sandy soils, percolation can 
lead to significant amounts of reagents being transported beyond the 
treatm ent area by gravity.

Horizontal distance

Vertical
distance

(cm)

Figure 2.22 Water distribution from point source emitters in sandy soils (above) 
and loam soils (below) a t 4 l/h (A) and 20 l/h (B) flow rates. Profiles are drawn 
after 41, 81 and 161 (Bressler 1977).
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Atomised delivery of process reagents has been shown to be a 

viable, albeit emerging, technique and it is deemed to offer several 

possible advantages to the application of MICP soil improvement in 

unsaturated soils. Figures 2.21 and 2.22 illustrate how the horizontal 

distribution of the injected biogrout liquids, characterised by a viscosity 

similar to that of water, would be negatively affected by the relatively 

high permeability of granular soils: resulting in heavy percolation losses os 

observed by Cheng et al. (Cheng and Cord-Ruwisch 2012). Above all, 

atomised delivery could increase the treatment efficiency and efficacy 

of unsaturated soils by reducing the percolation losses observed in 

surface percolation delivery (Cheng and Cord-Ruwisch 2012). 

Additionally, when the atomised droplets ore deposited in granular soils 

these tend to form water menisci between soil particles (Dyer, Clew et 

al. 2012; Lourengo, Gallipoli et al. 2012). This could result in pore scale 

cementation patterns similar to those observed by Cheng et al. (2012) in 

pendular hydraulic regimes; and hence, lead to highly effective 

treatment in unsaturated soils.

9.2 D o l o m i t e  a s  a n  a l t e r n a t i v e  c e m e n t a t i o n  a g e n t

The reactivity of calcium carbonate with acid solutions is a well 

known phenomenon. In natural subsurface environments, acidic 

conditions con ensue as a result of numerous factors, such os: dissolved 

carbonic acid, decomposing organic matter or an acidic soil matrix. 

Whereas acid rain as well as other aggressive substances con be formed 

in urban environments. This generates concerns for the long term 

performance of MICP treatments in both semi-natural and 

anthropogenic environments. An opportunity for improvement would be 

provided by the substitution of the calcium carbonate minerals 

employed as cementing agents with dolomite which is less susceptible 

to acid attack.
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Figure 2.23 Solubilities of calcium carbonate (a) and magnesium carbonate (b) 
in normal sea water at 25 °C and hypothetical solubilities of calcium carbonate 
(c) and magnesium carbonate (d) in hypersaline water as function of pH 
(Liebermann 1967).

Dolomite is a double salt mineral (CaCOa-MgCOa) mostly 

encountered as the result of late diagenetic processes within a 

carbonate rock (secondary dolomite). Dolimitisation can involve the 

substitution of Ca2+ ions in the crystal matrix with Mg2+ ions or more 

complicated multiphase processes controlled by temperature and other 

factors (Di Cuia, Riva et al. 2011). While calcium carbonates are directly 

precipitated in various low-temperature diagenetic environments 

(McConnaughey and Whelan 1997; Castanier, Le Metoyer-Levrel et al. 

1999; Dupraz and Visscher 2005), literature shows that unassisted low- 

temperature precipitation of primary dolomite is generally a very limited 

phenomenon (Land 1998; Long, Ma et al. 2011). This is mostly due to 

kinetic limitations favouring the precipitation of calcium carbonate over 

that of dolomite (Liebermann 1967; Deelman 1999). As shown in Figure 

2.23, the relative solubility of the constituents of a double (or multiple) 

salt should be equal or nearly equal at the moment of co-precipitation.
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At those conditions encoun te red  in nnost depositional environments this 

w ou ld  require, for do lom ite  to p rec ip ita te , re latively high Mg2+/Ca2+ 

ratios (Liebermonn 1967; Vosconceios a n d  McKenzie 1997). Hovv'ever, 

literature suggests that, a t low  salinity (Folk and  Land 1975) and  high pH 

conditions (Liebermonn 1967), do lom ite  w ou ld  be ab le  to nuc lea te  a t 

Mg2+/Ca2+ ratios app roach in g  unity.

In an a tte m p t to p rec ip ita te  prim ary do lom ite  sensu strict, 

Deelm on (1999) reports his repetition o f one of L ieberm onn’s 

experiments. Interestingly, his experim ent inc luded  the add ition  of urea 

to L ieberm onn’s experim ent and found th a t it favoured  the nucleotion 

of do lom ite . Since D ee lm on ’s experiments, several other authors report 

successful low -tem perature  prec ip ita tion  of prim ary do lom ite  in natural 

b io -m ed ia ted  settings (van Lith, W arthm ann et al. 2003; M ostandrea, 

Perri e t al. 2006) as well os in con tro lled , urease positive (Table 2.4) 

experiments on solid substrates (Sanchez-Roman, Vasconcelos e t al. 

2008; Sanchez-Romdn, McKenzie et al. 2009).

Table 2.4 Microbial species successfully employed in primary dolomite 
precipitation experiments by Sanchez-Roman et al. (2008; 2009).

Microorganism Aerobic Urease Source

Virgibocillus marismortui YES YES (De Vos, Garrity e t al.

(AJ009793) 2009)

Halomonos merid iona YES YES (James, Dobson et al.

(ACAM 246 /  UQM 3342) 1990)
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CHAPTER 3

Th e o r e t ic a l  Ba c k g r o u n d

1 )  S o l u b i l i t y  a n d  P r e c i p i t a t i o n  o f  C a l c i u m  C a r b o n a t e

The main geochem ica l reactions controlling the precipitation and 

dissolution of calcium  carbonate  in water are well know due to the 

im portance that these hove in the geochem ica l cycling of carbon 

(Zeebe and Wolf-Glodrow 2001):

(H2O), ^ + (OW-)aq Eq 3_-,

Jaq(C02)g «  (CO2), 

( C 0 2 ) a q +  H 2 O

(  H 2 C 0 ^ ) a c  +  ( W C O 3 ) a .

(WC03-)„q ^

{C a ^ ^ )a q  +  (WC0 3~)aq ^  { .C a H C O t)a q  gq. 3 . 6

Eq. 3.2  

Eq. 3.3  

Eq. 3.4  

Eq. 3.5

i.Ca^^)aa + (OW-)a, ^  (CaOH^)a, g q _  3  7

(Ca^-^)aq ( C O i - ) a q  ^  (C a C 03 )s  Eq. 3.8

The therm odynam ic state of the precipitation-dissolution reaction 

of calcium  carbonate, Eq. 3.8, is determ ined by the relative 

supersaturation:

{Ca2+}{C0|-}
1 C ,  Eq. 3.9‘ sp

where S is the relative supersaturation, the numerator represents the 

ionic activity product (ZAP) in the solution and K$p is the solubility product;

Ksp =  lA P  =  {C a 2 + }{C 0 |-}  p 3 , q
equilibrium i-v̂ .
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The Ksp of G soluble self Is a measure of its solubility and is a 

function of the m ineral form being considered. A low  Ksp corresponds to 

low  solubility minerals. Therefore, w hen S > 1 the solution is said to be 

supersaturated and  prec ip ita tion  is favoured. Conversely, w hen S < 1 the 

solution is said to be undersaturated and dissolution is favoured.

The activ ity  o f a generic ion. A, can  be  co rre la ted  to  its 

concen tra tion  [A] as follows:

{ A ] = ya[M Eq. 3.11

where, va is the  activ ity  coe ffic ien t and  in d ilu te solutions of simple 

electrolytes can  be considered equa l to unify (Zeebe and  W olf-G ladrow  

2001). By com bin ing  Eq. 3.9 and Eq. 3.11 and assuming a dilute solution 

the follow ing is ob ta ined :

 ̂ [Ca^^][COl-]

As seen in Figure 3.1, ca lc ium  ca rb o n a te  can  p rec ip ita te  in 

numerous d iffe rent m ineral forms e a ch  with a d iffe ren t Ksp: the different 

forms of ca lc ium  ca rb o n a te  will be discussed in m ore de ta il furfher in fhis 

C hapter.

40 80 90 100

Temperature (°C)

Am orphous Ikaite V a te rite CalciteA ragon ite

Figure 3.1 Variation with temperature of the solubility product of calcium 
carbonate polymorphs (Gal, Bollinger et al. 1996).

49



As for oil salts of weak acids, the solubility product of calcium  

carbonate is heavily dependent on pH (Figure 3.2) and con be shown to 

be:

lo-pw
ŝ*p -  J/^sp * 1 ^ -  4.8*10-11 Eq. 3.13

where Ksp* is the solubility product at the given pH, Ksp' is the solubility 

product of the species (standard conditions) and Ka' is the dissociation 

constant for the b icarbonate ion.

0.005 

f  0.004 

^  0.003
fM

% 0.002 

i / - 0.001 

0
7.5 8.5

pH
9.5 10

•Calcite •Aragonite •V a te r i te

Figure 3.2 Variation with pH of the solubility of different calcium  carbona te  
polymorphs.

The pH dependency is com plica ted  by the close relationship with 

the dissolve inorganic carbon (DIC): resulting in a counterintuitive 

precipitation of calcium  carbonate  following the sequestration (or 

degassing) of carbon dioxide from water (Zeebe and Wolf-Gladrow 

2001). The phenom ena con be understood by rewriting the reaction as 

follows:

(Ca^^)aq +  2(HC0s)ag

^  ( C a C O s ) s +  ( C 0 2 )a ,  + H^O Eq. 3.14

The removal of carbon dioxide will shift the equilibrium to the right, 

resulting in the precipitation of calcium  carbonate. Conversely an 

increase in carbon dioxide could lead to the dissolution of calcium

50



carbonate . Abiotic enrichnnent and degassing of carbon dioxide can 

play a significant role in shaping cave environments (Short, Baygents et 

al. 2005).

J . 1 C r y s t a l l i s a t i o n  a n d  m i n e r a l  m o r p h o l o g y

The driving force behind the formation of a mineral species is the 

change of chem ical potential, Aj j  (Meldrum and Colfen 2008):

A// = - k T l n S  315

where k is Boltzmann's constant, T is the therm odynam ic temperature 

and S is the super saturation. O nce the supersaturation threshold is 

surpassed (S > 1) precipitation can take place. Hov^ever, for a particle to 

grov/, a nucleus that resists re-dissolution needs to be formed. During 

homogeneous nucleation, energy is consumed for the formation of new 

surfaces, posing a therm odynam ic barrier to the precipitation process. 

The barrier is reduced in heterogeneous nucleation by the presence of 

dispersed com ponents (e.g. crystal seeds or dust particles) that furnish 

an a lready formed surface from which to grow (Meldrum and Colfen 

2008). The nature of the dispersed com ponent is also a known factor: 

Lioliou et al. (2007) have shown that the addition of ca lc ite  seeds to a 

supersaturated solution promotes the precipitation of calcium  

carbonate , whereas quartz particles had no effect.

While the precipitation of ca lc ite  is favoured over other calcium  

carbona te  forms from a therm odynam ic point of view, the precipitation 

of ca lcium  carbonate  is com plica ted by the possibility of less stable but 

kinetically favoured polymorphs. Figure 3.3 illustrates the mechanisms of 

therm odynam ic and kinetic control that might be established. The 

theoretical homogeneous nucleation rate of calcium  carbonate  can be 

described using an Arrhenius equation for spherical m olecular clusters 

(Mullin 2001):
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dN _̂ £c
= ^  Eq.3.U

w here A is the pre-exponentia l constan t (em pirica lly de term ined), AGcnt 

is the energy required to  form a stable (critical size) nucleus and k is 

Boltzmann's constant. The nuclea tion  ro te  can  therefore be  corre la ted 

to the  supersaturation, S (Mullin 2001):

dN   lenY^v^
—  =  Ae 3k3r3(inS)2 Eq. 3.17
d t  ^

w here y is the in te rfac ia l tension and  v is the num ber o f ions invo lved in 

the reaction  and is equa l to tw o  for ca lc ium  ca rbona te .

thermodynamic
AG

Solution
(m :, + X - )

Amorphous
AO-

kinetic

Final mineral 
(crystalline)

Figure 3.3 Crystallisation pathways under thermodynamic and kinetic control. 
Whether a system follov^s a one-step route to the final mineral phase (pathway 
A) or proceeds by sequential precipitation (pathway B), depends on the free 
energy of activation (AGcm) associated with nucleation (n), growth (g), and 
phase transformation (t). Amorphous phases are common under kinetic 
conditions (Colfen and Mann 2003).
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O nce a crystal nucleus is form ed, crystal grow th is in itiated. 

Assuming ca rb o n a te  crystals grow  spherically w ith a m ononuclar 

mechanism  the grow th ro te  can  be described os (Mullin 2001):

dR
—  = k g ( S - l )  Eq. 3.18

where R is the crystal radius, S the supersaturation of the mineral phase 

considered and  k g  is the em pirical ra te constant. As seen in Figure 3.4 a t 

supersaturation of ca lc ite  above  7.0 va te rite  grow th is kinetically 

favoured over ca lc ite .

l.E-08

l.E-09

Vaterite

Calcite

l.E-13
2.5 12.57.5 17.5

'calcite

Figure 3.4 Crystal growth of ca lc ite  and vaterite for varying ca lc ite  
supersaturation (Eq. 3.18). pKsp for ca lc ite  and vaterite are 8.48 and 7.91 
respectively. Rate constant, k g ,  f o r  ca lc ite  and vaterite are 1.2*10-" m s-' and 
5.6*10"’° m s-' respectively. Rote constant alues after Kralj et al. (1990; 1994; 
1997).

The kinetic casca d e  of transformations shown in Figure 3.3 

(pa thw ay B) exemplifies O sw ald ’s step rule (Threlfoll 2003). The rule 

implies that, fo llow ing the early form ation of the least the rm odynam ica lly  

stable po lym orph (but kinetically favoured), the solid phase transitions in 

steps to form the most stable (i.e. “ ripens” ). C a lc ium  ca rbona te , 

generally adheres to the rule. Typically, a short-lived am orphous or 

hydra ted  phase is fo llow ed by the form ation of va te rite  w hich then 

transforms into secondary ca lc ite  (Kralj, Brecevic e t al. 1997). It should be 

no ted  tha t a ragon ite  is o ften missing in the sequence as it is generally
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hard to nucleate in the absence of additives (Berner 1975; Loste, Wilson 

et al. 2003; Meldrum and Colfen 2008). The transition time from vaterite 

to ca lc ite  has been shov^n to be inversely proportional to the pH of the 

starting solution: com plete  transformation was observed in less than 24 

hours at pH 6.9 (Zhou, Yao et al. 2010). While numerous studies on 

industrial additives and biological molecules have demonstrated the 

opportunity of controlling the morphology of calcium  carbonate  

precipitates with additives or crystal poisons (Meldrum and Colfen 2008), 

several authors have investigated the e ffect of modifying the carbonate  

morphology by acting solely on the reaction parameters. In fact, 

decreasing the starting pH at which the reaction takes places has been 

shown to result in more ordered crystals (calcite) being precip ita ted 

(Han, Hadiko et al. 2006; Zhou, Yao et al. 2010). Whereas, Han et al. 

(2005) have shown that it is possible to preferentially precipitate vaterite 

by increasing the flow rate of carbon dioxide in a bubbling precipitation 

set-up. This observation is expected and consistent with the fa c t that 

higher carbonate  concentrations result in higher supersaturation and 

lower pH. When the carbonate  content is kept constant however, the 

same authors have shown that high [Ca2+]/[C 0 3 "2] ratios in the reagent 

solution favour the precipitation of ca lc ite  over that of vaterite (Hon, 

Hadiko et al. 2006).

2 )  B i o l o g i c a l  C a t a l y s i s  o f  U r e a  H y d r o l y s i s

At the conditions normally encountered in the shallow subsoil, 

urea is a fairly stable com pound. The uncatalysed degradation is usually 

obtained with a slow elimination reaction (Krajewska 2009), which would 

be unsuitable for ground improvement applications. Probably in 

response to the abundance of urea and the universal requirement for 

nitrogen, numerous plant and microbial species have deve loped a 

strategy to enzymatically catalyse a hydrolysis reaction and acce lera te  

the degradation of urea (Castonier, Le Metoyer-Levrel et al. 1999; Wang,
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Kohler et cl. 2008; Krajewsko 2009). Noticeably, some urease positive 

m icrobial species are found associated with human infections of the 

excretory and digestive tract due to the presence of urea in such 

systems (Mobley, Island et al. 1995).

2. ] E n z y m e  a c t i v i t y  a n d  k i n e t i c s

Enzymes are specialised biological molecules able to reduce the 

activation energy of selected reactions, hence substantially increasing 

the rate at vv/hich these reactions take p lace (Chieffi 1994). However, 

enzyme-catalysed reactions depend on the availability of free active 

sites on the enzyme to occur and as such are saturable. The cata lytic 

reaction can be described as a two step reaction:

where S is the substrate (i.e. urea), E is the enzyme (i.e. urease), P is the 

product (or products) and k i ,  k . i  and k c a t  are the rate constants of the 

reaction. While the enzymatic mechanism can be quite complex, it is 

useful to model the reaction as a single ca ta lytic  step by introducing the 

apparent unimoleculor rote constant, k c a t -  The kinetics of an enzyme- 

catalysed reaction can be described using Michaelis-Menten equation 

(Li, Qian et al. 2013):

where Vj is the reaction rate (assuming irreversible reactions), Vmax is the 

maxiumum rate reached at saturation of the enzyme, [S] is the 

concentration of the substrate and Km is M ichaelis-Menten constant, 

describing the affinity of the enzyme for the substrate:

k

S +  E Eq. 3.19

‘ K m  +  [5] Eq. 3.20

Eq. 3.21
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Vmax can be defined as a function of the enzynne's concentration,

[E]:

^m ax ~  3.22

In the context of MICP applications the reported values for Km  

range fronn 26 mM for cell free extract at pH 7.7 to 200 mM for a cell 

suspension (van Paassen 2009). For more general reference values, 

Krajev\/ska (2009) connpiled a list of typical activities. K m  and k c a t  of 

ureases produced by different orgonisnns.

The specific activity of on enzynne is a comnnon v/ay of nneasuring 

the cata lytic perform ance of an enzyme and is defined as the am ount 

of substrate the enzyme converts per minute per mg protein in the 

enzyme preparation. Interestingly, while all ureases display characteristic 

active sites containing nickel ions (Benini, Rypniewski et ol. 1999), not all 

ureases are identical and those extracted by different species can 

perform drastically different. It should be noted that when employing live 

cultures in the context of MICP applications it is useful to define the 

specific activity on the basis of the suspended biomass (OD600) as 

discussed in Chapter Two.

Enzymes can be inhibited through different mechanisms that can 

reduce the values of Vmax and Km (Walsh 2012). A list of known urease 

inhibitors is presented by Krajewska (2009) and includes: ammonium, 

urea and its analogues, other organic molecules, boron com pounds 

and various heavy metals. However, inhibition mechanisms can depend 

on the source and type of urease considered (Bochmeier, Williams et al. 

2002). Whiffin (2004) has investigated the im pact of pH on the UA and 

SUA of S. pasteurii identifying pH 7 as the optim al pH. Whereas the 

optimum observed for the free enzyme by Stocks-Fisher et al. (1999) was 

pH 8.5. In the same study, Whiffin proposes a correlation for the 

standardisation at pH 7 of measured UAs. While only limited inhibitory 

effects appear to be caused by high concentration of the ammonium
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by-product, concentra tions of ca lc ium  ions a b o ve  1.5 M have shown to 

significantly reduce  the urease activ ity  o f S. pos feu r i i (Whiffin 2004). 

However it is not c lea r if the inhibitory e ffe c t acts upon the enzyme or 

the  m ore general cellu lar activities.

3 )  A t o m i s e d  D e l i v e r y  T e c h n o l o g y

An aerosol or spray can  be de fined  as “ a stable suspension of 

solid or liquid particles in a gas phase such as air" (Taylor and  

G um bleton 2004). Atom isation (or nebulisation) is the transform ation of 

bulk liquid into sprays (and other physical dispersions of small particles) in 

a gaseous atm osphere (Lefebvre 1989). The dispersed or discrete phase 

is de fined  as drops or droplets and  the gas is known os the continuous, or 

carrier, phase. Figure 3.5 illustrates the range of d rop le t sizes found in 

nature and in atom ised liquids.

OIL
FOG SEA MIST

SMOKE FOG CLOUDS DRIZZLE RAIN
W T » • ♦ » f

DROP SIZE, pm
0.1 1.0 10 100 1000

AEROSOLS SPRAYERS SPRINKLERS

Figure 3.5 Range of droplet sizes in atomised liquids and natural processes 
(Lefebvre 1989).

As shown in Figure 3.6, atomisers are generally classified as 

be long ing to one of four groups de p en d ing  on the type of energy used 

to  initiate the disintegration o f the bulk liquid: liquid, gaseous, 

m echan ica l and  vibration energies. A m ong these, m ed ica l nebulisers 

are je t nebulisers (gas energy): designed to  atom ise a w ide  range of 

liquid drug solutions for delivery to  the low er respiratory tra c t of the 

hum an lung. C om m only used in the trea tm en t o f pu lm onary conditions, 

m ed ica l je t nebulisers also offer the a d v a n ta g e  of being prope llan t free 

in tha t they solely use air (M cCallion, Taylor e t al. 1996).
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The typ ica l design and function ing of a m ed ica l je t nebuliser is 

shown in Figure 3.7. As described by O 'C a llaghan et ol. (1997) air from 

the compressor passes through a small hole (Venturi). Rapid expansion 

of air causes a nega tive  pressure w h ich  sucks fluid up the feed ing  tube 

system w here it is a tom ised. Larger particles im p a c t on the ba ffle  and 

walls of the cha m be r an d  are re turned for re-nebulisotion. Small aerosol 

particles are released continuously from the nebuliser cham ber.

Liquid
energy

Jet Qtorr^izers
continuous intermittent

Swirl atomizers

Jet-swirl atomizers

Gas
energy

Pneumatic atomizers

Mechanical
energy

Vibration  
energy, 
electric  
energy, etc

Rotary atomizers

Various atomizers: 
acoustic , ultrasonic,electrostatic,

etc.

Figure 3.6 Classification of atomisers based on the source of energy employed 
for atomisation (Bayvel and Orzechowski 1993).
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Figure 3.7 Conventional m edical je t nebuliser design (Dyer, G lew et al. 2012).

3 . 1 D e p o s i t i o n  a n d  T r a n s p o r t  o f  A e r o s o l s  i n  S o i l s

Research on the transportation of aerosol droplets in soils is limited. 

However, the deposition of droplet sizes for medical aerosols is generally 

understood to depend on three mechanisms (Schulz 1998): inertial 

impaction, gravitational sedimentation and Brov^^nian diffusion. Figure 3.8 

shows the typical deposition distribution of unit density droplets in a 

human lung. It can be seen that droplets larger than 1 pm are 

increasingly more likely deposited by impaction. Whereas only a small 

proportion of droplets in the 0. 1- 1 pm are deposited and are usually 

exhaled from the lung. Droplets smaller than 0.1 pm ore quickly diffused 

onto surfaces and deposited.
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Figure 3.8 Schematic overview of total particle deposition in the respiratory 
system for unit density spheres. Typical deposition values of an adult during 
quiet mouth breathing are given as a function of the inhaled particle diameter. 
Dominant deposition mechanisms are ind icated (Schulz 1998).

In soils, saturation has shov/n to innpact on the transport and 

deposition of nebulised liquids. Dyer et al. (2012) indicate that higher 

saturation levels reduce the maximunn size of the particles transported 

outside a test column. This v\/ould be the result of w ater nnenisci acting as 

filters or traps for the coarser aerosol droplets. In the same paper Dyer et 

al. (2012)describe the mass ba lance of transported and deposited 

volumes of liquid using the dimensionless param eter Ar.

Ami “  (^ ^ 2  +  Ams)

where. Am i is the change in mass of nebuliser, A ni2 is the change in mass 

of column and Arris is the change in moss of pore fluid due to sparging. 

For At = 1, all the atomised liquid is transported outside the column. 

Whereas A t<  1 indicates that liquid is being deposited.
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Figure 3.9 Calculated transportation parameter [At] for aerosol transported 
through soil columns with varying moisture content using medical jet nebulisers 
(Dyer, Glew et al. 2012).

As shov^n in Figure 3.9 the mass b a la n ce  of the deposition is 

significantly im p a c te d  by the moisture con ten t. Dry soils are shown to 

behave  hyd rophob ica lly  (Lourengo, Gallipoli et al. 2012) and  most 

droplets are transported outside the co lum n (low w ettab ility ). However, 

this phenom enon reduces rapid ly w ith only small increases in moisture 

con ten t. When field c a p a c ity  is a p p ro a c h e d  retention reaches a steady 

state. A similar d e p e n d e n cy  on w e ttab ility  has been reported  by Riha et 

al. (2010) in the supporting d o cum e n ta tion  of US Patent N. 2010/0307754. 

The results reported  by Riha et al. (2010) ind ica te  tha t oil c o a te d  sand 

particles w ou ld  inhibit the deposition of relatively large w a te r droplets. 

Hence, limiting the volum e of w a te r be ing deposited in short columns.

A set of large scale aerosol experiments was carried out by G lew  

(2009) to de term ine the e xp e c te d  distribution o f b io rem edia tion  

reagents in a field ap p lica tio n  (Figure 3.10). A pprox im ate ly  2 m^ of 

saturated sand was in jected  w ith a nebulised tracer solution. The 

concen tra tio n  of the tracer was m easured through a num ber of
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sampling ports fitted on the test cylinder. Consistent with cirsparging 

theory (Boelsma, Marnette et al. 2000), the results show that a pulsed 

injection would are able to distribute the tracer nnore evenly across the 

volume when compared to a continuous flow. As inferred from the 

larger volume of displaced liquid (6.3 L and 7.2 L for continued and 

pulsed respectively), the pulsating regime has resulted in a greater 

number of air channels being developed. Hence, in an increased lateral 

penetration of the air flow carrying the tracer droplets. Conversely, a 

more vertical transport pattern was observed in the continued flow 

injection exercise.

Continued Pulsed

1.2 m

1.75 m

0.8 m

0.6 m 

0.4 m

0.2 m 

0.0 m

Param eter Cont. Pulse

Displaced w ater (1) 6.3 7.2

A ir flo w  ( l/m in ) 26 26

Tracer Sol. (g) 231.2 219.0

Pressure(kPa) 300 300

Time (m in) 300 300

1.2 m

Tracer Concentration

■  OpM/m^ C < 10pM/m3 

I  10pM/m^ s C < 100|jM/m^

□  lOOpM/m^ s C < lOOOpM/m^

■  1000MM/m3 i C <  lOOOOpM/m^

Figure 3.10 Concentration of rhodam ine tracer solution in a saturated sand 
treated using aerosol injections (Glew 2009).
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To describe the uniformity of a treatment im medium scale ID 

columns, Glew introduced the concept of molar concentration 

difference, Cditf.

where Ctop is the concentration of the tracer (or reagent) at the top of 

the column and Cbot is the concentration of the tracer (or reagent) at 

the bottom of the column. According to Glew (2009), Cdm, is a useful 

parameter for assessing the uniformity of droplet deposition.
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CHAPTER 4

M a ter ials  a n d  M e th o d s

1 )  I n t r o d u c t i o n

This Chapter is dedicated to the description of the general 

materials and methods employed in the research. While most of the 

methods employed have been derived from the established literature, 

some adaptations have been introduced in order to suit the 

experimental requirements. Among these, the medical nebulisers 

employed required the most significant design adaptations due to the 

high back pressures being formed during injection. Further details of such 

modifications and additional information regarding the materials and 

methods employed can also be found in Appendix One.

Table 4.1 Summary o f MICP trea tm en t pro toco ls and  delivery m ethods 
em p loyed  in this study.

Step Injection/Oligotrophic Injection/Eutrophic Atomlsed/Eutrophic

1 Injection of bacterial Injection of bacterial Delivery of atomised
suspension suspension droplets of bacterial

suspension

2 Injection of fixation fluid — —

3 Injection of cementation Injection of Delivery of atomised
liquid cementation liquid with droplets of cementation

nutrients liquid v\/ith nutrients

4 Reaction pause Reaction pause Reaction pause

5 Repeat 3 and 4 until the Repeat 3 and 4 until the Repeat 3 and 4 until the
required cementation is required cementation is required cementation is
achieved achieved achieved

Due to the diverse nature of the experiments carried out, the set

up of each individual experiment will be described in Chapters 5 and 6 

by referring to this Chapter for the general methodologies and materials.
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Unless otherwise specified, experinnents were conducted  at roonn 

temperatures between 18 °C and 23 °C. A summary of the treatm ent 

techniques used is presented in Table 4.1.

2 )  M i c r o b i o l o g i c a l  M e t h o d s

2. / C h e m i c a l s  a n d  s t o c k  s o l u t i o n s

All chemicals em ployed in the work carried out were analytical 

grade reagents supplied by Fisher Scientific Ireland Ltd. For practica l 

purposes a set of stock solutions was prepared as detailed in Table 4.2 

and used to prepare the solutions em ployed in the experimental work. In 

order to ensure the highest quality of the stock solutions, these were 

prepared fresh every two months and stored at 4 °C.  Sterilisation of the 

stock solutions, and of the double deionised water em ployed in the 

preparation of the work solutions, was obta ined by appropriate 

treatm ent (Table 4.2).

Table 4.2 Preparation of stock solutions.

Stock solution M g/L Sterilisation

Yeast extract 

Urea,
C 0 ( N H 2 ) 2

n.o.

4.0

100

240

Autoclave (20 mins @121 

Filter (0.22 nm)

°C)

Calcium chloride dihydrate,
CaCl2:2H20

4.0 588 Autoclave (20 mins @121 °C)

Magnesium chloride,
M g C l 2

4.0 380 Autoclave (20 mins @121 °C)

Sodium chloride (saline),
NaCI

0.15 9.0 Autoclave (20 mins @121 °C)

Doble deionised water,
H2 0

n.a. n.a. Autoclave (20 mins @121 °C)
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2.2  C u l t u r e  p r e p a r a t i o n

Sporosarcina pasfeurii (NCIMB Accession Number 8841) was 

em ployed throughout the work presented here. Optimal and cost 

efficient culturing of S. pasfeurii for biogrouting applications has been 

extensively investigated by Whiffin (2004). The growth medium em ployed 

in this study was derived from her work. In particular, yeast extract has 

been em ployed as sole source of proteins and nutrients. Urea, instead, 

was the source of am m oniacal nitrogen: selected in-lieu of cheaper 

ammonium sources proposed by Whiffin and often em ployed in the 

literature. The cho ice was m ade in order to ensure consistency with the 

source present in the cem entation solution: of particular re levance 

when evaluating the effects of eutrophic treatment. Table 4.3 provides 

details of the key parameters of S. pasfeurii liquid cultures em ployed in 

this study.

Table 4.3 Range of parameters characterising S. 
employed in this study.

pasfeurii liquid cultures

Parameter Range

Optical density (OD600) 5.02-5.38

Urease activity (mM-min ') 5.11 -6 .80

Specific urease activity (mM-min ’ -OD6oo'') 1.02-1.51

Sporosarcina pasfeurii, was received dry frozen and revived 

aseptically (triplicate) in a liquid reviving medium and plated on solid 

reviving medium (Table 4.4) in acco rdance  with the suppliers 

recommendations (NCIMB 2008; NCIMB 2010). Incubation was carried 

out aerobically a t 30 °C for 48 hours; the liquid culture was ag ita ted  at 

200 rpm. Following incubation, the p la ted culture was em ployed as a 

backup and stored of 4 °C. A collection sample on ceram ic beads was 

also prepared from the p la ted culture and stored at -80 °C for future 

use.
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Table 4.4 Reviving medium composition.

Ingredients (in 1 L distilled water)*____________________________________

Lab-Lemco nutrient broth powder 13.0 g
Lab-Lemco bee f extract (1.0 g)

Yeast extract (2.0 gj 

Peptone (5.0 gj 

NaCI (5.0 gj

Agar (solid nnedium only) 15.0 g

Urea stock 20% (w/w) solution - filter sterilised*^_______ 10 nnl_____________
* Solution is sterilised by outoclaving a t 121 °C for 15 min
*  Urea is add e d  to cooling m edia after autoclaving to avoid decom position

The revived liquid culture was consequently sub-cultured a total of 

three times in the selected growth medium (Table 4.5) with 5% (v/v) 

inoculums. This was carried out to ensure full recovery and adaptation  of 

the culture to the new medium. Sub-cultures were incubated to late 

exponential phase aerobically at 30 °C, under agitation (200 rpm) for 28 

hours. The third sub-culture was stored at 4 °C as a stock liquid culture 

and refreshed (sub-cultured) approxim ately every three to four weeks.

Table 4.5 Growth medium composition. Stock solutions as in Table 4.2.

Ingredients Stock*

Yeast extract 20 g/L 200 ml

Urea 6g/L  (100 mM) 25 ml

pH (not adjusted) ~ 7.5 n.a.
* C a lcu la ted  for 1 L of growth medium

Working cultures (liquid) were prepared fresh employing the 

growth medium inoculated with 5% (v/v) of stock liquid culture. Work 

cultures were incubated aerobically at 30 °C, under agitation (200 rpm) 

for 28 hours (late exponential phase). Aseptic conditions were 

maintained at all times when working with cultures. Purity of each liquid
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culture was verified by plating on urea agar (Table 4.4) and spot checks 

were carried out on the stock liquid culture by observation under the 

m icroscope after Gram staining.

2 . 3  O p t i c a l  d e n s i t y  a n d  u r e a s e  a c t i v i t y

Optical density (OD) is a well established method for the 

determ ination of the concentration of bacteria cells in a solution. OD is 

photemetrically determ ined by measuring the absorbance of the 

suspension at the conventional wavelength of 600 nm (OD600). In this 

study, OD600 of each sample was measures in triplicate against a blank 

prepared by syringe filtering an aliquot of sample (0.22 txm filters). 

Average values were then em ployed. Measurements were taken using a 

NDIOOO NonoDrop (Thermo Scientific Inc.) spectrophotometer. It should 

be noted that the NanoDrop instrument measures absorbance across 1 

mm of sample. In order to ensure consistency with literature values, 

where 10 mm spectrophotom eter cells are typically used, all measured 

values were multiplied by a factor of ten and reported accordingly.

Table 4.6 Sample preparation for EC determination of urease activity.

Double deionised water 20 ml

Urea stock solution (4M) 10 ml

S. pasteurii culture* 10 ml

Temperature________________________________ 25 °C_________________
* S. pasteurii should be added last to avoid osmotic shoclc.

Urease activity (UA) has been com m only em ployed in the 

literature on biogrout as a measure of the rate of urea hydrolysed by a 

bacteria l suspension. In this study, UA was derived from Electric 

Conductivity (EC) readings over fixed time intervals (Grunwald 1984). EC 

and pH were measured with a Multi340i (WTW GmbH) on samples 

prepared as ind icated in Table 4.6. EC change rate values were
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correlated to UA values of urea consumed per minute (mM min ') and 

corrected to pH 7 according to Whiftin (2004). Final values were 

calculated by accounting for dilution of the culture in the analytical 

sample (factor of 4). Further details con be found in Appendix One.

Specific urease activity (SUA) is a measure of the amount of 

urease produced per unit of bacteria biomass. In the literature on 

biogrout, it has commonly been determined indirectly as UA/OD600. This 

approach will be maintained in this study and SUA is reported as mM 

min-' OD600"’ .

3 )  S c a n n i n g  E l e c t r o n  M i c r o s c o p y

Scanning electron microscopy (SEM) was employed to observe 

structures developed at the micro scale. Images were acquired using 

Tescan MIra Variable Pressure Field Emission Scanning Electron 

Microscope with Energy Dispersive X-ray (EDX) microanalysis capability 

for elemental composition analysis. Samples were prepared after 

overnight drying at 105 °C and carbon coated. With few exceptions 

carbonaceous sand samples were imaged using secondary electron 

detection (SED). This allowed the distinction between the particle 

material and the deposited calcium carbonate to be more easily made 

based on topography and structure of the crystals. Silica sand samples, 

instead, were imaged employing bockscaffer electron detection (BSD) 

to enhance the contrast between the particle material and the 

carbonate precipitates. Further details on the method can be found in 

Appendix One, Annexes 3 to 6.

4 )  X - R a y  D i f f r a c t i o n  P e a k  A n a l y s i s

Powder X-Ray Diffraction (XRD) is a well established technique for 

the analysis of crystalline compounds and minerals (Moore and Reynolds 

1997). When an X-ray is shined on a crystal or powder, it diffracts in a
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pattern characteristic of the structure allowing the identification of the 

nnineral(s) using a set of reference diffraction patterns. Powdered XRD 

can be em ployed to determ ine the purity of a sample, as well os the 

composition of any impurities present. Most importantly, it con be used 

to determ ine the lattice parameters of a crystal and therefore, the Mg : 

Ca ratio of a carbonate  mineral. This is determ ined from the shift o f the 

peal< generated by the [104] co lc ite  plane (Lumsden 1979; Sanchez- 

Roman, Romonek et al. 2011):

(333.33 * dio4) -  911.99 
= -------------- T5o-------------- Eq. 4.1

where N c a  is the percentage mole of calcium  ions in the lattice and d w 4 

is the distance between the ion layers of the [104] plane. Further details 

of the m ethod con be found in Appendix One.

In this study, analysis was carried out using a Phillips PW1720 with a 

Philips PW l050/80 goniom eter and a Philips PW3313/20 Cu k-alpha 

anode tube that was run with standard conditions of 40kV and 20mA. A 

soller slit and a 1° d ivergence slit were used on the incident x-ray beam  

and o 0.2° receiving slit followed by a 1° anti-scatter slit were used on the 

d iffracted beam. A Philips PW 1752/00 curved graphite m onochrom ator 

was used in front of the PW l711 proportional counter detector. The 

detector controller was a Philips 1710. Each sample was washed with 

acetone, rinsed using deionised water and ethanol, and physically dried 

at 105 °C for 24 hours. A quartz internal standard was added  to the 

samples prior to grinding to produce a benchmark peak for 

com parative da ta  analysis. Prior to analysis each sample was hand 

ground for 15 minutes using mortar and pestle to ensure good 

reproducibility for replicate scans (Lumsden 1979). All measurements 

were taken from 25 to 55 degrees (20) at a step size of 0.01 

degrees/second.
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5 )  S o i l  a n d  G e o t e c h n i c a l  T e s t i n g  M e t h o d s

5 . / S o i l  t y p e s

Table 4.7 and Table 4.8 describe the salient characteristics of the 

soil types em ployed in the work presented here. Silica sand materials 

were supplied by David Ball Ltd, UK. Carbonaceous sand materials were 

obta ined by wet sieving to the required size range multi-purpose 

limestone sand. For practical reasons the terms fine sand and medium 

sand will be used throughout the text os ind icated in Tables 4.7 and 4.8.

Table 4.7 Description of the silica sand materials employed in this study 
(DavidBall Ltd. 2011).

Fine Silica Sand Medium Silica Sand

Fraction* D C

Nominal size range 300 - 150 [jm 600 - 300 pm

Bulk density (kg m-3) 1310 (loose) 1560 (loose)

1510 (com pact)

Classification Lower Greensond, Leighton Buzzard sand
* As defined in BS 1881 -131; 1998

Fraction D
150

<15%

urn 300 

>75%

|im

<10%

Fraction C
300

<10%

(am 600 

>80%

|jm

<10%

Figure 4.1 Size distribution (% dry mass) of the silica materials employed in this 
study (DavidBall Ltd. 2011).
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Table 4.8 Description of the carbonaceous moteriais employed in this study.

Fine Mediunn
Carbonaceous Carbonaceous
Sand Sand

Size range 300 - 150 |jm 600 -300 [jm

Classification Multi-purpose limestone sand

5 .2  B a r o m e t r i c  d e t e r m i n a t i o n  o f  c a l c i u m  c a r b o n a t e

Barometric determ ination of calcium  carbonate  equivalent was 

carried out in com pliance with ASTM D4373 standard. The test consists of 

digesting a known am ount of sample soil with hydrochloric acid in a 

sealed container equ ipped with a pressure gauge. Carbon dioxide is 

evolved during the reaction of carbonates with the acid: increasing the 

pressure in the vessel. The pressure increase inside the vessel can then be 

correlated to the equivalent ca lc ite  content by means of a calibration 

curve.

In this study, 10 g or 20 g (depending on the expected am ount of 

precipitate) of soil sample were hand ground (mortar and pestle) for two 

minutes after drying at 105 °C for 24 hours. Ground samples were 

digested with 20 ml of 1 N reagent grade hydrochloric acid  (Fisher 

Scientific Ltd.) in a specifically designed pressure vessel, HM-4501 

apparatus (Interplant Ireland Ltd.). Calcium carbonate equivalent 

content was then determ ined from a calibration curve obta ined with 0.2 

g, 0.4 g, 0.6 g 0.8 g and 1.0 g of analytical grade calcium  carbonate 

(Fisher Scientific Ltd.). Limestone sand samples could not be tested due 

to the carbonate  nature of the particles. Further details of the m ethod 

are provided in Appendix One.
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5.3 U n c o n f i n e d  c o m p r e s s i v e  s t r e n g t h  t e s t

Unconfined compressive strength is a well established soil testing 

m ethodology (Craig 2004). In particular, w et unconfined compressive 

strength (UCS) has been often em ployed in the literature for the rapid 

assessment of the effectiveness of biogrouting applications. The test is 

relatively simple but is conducted  in drained conditions. This would, 

therefore, be considered to limit the interpretation of the findings when 

considering phenomena, such as soil liquefaction, where the increase of 

pore w ater pressure could becom e relevant. However, it has been 

shown that the cem ented material displays little volumetric strain when 

loaded: resulting in small differences in peak strength betw een drained 

and undrained triaxial tests (van Paassen 2009; Montoya, DeJong et al. 

2013).

In this study, the test has been conducted  in acco rd a nce  with 

standard BS 1377-7:1990 using a m echanical load frame testing device. 

Testing was conducted  at 0.5 % min ' strain rate. Samples had a 

d iam eter of approxim ately 38 mm and a length to d iam eter ratio of 

approxim ately 2:1. Treated samples were flushed with 3 pore-water 

volumes of double deionised water to remove the process reagents and 

left to drain for 24 hours prior to testing. Further details of the m ethod are 

provided in Appendix One.

6 )  A e r o s o l  D e l i v e r y

6. J M e d i c a l  j e t  n e b u l i s e r s

Cirrus® (Intersurgical Ltd.) m edical je t nebulisers were previously 

em ployed by Glew (2009) and Dyer et al. (2012) to deliver atomised 

carbon substrates for the bioremediation of chlorinated solvents in 

saturated soils. Continuing the line of research. Cirrus® nebulisers were
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em ployed in this study to deliver the bioaugmention and cem entation 

liquids in unsaturoted soils.

Table 4.9 Range of working pressures and flows for Cirrus® medical jet 
nebulisers.

Gas flow Pressure Liquid flow*

Max 8 L min ' 180 kPa 0.25 mL min '

Min 6 L min-i 110 kPo 0.20 mL min-'

The Cirrus® nebuliser is designed to atomise liquid solutions suitable 

for deposition of drugs in the tracheobronchial airways of the human 

lung. To ovoid calcium  carbonate  precipitation occurring inside the 

nebuliser, ded ica ted  units and tubing were em ployed for the 

b ioogum entation and the treatm ent process respectively. During 

operation, the pressure drop across the nebuliser was maintained within 

the range ind icated by the m anufacturer and reported in Table 4.9.

Medical jet 
nebuliser

Peristaltic pump with 
speed regulator

Liquid reservoir

Air compressor

5 jjm filter with 
manual pressure 
regulator

Figure 4.2 Schematic representation of the nebuliser set-up employed in the 
experiments.
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Some modifications to the nebuliser’s design were required by the 

working conditions encountered during the experiments. In particular, 

the nebuliser’s chamber had to be sealed to prevent leakage caused 

by the pressure build up at the head of the nebuliser. Sealing the 

chamber meant that it was no longer possible to fill the nebuliser 

manually. Therefore, this was modified to receive flow from a peristaltic 

pump connected to a reservoir containing the process liquids. The 

amount of liquid delivered as aerosol was measured by employing a 

graduated container os reservoir. A schematic representation of the set

up is presented in Figure 4.2. The air compressor employed was a Jun-Air 

3-4 fitted with a 5 nm filter with manual drain and a manual pressure 

regulator. The peristaltic pump employed was a 4 channel 323/MC8 low- 

pulse pump with manual control capable of delivering between 2 laL 

min ' and 36 mL min ' per channel.

6 .2  T e s t  c o l u m n s

The test columns were designed to accom m odate a vertical 

aerosol flow directed from bottom to top. This had two distinct 

advantages: (1) simplify the design of the connections by allowing to 

connect the nebuliser in series with the column without U bends; (2) 

allow the discrimination between liquid displaced by the airflow 

(accumulating at the top) and liquid percolating by gravity and 

accumulating at the bottom of the column. Figure 4.3 illustrates the set

up of the columns employed in the experiments involving the delivery of 

atomised liquids. A 140 mm long perspex tube with an internal diameter 

of 40 mm (50 mm OD) was mounted between two perspex plates and 

sealed. A thin plastic sheet (0.15 mm) was employed to line the internal 

wall of the perspex tube (Appendix One). This was introduced to enable 

the extraction of the sample which would otherwise become cemented 

to the walls. Once extracted the core could then be easily 

“unwrapped” from the lining material without damaging the sample.
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The top plate was necessary to provide a confinem ent in order to avoid 

rupturing of the samples during injection (Appendix One). A smaller 

perspex tube (28 mm ID, 32 mm OD) was em ployed to connect the 

nebuliser to the column and a pressure gauge was fitted to the side. The 

small tube was also em ployed to construct the out-let.

40 mm

28 mm

120 mm
Scouring pad filter

Fine gravel filter

Silica sand 
(fraction D)

115 mm
Out-Jet

105 mm

Perspex tube

Storage for 
visualising 
percolated liquid 5 mm

Scouring pad filter
0 mm

Pressure gauge

Sealed connection 
to nebuliser

Figure 4.3 Schematic representation of the test columns employed in this study.

The inlet was raised (10 mm) above the bottom  of the column in 

order to allow for the visual assessment of any occurring percolation. The 

column was packed with 100 mm of fine silica sand. A 10 mm thick layer 

of fine silica gravel (dso = 2 mm) was em ployed as ballast and filter a t the 

top of the column. The gravel also had the purpose of spreading the 

confining load a t the top. Two filters (h = 5mm) were constructed using 

com m ercially available scouring pad (TESCO Ireland) and added to 

prevent the sand from falling in to the nebuliser unit or exiting the 

column at the top. The w eave of the pads was deem ed sufficiently fine
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to stop the sand, but not the aerosol, from passing the filter. An image of 

a complete column is found in Appendix One.
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CHAPTER S

Results a n d  D i s c u s s i o n : Sa t u r a t e d  So il s

1 )  E x p e r i m e n t  N. 1 :  C a r b o n a t e  d i s t r i b u t i o n

/ .  1 G e n e r a l

Experiment N. 1 was carried out to investigate the carbonate 

precipitation patterns and distribution at the pore scale v\/hen employing 

liquid injection methods in saturated soils. The effect of different treated 

materials and different treatment protocols was evaluated. The test 

method used both oligotrophic and eutrophic injection protocols in 

small columns prepared using four different sand materials. The treated 

materials were subsequently transferred under the scanning electron 

microscope to observe the distribution of calcium carbonate. Calcium 

carbonate content was determined in order to allow comparison 

between samples containing similar amounts of carbonate. Preliminary 

work (Appendix Two) showed that in order to observe the formation of 

individual crystals and structures the experiment should be conducted 

by limiting the amount of bioaugmentation. This allowed for the clear 

observation of isolated deposits which might have been obscured by 

the coalescence or overgrowth of carbonate in the presence of large 

amounts of urease.

J . 2 E x p e r i m e n t a l  s e t - u p

A total of 24 miniature test columns were prepared as shown in 

Figure 5.1 using plastic vials with 25 mm diameter and 110 mm height. Six 

test samples were prepared using medium silica sand and 6 test samples 

were prepared using fine silica sand. The sand was pluviated under 

water to avoid the inclusion of air pockets and vibrated to an
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approxim ate porosity of 40% and 44% for fine and mediunn sand 

respectively. In order to evaluate the im pact of different geological 

substrates, 12 identical size-range (fine and medium sand) samples v/ere 

obtained by w et sieving multi-purpose limestone sand (carbonaceous).

In -le t fronn p e ris ta ltic  pum p

Vial cap

Fine gravel f il te r  (H = 8  m m

o
o

S am ple  m a te ria l (H = 1 0 0  m m )

Plastic vial (ID  = 25  m m )

Scouring pad f i l te r  (H = 2 m m

O p en /c lo se  va lve

O u t-le t to  w as te

Figure 5.1 Schematic representation of the experimental set-up.

All 24 columns were initially flushed from top  to bottom  at a flow 

rote of 100 mL h ' with double deionised water. Bioaugmentiation was 

subsequently achieved by injecting, at the same rate, 5 mL of S. 

pasfeurii suspension having 5.38 OD600 and UA of 6.71 mM min '. 

Following bioaugm entation, 16 samples were treated employing on 

oligotrophic protocol and immediately received 30 mL (approximately 

1.5 pore volumes) of saline fixation fluid aseptically prepared with 7.35 

g/L (50 mM) of calcium  chloride dehydrate. After the fixation phase, a 

schedule of 30 mL injection rounds (100 mL h-') and sample harvesting 

was selected in order to produce samples with varying amounts of 

precipitated calcium  carbonate (Table 5.1). The oligotrophic 

cem entation medium was com posed as follows: 60 g /l (1 M) of urea 

and 147 g/l (1 M) of calcium  chloride dihydrate.
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Table 5.1 Oligotrophic treatment and sampling regime, to was set at the end of 
bioaugmentation injection and treatments were applied at 24 hour intervals.

ID Min. Frac.# Rr R2* R3* R4* Harvest

O A l Silica C to to+24h

OA2 Silica C to to+24h to+48h

OA3 Silica c to to+24h to+48h to+72h

OA4 Silica c to to+24h to+48h to+72h to+96h

OBI Silica D to to+24h

OB2 Silica D to to+24h to+48h

OB3 Silica D to to+24h to+48h to+72h

OB4 Silica D to to+24h to+48h to+72h to+96h

O C l Carb. C to to+24h

O C2 Carb. C to to+24h to+48h

O C3 Carb. C to to+24h to+48h to+72h

O C4 Carb. C to to+24h to+48h to+72h to+96h

O D l Carb. D to to+24h

OD2 Carb. D to to+24h to+48h

OD3 Carb. D to to+24h to+48h to+72h

OD4 Carb. D to to+24h to+48h to+72h to+96h
* Round of oligotrophic treatment (30 mL injections)
* C = 600 |jm -  300 pm (medium sand); D = 300 pm -  150 pm (fine sand)

Table 5.2 Eutrophic treatment and sampling regime, to was set at the end of 
the bioaugmentation injection and treatments were applied at 3 hour inten/als.

ID Min. Frac.* R l* R2* R3* R4* Harvest

EAl Silica C to to+3h to+6h

EA2 Silica C to to+3h to+6h to+9h to+12h

EBl Silica D to to+3h to+6h

EB2 Silica D to to+3h to+6h to+9h to+12h

ECl Carb. C to to+3h to+6h

EC2 Carb. C to to+3h to+6h to+9h to+12h

EDI Carb. D to to+3h to+6h

ED2 Carb. D to to+3h to+6h to+9h to+12h
* Round of eutrophic treatment (30 mL injections)
* D = 600 Mm -  300 pm (medium sand); C = 300 pm -  150 pm (fine sand)
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The remaining 8 columns were treated employing eutrophic 

protocols. In these, bioaugmentation was followed by 30 mL of 

eutrophic cementation liquid prepared aseptically as follows: 5 g/L yeast 

extract, 10 g/L (170 mM) urea and 22 g/L (150 mM) of calcium chloride 

dihydrate. A schedule of 30 mL injection rounds (100 mL h ') and sample 

harvesting was selected in order to produce samples with varying 

amounts of precipitated calcium carbonate (Table 5.2). Two sets of 

samples were harvested from each of the silica sand columns. One set 

was prepared for the determination of calcium carbonate content and 

a second set was employed for SEM imaging and analysis. Only SEM 

samples were taken from the carbonaceous sand columns.

J.3 C a C 0 3  d e t e r m i n a t i o n  a n d  e f f e c t  o f  p a r t i c l e  s i z e

Table 5.3 shows the content of calcium carbonate contained in 

the silica sand samples treated with an oligotrophic protocol. As 

expected, the treatment generally resulted in a limited precipitation of 

carbonate (< 0.94% w/w) due to the small amount of bioaugmentafion 

applied. For the same reason the overall conversion efficiency, OCett, {< 

7.14%) was also low. OCeft, is here defined as;

[CaCO^]

~  Max [ CaCO^ ]

where [CaCOs] is the calcium carbonate content actually achieved (% 

w/w) and MaxfCaCOs] is the calcium carbonate content potentially 

achieved assuming the total conversion of urea into calcium carbonate 

(% w/w). Three of the values recorded for calcium carbonate content 

were below the detection limit of 0.9% (w/w). These extremely low values 

were recorded for mildly treated samples which were subjected to less 

than two and one cementation rounds for medium and fine sand 

respectively.
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Table 5.3 Calcium carbona te  con ten t of oligotrophically treated silica sand. 
Precipitation was nnore abundan t in fine sand (OB series) when connpared with 
medium sand (OA series).

ID Total CaCOa Actual CaCOa Max CaCOs OCeH

(g)* (w/w) (w/w)*

OAl n.a. b.d.l. 3.85% n.a.

OA2 n.a. b.d.l. 7.69% n.a.

OA3 0.133 0.17% 11.54% 1.47%

OA4 0.534 0.68% 15.38% 4.45%

OBI n.a. b.d.l. 4.0% n.a.

OB2 0.192 0.26% 8.0% 3.19%

OB3 0.643 0.86% 12.0% 7.14%

OB4 0.707 0.94% 16.0% 5.89%
*  C alcu la ted for the entire sample
* The difference betw een the OA and the OB series is due to the different bulk density.

1.00%

0.80%

0.60%

OA Series0.40%

OB Series
0 .20%

0.00%

Cementation Rounds

Figure 5.2 Calcium carbona te  con ten t of oligotrophically treated silica sand 
p lo tted against the number of cem entation rounds applied. Precipitation was 
more abundant in fine sand (OB series) when com pared  with medium sand 
(OA series). The precipitation rate is seen to reduce overtime (OB series).

As evident in Figure 5.2, medium sand samples (OA series) resulted 

in smaller amounts of carbonate being precipitated when compared 

with identically treated fine sand samples (OB series). This would indicate 

that less biomass (urease activity) was retained by the coarser fraction C 

soil: confirming the relevance of bacterial straining and wedging
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phenom ena occurring near or at inter-particle con tac t points (Bradford, 

Simunek et al. 2006). Figure 5.2 also shows that the precipitation rote in 

fine sand samples is reducing over time due to bacteria encapsulation 

(Cuthbert, Riley et al. 2012) and cell lysis (van Paassen 2009). The 

phenomenon is not observed in medium sand samples, possibly 

because smaller amounts of carbonate  are precip ita ted over the time 

span of this experiment and encapsulation is therefore less prominent. 

However, it would be expected that a similar reduction would be 

observed if the experiment was progressed further.

Table 5.4 shows the content of calcium  carbonate  conta ined in 

the silica sand samples treated with an eutrophic protocol. As for the 

samples treated oligotrophically, the amounts of calcium  carbonate  

precipitated are generally low. The maximum concentration achieved 

was 0.77% (w/w). The low concentrations of urea and calcium  (150 mM) 

em ployed in the cem entation liquid resulted in efficiencies as high as 

35.5% being recorded despite the limited bioaugm entation.

Table 5.4 Calcium carbonate content of eutrophicolly treated silica sand. Early 
precipitation was more obundant in fine sand (EBl) when compared with 
medium sand (EAl). The difference is less evident at the later stages of the 
treatment (EB2 and EBl).

ID Total CaCOa Actual CaCOa Max CaCOa OCetf

(gr (w/w) (w/w)*

EAl 0.066 0.09% 1.15% 7.37%

EA2 0.533 0.68% 2.31% 29.7%

EBl 0.320 0.43% 1.20% 35.5%

EB2 0.578 0.77% 2.40% 32.1%
*  C a lcu la ted for the entire sample
* The d ifference betw een the OA and the OB series is due to the different bulk density.

As for oligotrophic samples, the retained biomass (as inferred from 

the am ount of precip ita ted carbonate) is less abundant in medium sand 

(sample EAl) than in fine sand (EBl). However, this appears to becom e
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less evident when the treatm ent is progressed (samples EA2 and EB2). In 

tact, while the number of da ta  points is limited, it is interesting to note 

that the efficiency recorded in the eutrophic samples appears to 

converge over time towards a value of approxim ately 30%. It could be 

speculated that this is the value determ ined by the biomass sustained by 

5 g L-' of yeast extract in the experimental conditions encountered: 

suggesting a control on the biomass of S. pasfeurii present in the soil.

1.4 T r e a t m e n t  p r o t o c o l s  a n d  C a C O . i  d i s t r i b u t i o n

The SEM images illustrate distinctly different patterns for the 

precipitation of calcium  carbonate  on the surface of sand particles 

depending on whether oligotrophic or eutrophic protocols were 

em ployed. The e ffect of the different protocols can be observed in 

Figure 5.3.

The SEM images com pare two identical medium silica sand 

samples (samples OA4 and EA2) where one was treated using an 

oligotrophic protocol. Figure 5.3(a), and the second em ployed an 

eutrophic protocol. Figure 5.3(b). Both treatments resulted in 0.68% w /w  

calcium  carbonate being precipita ted. However, the precipitation of 

the crystals over the surface of soil particles (indicative of bacteria l 

a ttachm ent locations) is noticeably different. In Figure 5.3(a), the 

oligotrophic treatm ent resulted in a greater dispersion of calcium  

carbonate with numerous small crystals deposited on more exposed 

surfaces aw ay from inter-particle con tac t points. In contrast the im age 

reproduced in Figure 5.3(b) for the eutrophic treatm ent shows calcium  

carbonate  being precip ita ted at a relatively smaller number of locations 

and predom inantly at or near inter-particle con tac t points; where, in the 

absence of a fixation phase, restricted passage ways would allow 

accum ulation of bacteria as a result of m echanical filtration, straining 

and wedging (Li, Lin et al. 2006; Bradford, Torkzaban et ol. 2007).
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Figure 5.3 Medium silica samples (OA4, EA2) treated with: (a) oligotrophic 
methods, and (b) eutrophic methods. Calcium carbona te  is visible over the 
smooth particle surface as: (a) wide spread and variably sized crystal 
formations; and (b) hemispherical or dome-like masses. Both samples 
con ta ined 0.68% w /w  of precip ita ted calcium  carbonate .
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This observation confirnns that a fixation phase promotes a 

relatively homogeneous bacteria l a ttachm ent throughout the soil 

sample as a result of the indiscriminate reduction of energy barriers to 

deposition (Redman, Walker et al. 2004). Conversely, eutrophic 

protocols distinctly prom ote preferential a ttachm ent at pore throat or 

near inter-particle con tac t points (Chapter 2, Paragraph 4.1). The 

resulting different deposition patterns would be expected to have 

markedly different effects on the m echanical strength of the soil. In the 

case of oligotrophic protocol the portion of crystals grov/n on the 

exposed surface of a sand particle would increase surface roughness 

but would not contribute to inter-particle bond formation and so have a 

lesser influence on the soil’s m echanical properties os previously 

presumed by DeJong et al. (2010). Conversely, in this series of test the 

eutrophic protocol is shown to produce greater calcium  carbonate 

precipitation at the inter-particle interface leading to a greater 

likelihood for an increased cem entation and m echanical strength.

Figure 5.4 Typical calcium carbonate crystals formed in medium silica samples 
(OAl, EAl) treated with: (a) oligotrophic protocol and (b) eutrophic protocol. 
The minerals can be respectively interpreted os calcite (a) and vaterite (b) on 
the basis of crystal morphology.

In addition to a different precipitation pattern observed for 

oligotrophic and eutrophic protocols, the treatm ent methods resulted in 

a different crystal mineralogy. This phenom enon is well illustrated in
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Figure 5.4 which compares two medium samples of silica sand treated 

separately with an oligotrophic protocol and an eutrophic protocol 

(samples O Al and EAl). The oligotrophic process is shown to 

predom inantly produce large rhom bohedro shaped crystals as 

illustrated in Figure 5.4(a). In contrast, the eutrophic process is shown to 

mostly produce the micritic dome-like structures seen in Figure 5.4(b). 

While positive identification of mineral species cannot be positively 

determ ined by SEM techniques, the minerals can be respectively 

interpreted as ca lc ite  and vaterite on the basis of crystal morphology 

(Zhou, Yoo et al. 2010). Assuming that in both treatments the enzyme 

available was saturated, the high concentration of calcium  ions (1 M) 

present in the oligotrophic cem entation liquid meant that a relatively 

high [Ca2+]/[C 0 3 2 ‘] ratio was determ ined in the circum-cellular space. 

Hence promoting the formation of ca lc ite  (Han, Hadiko et al. 2006). 

Conversely, the lower [Ca^+J/fCOa^] ratio determ ined in the eutrophic 

samples would promote the precipitation of vaterite (Chapter 3, 

Paragraph 1.1). Additionally, the nutrients supplied with the eutrophic 

process could have enabled further bacteria growth: locally increasing 

the am ount of urease activity in the soil and in turn the level of local 

supersaturation. Hence, further contributing to the preferential 

precipitation of vaterite (van Paassen 2009).

J .5  S o i l  m i n e r a l o g y  a n d  C a C O . i  d i s t r i b u t i o n

A comparison was m ode between the distribution pattern of 

crystals precip ita ted on the surface of silica and carbonaceous sand 

particles for both oligotrophic and eutrophic protocols. The SEM 

observations reveal a w idespread and abundant precipitation in 

carbonaceous soils whether oligotrophic or eutrophic methods were 

em ployed. This is particularly evident when referring to Figure 5.5 in 

which two fine sand samples of different mineralogy were identically 

treated with oligotrophic protocols (samples OB4 and OD4).
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Figure 5.5 Fine sand samples (OB4, OD4) identically treated with oligotrophic 
protocols: (a) silica sand, (b) carbonaceous sand. Precipitation is distinctly 
more abundant and widespread in carbonaceous sand.
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Newly formed 
CaCO,
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Figure 5.6 Medium carbonaceous sand treated with (a) oligotrophic (sample 
OC4) and (b) eutrophic protocols (sample EC2). Arrows indicate large areas 
covered by newly formed carbonate as indicated by close observation of the 
topography (Appendix Two). Dashed arrows indicate bond-forming 
precipitates.
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As expected, for  o ligotrophic treatments botti samples show a  

relatively broad distribution of the precip ita ted carbonate  but, as also 

observed by Van Paassen (2009), precipitation is distinctly more 

abundant and widespread in carbonaceous sand, Figures 5.5(b) and 

5.6(a). A similar trend is observed in eutrophic samples. However, in 

carbonaceous samples, it is often difficult to de tec t the boundary 

between the precip ita te and the host sand particle (Appendix Two, 

Annexes 4 and 10). This is due to the similarity of the mineral 

compositions and the micritic nature of the cem ent being precipitated 

(Figure 5.6(b)). The widespread distribution observed is attributed to the 

com bination of ab iotic precipitation processes prom oted by the 

carbonate com ponent of the sand particle (Lioliou, Paraskeva et al. 

2007) and increased bacterial a ttachm ent on rough, carbonaceous 

surfaces (Scholl, Mills et al. 1990; Bhattacharjee, Ko et al. 1998; 

Shellenberger and Logan 2002). It is reasonable to assume that the 

consequence of this depositional pattern for carbonaceous sands 

would be an increase in efficiency. However, a corresponding decrease 

in the effectiveness would also be observed as a significant proportion 

of the precip ita ted calcium  carbonate  would not contribute to particle 

bonding.

J . 6  I n t e r i m  c o n c l u s i o n s

The results show that soil particle size has an im pact on the 

am ount of biomass retained during bioaugm entation. In fact, the 

calcium  carbonate  determ ination exercise shows that fine sand samples 

resulted in larger amounts of calcium  carbonate  being precipitated 

when com pared with medium sand samples. The same results would 

also suggest that eutrophic protocols are less a ffected as a result of 

w hat is interpreted as ongoing bacteria l growth during the treatm ent 

(Chapter 2, Paragraph 4). Particle size would therefore mostly im pact on 

the viability of field applications of oligotrophic protocols. In fact, in this
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case, the initial amount of bioaugmentation will have to account for 

encapsulation and cell lysis in order to achieve the specified calcium 

carbonate content. However, biofilm formation and bacterial growth in 

eutrophic treatments remain to be confirmed due to the experimental 

limitations of the work carried out.

Different deposition patterns are to be expected depending on 

the treatment protocol employed. While fixation promotes the 

attachment of bacteria and improved precipitation rates (Harkes, van 

Paassen et al. 2010), a significant proportion of the precipitated 

carbonate would not produce an increase in strength as it is not 

contributing to the formation of bonds between particles (Chapter 2, 

Paragraph 3). This appears to be less significant in eutrophically treated 

samples. In fact, in the mildly cemented samples obtained in this 

experiment, a substantial portion of bacteria became deposited at or 

near inter-particle contact points resulting in preferential deposition of 

carbonate at these locations. It is therefore expected that eutrophic 

treatment would result in higher efficacy of the treatment.

The minerological nature of the sand particles has a substantial 

im pact on the distribution pattern of calcium carbonate. Carbonaceous 

matrixes produced visibly larger amounts of carbonate precipitation 

when compared to silica sand. This was attributed to abiotic processes 

which have enhanced the biomediated precipitation of calcium 

carbonate (Chapter 2, Paragraph 7 and Chapter 3, Paragraph 1). 

However, calcium carbonate was broadly distributed over the particle 

surface indicating that higher precipitation efficiency could come at the 

cost of reduced efficacy of the treatment.
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2 )  Ex p e r i m e n t  N .  2 :  C a r b o n a t e  b o n d

2. ] G e n e r a l

Experiment N. 2 was carried out to investigate in more detail the 

carbonate bond being formed at the pore scale when employing liquid 

injection methods in saturated soils. The e ffect of different treated 

materials and different treatm ent protocols was evaluated. The test 

m ethod used both oligotrophic and eutrophic injection protocols in 

small columns prepared using two different sand materials. The treated 

materials were subsequently observed under the scanning electron 

m icroscope to describe the bonding structures being formed and failure 

thereof. In order to observe the formation of individual bonds and 

structures the experiment was conducted  by limiting the am ount of 

b ioaugm entation. This allowed for the clear observation of isolated 

deposits which might hove been obscured by the coalescence or 

overgrowth of carbonate  in the presence of large amounts of urease.

2 .2  E x p e r i m e n t a l  s e t - u p

A total of 4 miniature test columns were prepared as for 

Experiment N. ] (Figure 5.1) using plastic vials with 25 mm diam eter and 

110 mm height. The test samples were prepared using fine (300 pm -150 

pm) silica and carbonaceous sand. The sand was pluviated under water 

to avoid the inclusion of air pockets and vibrated to an approxim ate 

porosity of 40%. Deafoils of each column are provided in Table 5.5. All 4 

columns were initially flushed from top to bottom  at a flow rate of 100 mL 

h ' with double deionised water. Bioaugmentiation was achieved by 

injecting, at the same rate, 5 mL of S. posteurii suspension having 5.38 

OD600 and UA of 6.71 mM min-'.

Following bioaugm entation, 2 samples were treated employing 

an oligotrophic protocol and im mediately received 30 mL
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(approximately 1.5 pore volumes) of saline fixation fluid aseptically 

prepared with 7.35 g/L (50 mM) of calcium  chloride dehydrate. After the 

fixation phase, a schedule of five 30 mL injection rounds (100 mL h ') was 

applied at 24 hour intervals and samples were harvested 24 hours after 

the lost treatment. The oligotrophic cem entation medium was 

com posed os follows: 60 g /l (1 M) of urea and 147 g/l (1 M) of calcium  

chloride dihydrate.

Table 5.5 Salient characteristics of the columns and treatments employed. 
Treatments were delivered by means of injection methods.

ID Mineralogy Fraction Tratement

OEl Silica D (fine sand) Oligotrophic

OE2 Carbonaceous D (fine sand) Oligotrophic

EEl Silica D (fine sand) Eutrophic

EE2 Carbonaceous D (fine sand) Eutrophic

The remaining 2 columns were treated employing eutrophic 

protocols. In these, b ioaugm entation was followed by five 30 mL rounds 

of eutrophic cem entation liquid applied a t 3 hour intervals (100 mL h-') 

and samples were harvested 3 hours offer the last treatment. The 

eutrophic cem entation liquid was prepared aseptically as follows: 5 g/L 

yeast extract, 10 g/L (170 mM) urea and 22 g/L (150 mM) of calcium  

chloride dihydrate.

2.3 O l i g o t r o p h i c  b o n d  f o r m a t i o n  a n d  f a i l u r e

Figure 5.7 shows a typical bond structure formed between silica 

sand particles treated with an oligotrophic protocol (sample OEl). The 

im age illustrates that for the oligotrophic process the bond was formed 

by one large structure that grew continuously over time and with 

increasing treatm ent rounds until the soil particles were cem ented 

together. The im age also shows the presence of globular deposits which
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were previously interpreted by Van Paassen (2009) as spherulites 

(sphere-shaped amorphous calcium carbonate); consequence of 

localised high supersaturation. However, amorphous calcium carbonate 

was only very occasionally observed in this experiment due to the 

limited bioaugmentation employed.

Figure 5.7 Detail of a large calcite structure bonding two silica sand particles 
after oligotrophic treatment (sample OEl).

Failure of the bond was seen to usually occur along the bond- 

particle interface and can be clearly observed in Figure 5.8. The image 

shows a clean break between two silica particles that were previously 

connected by a carbonate bond. The concave imprint of the detached 

particle is discernible in the exposed surface of the carbonate bond. At 

the level of cementation obtained during the experiment, individual 

bonds such as those shown in Figures 5.7 and 5.8 ore a limit cose and a 

rare occurrence. Complex bonds, such as the one seen in Figure 5.9, ore 

more often observed. In the image, it is possible to discern the partial 

imprint of the detached particle in each individual crystal. It would 

appear that these small polycrystalline structures increase in size while
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tre a tm e n t progresses: u ltim a te ly  p ro d u c in g  the  m ono lith ic  bonds 

observed  in the  previous figures.

Sand Particle

'^and

Figure 5.8 Detail of a bond-partic le failure system observed in silica sand 
treated with oligotrophic protocols (sample OEl).

Figure 5.9 Detail of a bonding structure (polycrystalline) observed in silica sand 
treated with oligotrophic protocols (sample OEl). The outline of the imprint left 
from a de tached  sand particle is traced over the image.
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A detail of on exposed bond-porticle failure surface is shown in 

Figure 5.10. In the innage, it is possible to observe the nnark left by 

individual bacteria, visible as rod-shaped gaps in the carbonate. 

Strained and v/edged bacteria were deposited during b ioaugm entation 

and were then encapsulated by the cennenting material (Cuthbert, Riley 

et al. 2012). This would indicate that late precipitation, leading to the 

increased size of the bond, would mostly occur as a result of 

therm odynamically favoured processes where the carbonate  surface of 

the bond would a c t as a preferential surface for deposition.

2 0  |jm

Figure 5.10 Close-up of an exposed bond-particle (silica) failure surface. 
Bacteria imprints ore visible as small cylindrical gaps (dark grey) in the bond 
surface (Appendix 2, Annex 12). The convex shape of the surface is a cast of 
the detached particle surface (sample OEl).

The large majority of failure surface observed in silica sand 

samples was located along the bond-partic le surface. However, in 

carbonaceous sand samples, it was not possible to identify such clear 

failure surfaces. As expected, carbonaceous samples resulted in larger 

amounts of ca lc ite  being precip ita ted after oligotrophic treatm ent 

(Experiment N. 1). Although it was difficult to make a distinction between
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newly fornned carbonate and the sand particles, the structure of the 

bonds was sinnilar to that observed in silica sand samples, as shown in 

Figure 5.11.

I 1 1 I I I I I I I I
50 jjm

Figure 5.11 Carbonaceous sand treated with oligotrophic protocols. Arrows 
ind icate where bonds between particles are formed (sannple OE2). The bonds 
are formed by monolithic/polycrystalline structures similar to those observed for 
silica sand. However, these are more extended and less isolated due to the 
abundant and widespread precipitation of calcite .

The absence of clear bond-particle failure surfaces can be 

explained by taking into account the mineral nature of the particle. 

Carbonaceous particles would provide a relatively rough surface 

(Scholl, Mills et al. 1990) to which the bond structure is attached 

providing a larger contact surface and a strong physical link between 

the two. Additionally, the chemical affinity between the particle surface 

and the bonding mineral would result in strong chemical links being 

formed. The two phenomena combined would therefore explain the 

irregular failure patterns observed.
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2.4 E u t r o p h i c  b o n d  f o r m a t i o n  a n d  f a i l u r e

As evident in Figure 5.12, the structure of the ca rb o n a te  bond  

de ve lop ed  under eu troph ic  conditions is significantly d ifferent from tha t 

ob ta ine d  v /̂ith o ligo troph ic  treatm ents. The in ter-partic le  bonds form ed 

during an eu troph ic  process display a more com p lex structure, 

characte rised by the presence of a suture line.

100 pm

Figure 5.12 Detail of a carbonate structure bonding three silica sand particles 
after eutrophic treatment. Incipient failure (crack) can be observed along one 
side of the suture line (sample EEl). The suture line is highlighted in the image at 
the bottom. The dotted line indicates the incipient failure.
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Figure 5.13 Detail of a carbonate  structure bonding three carbonaceous sand 
particles after eutrophic treatm ent (sample EE2). At bottom , crystalline ca lc ite  
(arrows) can be observed along the suture lines (dash-dot line). The bond 
structure is consistent with that observed in silica sand samples.
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The bond is formed by the coalescing of numerous individtal 

domes into an interlocking structure between the particles. The suture is 

formed when the deposition occurring on the surface of one particle 

meets that occurring on the other particle. In Figure 5.12 the suture line is 

visible in the shape of an approximate upside down Y where one side 

shows an incipient failure (fracture). As show in Experiment N. 1, vaterite 

domes are preferentially precipitated in the early stages of carbonate 

precipitation during eutrophic treatments. However, os more c lea iy 

seen in Figure 5.13, the suture is typically characterised by a jagged 

edge where the mineral form precipitated is more evidently crystalline 

calcite. Diffusion is a main limiting factor in these tight spaces and would 

shift the controls of the reaction towards the thermodynamically 

favoured precipitation of calcite.

When compared with oligotrophiclly treated samples, the failure 

patterns observed in eutrophiclly treated silica sand displayed a more 

diverse set of patterns. Hybrid failure surfaces interesting the suture line 

(bond-bond failure), os well as bond-particle surfaces, were the most 

common where bonds larger than 100 pm were involved. Instead, bond- 

particle failures as that observed in Figure 5.14, were more common in 

bonds smaller than 100 pm: probably a result of the relatively small 

contact area between the bond and the particle. It should be noted 

that a failure pattern as the incipient one seen in Figure 5.12 would 

produce a hybrid failure mechanism as described by the conceptual 

model proposed by DeJong et al. (2010).

Eutrophic carbonaceous samples displayed the same absence of 

clear failure surfaces noticed in oligotrophic samples: confirming the 

relevance of surface roughness and chemical affinity in determining the 

formation and consequent failure mechanism observed at the pore 

scale.
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Figure 5.14 Detail of a carbonate structure bonding three silica sand particles 
after eutrophic treatment. The arrow indicates where a detached particle left 
behind a smooth concave imprint (sample EEl).

The bond formation mechanisnn occurring during on eutrophic 

treatm ent can be understood by referring to Figure 5.15. In this image, 

the bond side of a bond-partic le failure surface is exposed to reveal sets 

of concentric circles, marked A to C  that can be Interpreted as the 

cross-section of the carbonate domes form ed by subsequent 

generations of bacteria . It is reasonable to conclude that the rings 

formed In the ca lcium  carbonate formations (marked as I to V) are the 

result of environmental variations induced in the pore space by the 

consecutive injection rounds of cem entation liquid. It can therefore be 

assumed that the dom e characterised by 5 concentric rings, A, has 

started its formation at the very beginning of the treatm ent while domes
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w ith  4 rings, B ,  w e re  in itia te d  b e tw e e n  the  first a n d  th e  second  in jec tion  

o f c e m e n ta tio n  flu id  by a n e w  g e n e ra tio n  o f b a c te r ia .

4
10 ijm

Figure 5.15 Close-up of the surface along a partic le-bond failure surface 
showing a time record of the precipitation process during the five round 
eutrophic treatment. Letters A, 6 and C ind icate subsequent generations of 
crystal domes. Numbers I to V identify the calcium  carbonate  rings formed 
between treatments (sample EEl).

Sand particle

Sand particle

Sand particle

Sand particle

Sand particle

Suture line

Sand particle

Common Legend:
I — I Live/active bacteria 

I *» I Encapsulated bacteria

Calcium carbonate (overtime)

I I Pore water (cementation liquid)

Figure 5.16 Schematic representation of bond formation under eutrophic 
treatm ent conditions.
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A schem atic representation of the process is p rov ided in Figure 

5.16. This form ation m odel is co rrobo ra ted  by the fa c t th a t the youngest 

generations visible, m arked as C and characterised by 3 rings, are 

lo ca te d  the farthest aw a y  from the cen tre  of w ha t is consider to be the 

ancestra l set o f five rings, A. Bacterial grow th and the form ation of a 

urease active  biofilm  con  also be inferred from Figure 5.17. The im age 

shows the surface of a fine gravel (approxim ate ly 2 mm) taken from the 

filter packing of an eutrophic lly  trea ted  test co lum n (EE2). The 

deve lopm en t of the ca rb o n a te  concre tion  visible over the g rave l’s 

surface follows the typ ica l grow th pa tte rn  of S. pasfeurii colonies form ed 

on ag a r plates. Transition from m icritic dom e-like structures, visible on the 

margins of the concre tion , to larger crystals, visible in the centre , w ou ld  

be ev idence  tha t Oswald ripening is also occurring w here the b io log ica l 

activ ity  is reduced  by encapsu la tion . Rapid, b io m e d io ted  prec ip ita tion  

is, however, occurring on the fringes of the biofilm  w here live, m ultiplying 

bac te ria  ore present.

Figure 5.17 Surface of a fine gravel groin (approximately 2 mm) taken from the 
filter packing of an eutrophic sample: (a) limit between areas covered by 
calcium carbonate and exposed surface of the silica grain; (b) arrows indicate 
the direction in which three colonies of ureolytic bacteria are expanding over 
the particle’s surface.
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It Is noted that progressing the cennentation beyond what 

achieved in this experinnent, would likely produce a coating of small 

carbonate crystals over the whole surface as observed in the SEM 

images produced employing mildly concentrated eutrophic 

cementation liquids (Al Qabony, Sogo et al. 2012). Additionally, if it is 

assumed that bacterial deposition is predominant at inter-particle 

contact points (Experiment N. 1), the resulting bond formation model 

would closely relate to the hybrid model proposed by DeJong et al. 

(2010 ).

2.5 I n t e r i m  c o n c l u s i o n s

The cementation observed in the SEM images assisted in 

describing the mechanisms leading to the formation of a bond between 

sand particles. The results obtained with eutrophic protocols support the 

validity of the conceptual formation/failure model proposed by DeJong 

et al. (2010) for eutrophic treatment of silica sand (Chapter 2, Paragraph 

3). However the broader scope of this experiment highlighted the 

limitations of its validity when considering different mineral matrixes, or 

different treatment protocols (Figure 5.18). Additionally, the significance 

of bacterial growth during eutrophic treatment was highlighted by the 

effects that this has on the bond formation process os well os the 

covering of particle surfaces with calcium carbonate.

The difference between the failure mechanisms observed in 

oligotrophic silica samples and carbonaceous samples would indicate 

that the resulting strength increase is affected by the nature of the soil 

matrix. This would be mostly due to the material (or interface) involved in 

the failure. Instead, SEM images of eutrophic samples hove shown that 

the limited size of the bond during the early stages of treatment could 

determine weak bond-particle failure surfaces and therefore result in 

limited strength increase. However, it should be noted that the 

relevance of this observation in field applications could be limited as the
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level of cem entation required in such cases would be higher than what 

obta ined in the experiment.
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Bacterial attachment Is markedly preferential around 
Inter-partlcle contact areas. Widespread 
precipitation of calcium carbonate results from the 
combination of biological processes (k>calised) and 
abtotfc processes. The area Interested by biological 
precipitation extends as a result of bk>film formation. 
New crystals are intimately connected to the 
particle. The bond forms by Interpenetrat'on of 
complex structures being formed on each skie.

The bond being formed can be geometrlcaliy 
complex. The failure pattern and surface depend on 
(1)the geometry of the bond and <2)locali$ed 
weaknesses in the particle. A clear particle-bond 
Interface cannot be Identified due to the 
chemical/mlneralogical affinity between partk^le and 
borxJ.

Figure 5.18 Conceptual model: bond formation and failure at the pore scale 
for different treatment protocols and soil mineral matrixes.
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3) Ex p e r i m e n t  N. 3: M a g n e s i u m  i n  MICP a p p l i c a t i o n s

3 . 1 G e n e r a l

Experiment N. 3 was designed to evaluate the potential offered to 

the MICP nnethod by the addition of magnesiunn ions to the 

cem entation solution. Magnesium additions were investigated because 

magnesium carbonate is known to co-precip ita te with calcium  

carbonate to potentially produce dolom ite in - l ieu  of ca lcite . In 

particular, primary dolomite, M gC a(C 0 3 )2, is known to precip ita te in 

b iom ediated ureolytic reactions in the presence of magnesium ions. 

Precipitating dolom ite would potentially improve the long term 

perform ance of MICP soil improvement applications due to its higher 

resistance to chem ical weathering when com pared to calcite.

3.2 E x p e r i m e n t a l  s e t - u p

Two sets of plastic test chambers were prepared in sealable 200 

mL sterile tubs. A first set of four chambers was prepared, as shown in 

Table 5.6, to investigate the addition of magnesium ions to the 

cem entation solution in the context of oligotrophic protocol.

Table 5.6 Preparation of Mg-rich oligotrophic reaction liquids used in the test 
chambers.

ID UA [Ca2+] [Mg2+] Urea pH

O Al 5 mM h-' 0.4 M 0.6 M 1.0 M 8.9

OA2 10 mM h ' 0.4 M 0.6 M 1.0 M 8.9

OBI 5 mM h-’ 0.5 M 0.5 M 1.0 M 8.9

OB2 10 mM h ' 0.5 M 0.5 M 1.0 M 8.9

An additional eight chambers were prepared, as shown in Table 

5.7, to investigate the addition of magnesium ions in the context of
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oligo troph ic  protocols. All the work solutions w ere p repared  aseptica lly 

using previously p repa red  stock solution and  volum e was ad justed with 

doub le  dionised sterile w ater. pH was ad justed using 4 M NaOH. The 

required urease activ ity  for e a ch  set-up was ach ieved  by add ing  

app ro p ria te  volunnes of a fresh S. posteurii culture having an OD600 of 

5.02 and a UA of 5.11 mM min '.

Table 5.7 Preparation of Mg-rich eutrophic reaction liquids used in the test 
chambers.

ID UA [Ca2+] [Mg2+] Urea Y.E.* pH

EAl 5 mM h ' 0.1 M 0.1 M 0.2 M lO g /L 8.9

EA2 5 mM h ' 0.1 M 0.15 M 0.25 M lO g /L 8.9

EA3 5 mM h ' 0.1 M 0.2 M 0.3 M lO g /L 8.9

EA4 5 mM h ’ 0.1 M 0.25 M 0.35 M lO g /L 8.9

EBl 5 mM h ' 0.2 M 0.2 M 0.4 M lO g /L 8.9

EB2 5 mM h ' 0.2 M 0.25 M 0.45 M lO g /L 8.9

EB3 5 mM h ' 0.2 M 0.3 M 0.5 M 10g/L 8.9

EB4 5 mM h ’ 0.2 M 0.35 M 0.55 M lO g /L 8.9

A fter inocula tion w ith S. pasfeurii, ea ch  channber was left to reac t 

a t room  tem pera tu re  (approxim ate ly 20° C) for 72 hours. Samples w ere 

co lle c te d  by filtering the liquid from the cha m be r a fte r having scraped 

the internal surfaces w ith a m etal b lun t-edge  instrument to d islodge the 

p rec ip ita te  fo rm ed on the surfaces. The p rec ip ita te  was co lle c te d  on 

0.22 |jm filter pads and prepared  for XRD analysis.

3.3 P r e c i p i t a t e d  m i n e r a l  f o r m s

Overall, the experim enta l conditions em p loyed  fa iled to induce  

the form ation of do lom ite . Figure 5.19 shows the full XRD peak analysis 

p lo t p ro du ce d  for sam ple 0A 2. While sam ple OA2 is presented for
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illustrative purposes, the present discussion applies to all o f the samples 

analysed. Plots of the full set o f samples are p rov ided in A ppend ix  Two.
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Figure 5.19 XRD peak analysis of sample OA2. Vertical lines indicate the 
position of diagnostic peaks for: (V) vaterite, (A) aragonite, (C) calcite, (D) 
dolonnite and (Si) quartz standard.

The vertica l lines in Figure 5.19 illustrate the position of the 

d iagnostic peaks for d iffe rent minerals. OA2 v\/as the only sam ple in 

w hich the form ation of a ragon ite  was observed. This cou ld  not be  

definitively exp la ined and  was in te rpre ted as an experim enta l anom aly. 

Vaterite, present in similar experiments w ithou t m agnesium  (van Paassen 

2009), was absent in all of the samples. This w ou ld  ind ica te  that, 

consistently w ith the literature (M eldrum  and  C olfen 2008), the presence 

of m agnesium  prom oted  the form ation of m ore stable forms of ca lc ium  

ca rbon a te . Interestingly, M g -ca lc ite  was form ed in-lieu of pure ca lc ite .

This can  be  observed in Figure 5.20. The graph shows a close-up, 

around the dio4 peak for ca lc ite , o f the p lo t re co rded  for sam ple 0 A 2  

(blue curve) against a pure ca lc ite  sam ple (b lack curve). The C to C ’ 

peak shift observed in Figure 5.20 is a consequence  of the substitution of 

m agnesium  ions in the crystal la ttice  (Lumsden 1979).
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Degrees (2i?)

Figure 5.20 XRD peak analysis of sample OA2 (blue) and of a pure ca lc ite  
standard (black). Detail of the dio4 ca lc ite  peak highligthing the shift in the 
sam ple’s peak (C -^C ).

Table 5.8 XRD determ ination of calcium  conten t in M g-calcite  (oligotrophic). 
The calcium  content was determ ined by the shift in the peak for the [104] 
plane. C om puted values of d-spacing are also reported (Chapter Four, 
Paragraph 4).

ID [104] Peak d-Spacing [CaCOa]
(20) (A) (% mole)

OAl 29.600 3.0143 92.8%

OA2 29.57° 3.0173 93.8%

OBI 29.540 3.0203 94.8%

OB2 29.53° 3.0213 95.1%

Tables 5.8 and 5.9 show the content (% mole) of calciunn 

carbonate within the lattice of the Mg-calcite precipitated in each set

up. As shown by the values reported in the tables, the addition of 

magnesiunn resulted in the formation of low Mg-calcite with magnesium 

substituting up to 10.53% mole of calcium. By plotting the data obtained 

for oligotrophic samples (Figure 5.21), it is possible to observe that higher 

initial urease activity resulted in a lower level of substitution. This would 

indicate that the higher supersaturation achieved by employing an
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initial UA of 10 mM h-' increased the precipitation rate of calcium  

carbonate  but hod only limited e ffect on the inclusion rate of 

magnesium. Figure 5.21 also shows that an increase in the Ca2+ : Mg2+ 

molar ratio of the initial solution produces a higher grade of magnesium 

inclusion.

Table 5.9 XRD determination of calcium content in Mg-colcite (eutrophic). The 
calcium content was determined by the shift in the peak for the [104] plane. 
Computed values of d-spacing are also reported (Chapter Four, Paragraph 4).

ID [104] Peak 

(20)

d-Spacing

(A)

[CaCOa] 
(% mole)

EAl 29.53° 3.0213 95.11%

EA2 29.60° 3.0143 92.78%

EA3 29.63° 3.0114 91.78%

EA4 29.70° 3.0044 89.47%

EBl 29.53° 3.0213 95.11%

EB2 29.58° 3.0163 93.44%

EB3 29.61 ° 3.0133 92.45%

EB4 29.62° 3.0123 92.12%

This can better be observed in Figure 5.22 where the results of all 

the samples (oligotrophic and eutrophic) treated with 5 mM h-' initial UA 

are plotted against the initial Co2+ : Mg2+ ratio. As expected, the 

percentage of substitution increases when lowering the ratio 

(Liebermonn 1967; Loste, Wilson et al. 2003). However, the results show 

that the initial molar ratio is a controlling factor over the initial calcium  

concentration: starting concentrations of 0.1 M (EA series), 0.2 M (EB 

series), 0.4 M (sample O A l) and 0.5 M (sample OBI) had no noticeable 

effect (Figure 5.23).
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Figure 5.21 Calcium content of M g-calcite  precip ita ted  in oligotrophic MICP 
test chambers prepared with different initial Ca^^ : Mg2+ molar ratios. Low 
urease activity and low Ca^^ ; Mg^+ molar ratios prom ote the inclusion of 
magnesium ions in the crystal lattice.
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Figure 5.22 Calcium content of M g-calc ite  samples formed in chambers having 
an initial UA of 5 mM h-1. Initial Ca^"" : Mg -̂  ̂ molar ratios are shown on the 
horizontal axis.
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Additionally, eu troph ic  choR ibers d id not a p p e a r to perform  

d iffe rently than o ligo troph ic  channbers as w ou ld  have been e xp ec te d . 

In fac t, b io log ica l grow th should hove increased the urease activ ity  of 

the  solution over tim e. In turn, this w ou ld  have resulted in a lower 

m agnesium  co n te n t o f the M g -co lc ite  be ing fo rm ed as observed for 

o ligo troph ic  treatm ents (Figure 5.21). It is specu la ted, how ever, tha t 

lim iting oxygen conditions in the sealed con ta ine r cou ld  have im pe d e d  

the grow th of S. p a s t e u r i i  as a lready observed by Whiffin (2004).
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▲ EA (Eutroph.) 

X EB (Eutroph.)
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Figure 5.23 Re-plot of Figure 5.22 showing the individual groups of samples and 
highliting that the initial molar ratio is a controlling factor over the initial calcium 
concentration. [Ca -̂ ]̂ = 0.1 M (EA series), 0.2 M (EB series), 0.4 M (sample O A l) 
and 0.5 M (sample OBI).

3.4 P r e c i p i t a t i o n  r a t e

In Figure 5.24, the  dry w e ig h t o f the p rec ip ita te  recovered  from 

e a c h  of the eu troph ic  cham bers is p lo tted  against the initial m olar 

co n cen tra tio n  of m agnesium  ions. The graph clearly shows tha t
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increasing concentrations of magnesium have a detrimental e ffect on 

the precipitation rate observed; in particular when the initial Ca2+ : Mg2+ 

ratio is higher than 1:1.5. The phenom enon could be explained by the 

stabilising role played by magnesium ions in the precipitation process of 

ca lc ite  (Loste, Wilson et ol. 2003; Meldrum and Colfen 2008). In fact, 

during the precipitation reaction, magnesium ions ore adsorbed onto 

the surface of growing calcite. While this promotes the incorporation of 

magnesium in the ca lc ite  lattice, magnesium ions are more hydrated 

than calcium  ions, creating a barrier to the growth of the crystal nuclei.
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Figure 5.24 Dry weight of recovered precipitates in relation to the initial 
concentration of magnesium ions. Initial ca lcium  ion concentrations were 0.1 M 
(EA series) and 0.2 M (EB series). The graph shows that increasing 
concentrations of magnesium have a detrimental e ffec t on the precipitation 
rate observed.

3 .5  I n t e r i m  c o n c l u s i o n s

While the availability of magnesium ions con lead to the formation 

of primary dolom ite in abiotic diluted solutions (Folk and Land 1975) and 

in b iom ediated ureolytic processes on solid mediums (Sanchez-Romdn, 

Vasconcelos et al. 2008), the results show that this cannot be achieved 

in the context of MICP soil improvement applications. The addition of
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magnesium to the reaction environment, instead, produced low Mg- 

calcite precipitates (Chapter 2, Paragraph 9.1).

The results show that reducing the initial Ca2+ : Mg2+ ratio could 

possibly result in the production of high Mg-colcifes or even dolomite. 

However, this could require ratios below 1:10 (Loste, Wilson et al. 2003; 

Sdnchez-Romdn, Vasconcelos et al. 2008) and the results show that the 

overall precipitation rate is significantly reduced by the presence of 

large amounts of magnesium ions, posing a practical limit to field 

applications. The results also indicate that this could not be countered 

by increasing the urease activity retained in the soil as this would 

consequently limit the inclusion of magnesium in the crystal lattice.

It is noted that only a portion of the magnesium ions provided 

would be contributing to the moss of cementing material, leading to a 

low economical and environmental performance of the treatment. 

Treatment with diluted solutions with an initial Ca2+ : Mg2+ ratio close to 

one could be considered as an alternative approach. However, this 

would require large volumes of cementation liquid when employed in 

field applications, with significant economical and environmental 

implications. For these reasons MICP of dolomite has not been 

investigated further in the context of this research.
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CHAPTER 6

R esults a n d  D i s c u s s i o n : U n s a t u r a t e d  So il s

1) Ex p r i m e n t  N. 4: Fe a s i b i l i t y  o f  a e r o s o l  d e l i v e r y

J . 1 G e n e r a l

Experiment N. 4 was designed to  prelim inarily establish the viability 

of aerosol delivery m ethods for MICP soil im provem ent in unsaturated 

soils. A provisional trea tm en t regim e v/as a d o p te d  for o ligo troph ic  and 

eu trophic protocols and tested on fine silica sand samples.

1 . 2  E x p e r i m e n t a l  s e t - u p

Four test columns w ere p repa red  w ith fine silica sand (300 pm -  

150 fjnn) as illustrated in C hap te r 4, Paragraph 6.2. Two columns w ere 

trea ted  using o ligo troph ic  protoco ls and 2 columns using eu trophic 

protocols.

Table 6.1 Summary of the treatment protocols employed. Blank samples were 
prepared by introducing dead S. pasfeur ii cells.

ID Protocol Bioaugmentation

0 1 O ligotrophic 100 mL - Live cells

O IB O ligo trophic 100 mL - Dead cells (blank)

El Eutrophic 100 mL - Live cells

ElB Eutrophic 100 mL - D ead cells (blank)

As summarised in Tables 6.1 and 6.2, o f the tw o columns 

com posing each  set, one was initially trea ted  with 0.1 L (approxim ate ly 2 

pore volumes) o f S. p a s fe u r i i  suspension (5.04 OD600; UA = 6.49 mM min ')
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delivered continuously a t a rote o f 0.25 mL min-' w ith a Cirrus® nebuliser. 

The second co lum n was p repared  as a blank and  initially tre a te d  w ith 

d e a d  S. pasteurii cells p repared by a u to c la ve  sterilisation o f a live 

cu lture (20 nnins @ 120° C).

Table 6.2 Composition of the cementation fluids employed.

Protocol [Urea] [Ca2+] [Yeast extract]

O ligotrophic 1 M 1 M OgL- i

Eutrophic 1 M 1 M 5gL- i

A fter in jecting the bacte ria , the columns w ere left to  rest for 12 

hours fo llow ing w h ich  the cem en ta tion  liquid was ap p lie d  in four 

ba tches as de ta iled  in Table 6.3. The cem en ta tion  liquid was de livered 

continuously a t a ra te  o f 0.25 mL min ' w ith a Cirrus® nebuliser. Following 

the last trea tm ent, e ach  sam ple was left to re a c t to 24 hours and  then 

tested for unconfined  compression strength (UCS) and  ca rb o n a te  

co n te n t as de ta iled  in C hap te r Four.

Table 6.3 Cementation treatment regime followed in Experiment N. 4. to was set 
as the end of the bioaugmentation treatment. The samples were left to react 
for 24 hours after each injection round.

Round 1 Round 2 Round 3 Round 4 Injection time

(to+12h) (to+36h) (to+60h) (to+84h) (continuous)

100 mL 100 mL 100 mL 100 mL 400 min @ 25 mL min '

The deve lopm en t o f the w etting  front o f samples 01 and  El was 

observed during the in jection of the process reagents. The 

a d va n ce m e n t o f the front was m onitored by measuring the he ight of 

the front as observed through the transparent co lum n a long an 

arbitrarily fixed vertical axis. O nce  the front reached  the to p  of the 

colum n, the liquid accu m u la ting  on the surface was regularly rem oved
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using a syringe to  ovo id  any ba ck flow  o nce  air pressure was rennoved in- 

be tw een  treotnnents.

1.3 C a r b o n a t e  c o n t e n t  a n d  U C S

All four sonnples w ere very poorly cem en ted . As shown in Table

6.4, only the samples trea ted  w ith live cells resulted in the deposition of 

m easurable am ounts o f ca lc ium  ca rb on a te . The low ca lc ium  ca rb o n a te  

con ten t recorded , 0.72% and 0.13% w /w  for eu troph ic  and  o ligo troph ic  

treatm ents respectively, provides a justification for the low  unconfined  

compressive strength (UCS) m easured in both samples.

Table 6.4 Calcium carbonate determination results and overall conversion 
efficiency (OCeff). While values are generally low, eutrohpic treatment (El) 
performed better than oligotrophic treatment (01).

ID CaCOa CaCOs Max CaCOs Max CaCOa O C eff

(gr (w/w) (a)* (w/w)

oi 0.219 0.13% 40 23.4% 0.54%

OIB b.d.l. b.d.l. 40 22.5% n.a.

El 1.328 0.72% 40 21.7% 3.32%

ElB b.d.l. b.d.l. 40 20.7% n.a.
# Total for the entire column
* Assuming total conversion of CaCb into CaCOa

Table 6.5 Unconfined compression strength test results. The very low values 
recorded are evidence of poor treatment performance.

ID Protocol UCS (wet)

O l O ligo trophic 8.5 kPa

El Eutrophic 7.0 kPa

Due to the lack of cohesion, only the tw o  samples trea ted  w ith live 

cells cou ld  be tested for UCS. The results of the tests ore listed in Table

6.5. Despite displaying co m p a ra b le  UCS values, the eu troph ic  trea tm ent
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performed better than the oligotrophic treatment and overall 

conversion efficiencies, OCeft, of 3.32% and 0.54% were respectively 

recorded. The different OCeff is interpreted as the effect of biological 

stress during nebulisation. In fact, the addition of nutrients in eutrophic 

treatments would have assisted the recovery of the bacteria during 

cementation.

However, both OCett values are very low when compared with 

efficiencies between 80% and 100% reported by Al Qabony et oi. (2012). 

Low efficiency could be associated with the stripping of ammonia and 

carbon dioxide from the deposited liquid. In fact, during the 400 minutes 

required to deliver the reagents, up to 3.2 m^ of air flow through the 

column which could lead to significant losses (volumetric air flow to 

volumetric water flow ratio: 3.2*10'*). The consequent low ammonium 

concentrations and unavailability of carbonate ions in the pore liquid 

would severely limit the calcium carbonate precipitation process (Ferris, 

Phoenix et al. 2004).

1 . 4  W e t t i n g  f r o n t  a n d  d e p o s i t i o n

The two samples (Ol and E l) displayed a distinct behaviour in the 

advancement of the wetting front. O l displayed a regular 

advancement of the front until liquid started accumulating at the top of 

the column. The results of the monitoring are shown in Figure 6.1. Up to 3 

pore volumes of liquid were necessary before the wetting front reached 

the surface of the column. This confirms that a large portion of the liquid 

droplets being injected in dry soils is transported through and outside the 

column (Dyer, Glew et al. 2012).

The wetting front of El was consistent with what observed for O l 

over the first 60 mL of injected liquid. Following that, fingers started to 

develop where the rapid displacement of liquid was observed (Figure 

6.2). Liquid started to accumulate at the top of the column after 80 mL
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w e re  de live red . As a result the  a d v a n c e m e n t o f the  w e ttin g  fron t c o u ld  

no t be  nnonitored.

y = 62.397ln(x)-199.21 
R" = 0.9554

Volume of injected liquid (mL)

Figure 6.1 Advancem ent of the wetting front observed in column O l. The high 
injected volumes required to advance  the front would be evidence of liquid 
being transported outside the column as a result of inefficient droplet 
deposition and stripping.

Oligotrophic

Homogeneous 
advancement 
of the wetting 
front

Flow

Eutrophic

Formation of 
fingers in the 
wetting front

Flow
Figure 6.2 Schematic representation of the different w etting front observed 
employing oligotrophic and eutrophic protocols with nebulised delivery 
systems.
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The phenomenon could be associated with the higher viscosity 

and wetting of the eutrophic liquid caused by the addition of yeast 

extract. As a result of the increased viscosity and wetting, larger volumes 

of nebulised liquid would becom e deposited at the base of the column. 

When approaching localised soil saturation at the bottom  of the 

column, the air pressure applied through the nebuliser would be 

sufficient to displace and drag the liquid along preferential pathways in 

the soil mass.

It should be noted that no percolation was observed throughout 

the experiment. Indicating that gravitational forces were insufficient to 

displace the liquid retained in the column during the reaction pauses. It 

can therefore be inferred that the moisture content of the samples was 

m aintained at all times below the field capac ity  limit (pendular or 

funicular regime).

/ .5  I n t e r i m  c o n c l u s i o n s

The results show that atomised delivery methods could be a viable 

approach for biogrouting applications of unsaturated soils. It is of 

significance, however, that the O C eff of the treatm ent appears to be 

seriously undermined by the necessity of prolonged injection periods 

which are required to deliver sufficient volumes of cem entation liquid. 

Eutrophic treatm ent protocols appear to perform better than 

oligotrophic methods as a result of stresses on the biological com ponent 

caused by the atomisation process. However, due to the likely stripping 

of reagents from the reaction environment both protocols resulted in 

very low treatm ent efficiencies (Chapter 2, Paragraph 1). A revised 

treatm ent regime, where treatments are delivered by alternating short 

injection rounds with short reaction pauses, could potentially improve 

the performance. By employing such a regime, most of the reagents 

delivered with the first ba tch  would have been deple ted before the 

second injection round could initiate the stripping process.

120



Crucially, th e  a b s e n c e  ot pe rco la t ion  losses, as  s e e n  in th e  co n tex t  

ot biorennediation applicat ions,  provides  a  strong argunnent  for the  use 

of nebul ised  delivery m e th o d s  in u n s a tu r a t e d  soils (C h a p te r  2, P a r a g ra p h  

9.1). The va lue  of otonnised delivery is further in c re a se d  w h e n  

considering MICP t re a tm e n ts  as  higher  t r e a tm e n t  e f f icacy  is e x p e c t e d  

w h e n  precipita tion occurs  in soils c h a r a c te r i s e d  by p e n d u la r  a n d  

funicular regimes (C h en g  a n d  Cord-Ruwisch 2012).
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2) E x p e r i m e n t  N. 5: A e r o s o l  d e l i v e r y  o f  MICP r e a g e n t s

2 . ] G e n e r a l

Experiment N. 5 was designed to assess the performance of a 

revised injection regime for the delivery of nebulised MICP reagents in 

unsaturated soils. Taking cue from the results of Experiment N. 2 (Chapter 

5, Paragraph 2) and Experiment N. 4 (Chapter 6, Paragraph 1), an 

eutrophic treatm ent protocol was selected based on the following 

observations:

• Development of a urease active biofilm around inter-particle 

con tac t points would increase the e fficacy of the treatment;

• Biological stress during atomisation results in low perform ance of 

oligotrophic treatments delivered by atomisation.

A pulsed injection regime is proposed as a possible way of improving 

efficiency by limiting the stripping of am m onia and carbon dioxide from 

the reaction environment. Additionally, a pulsed regime would also 

increase the number and density of air channels formed in the partially 

saturated soil at the later stages of the treatm ent (Chapter 3, Paragraph 

3.1). An increased number of air channels per unit of soil volume (were 

process reagents travel in the form of aerosols) would benefit the 

treatm ent by increasing homogeneity, and increase the retention of 

liquid reagents in the column by distributing the treatm ent to a larger 

portion of the soil moss (Glew 2009).

2.2 E x p e r i m e n t a l  s e t - u p

A total of three columns were prepared as deta iled in Chapter 4 

with fine (300 pm -150 (jm) silica sand. The bioaugm entation of each 

column was achieved by injecting 90 mL (approximately 2 pore 

volumes) of nebulised S. pasfeurii suspension (Table 6.6) at a rate of 0.25 

mL min '. Following bioaugm entation, the columns were left to rest for 12
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hours in order to a llow  for bacte ria l attachnnent. Each co lum n was then 

trea ted  with a cem en ta tion  solution p repa red  as de ta iled  in Table 6.7.

Table 6.6 Atomised delivery of S. pasteurii (bioaugmentation step). The ureolysis 
rate of the column is reported assuming 100% retention of bacteria. The 
relevance of this parameter will be discussed in Paragraph 2.4 below.

Column ID Volume Urease Activity OD600 Ureolysis Rate*

El 50 90 mL 5.20 mM min-’ 4.49 0.028 mol h '

E500 90 mL 6.18 mM min-' 5.24 0.033 mol h-'

El 000 90 mL 6.80 mM min ' 5.31 0.036 mol h-i
* Ureaolysis rate of the column, assuming 100% retention of bacteria

Table 6.7 Reagent concentration in the eutrophic cementation fluid.

Column ID [Urea] [Ca2-] [Yeast Extract]

El 50 0.15 M 0.15M 5.0 g L->

E500 0.50 M 0.50 M 5.0 g L-'

El 000 1.00 M 1.00 M 5.0 g L->

Table 6.8 Actual volumes and injection rate of atomised cementation fluid. The 
cementation treatment was delivered by alternating one hour injection periods 
with one hour reaction pauses, five times daily.

El 50 E500 El 000
mL mL min-' mL mL min-' mL mL min-'

Day 1 75 0.25 75 0.25 75 0.25

Day 2 70 0.23 70 0.23 66 0.22

Day 3 60 0.20 60 0.20 60 0.20

Day 4 60 0.20 60 0.20 60 0.20

The cem en ta tion  trea tm en t was de livered by a lte rna ting  one hour 

in jection periods w ith one hour reaction  pauses, five times da ily for a 

period of 4 days. As reported in Table 6.8, the vo lum e of cem en ta tion  

liquid delivered daily cou ld  not be kept constant. This was due  to the 

establishm ent of increasingly higher backpressures (> ISOkPa) a t the
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head of the nebuliser which limited the achievable airflow (range: 8 L 

min ' to 6 L min '). The increase of backpressure was interpreted as 

caused by a decrease of porosity in the sample brought about by the 

formation of calcium carbonate within the pore space. The reaction 

was stopped 12 hours after the last treatment by flushing 4 pore volumes 

of deionised water through each column.

As for Experiment N.4, any liquid seen to accumulate on the top 

surface of the column was manually removed with a syringe and the 

volume recorded. Despite removing the accumulating liquid, however, 

small volumes of cementation liquid were seen to percolate from the 

gravel pack into the sand column during the reaction period: resulting in 

increased availability of reagents in the top 20 mm (circa) of the 

column. During extraction, this section of the column was therefore 

carefully sawn off from the samples by pushing out the core and cutting 

it (together with the lining material) flush with the column edge. The 

samples were then prepared for DCS testing. Following UCS testing, two 

sub-samples were token from the bottom and top of the sample and 

prepared for calcium carbonate determination and SEM imaging.

2.3 C a l c i u m  c a r b o n a t e  c o n t e n t

Figure 6.3 illustrates the results of the calcium carbonate 

determination. Overall, the results indicate that there is a non-linear 

correlation between the concentration of calcium ions in the 

cementation liquid and the amount of calcium carbonate being 

precipitated. However, the graph highlights that precipitation did not 

occur homogeneously along the column. As a result of preferential 

deposition of droplets, larger amounts of calcium carbonate were 

precipitated close to the inlet. A coefficient of uniformity. Cum, can be 

used to evaluate the homogeneity of treatment along the column 

(Glew 2009):
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w here Ctop is the ca lc ium  ca rb o n a te  con ten t measured a t the to p  o f 

the co lum n and Cbot is the ca lc ium  ca rb o n a te  con ten t m easured a t the 

bo ttom  of the co lum n. Values of Cum  close to zero ind ica te  a uniform 

distribution whereas values close to one ind ica te  a low  uniform ity of the 

treatm ent. N egative values w ou ld  ind ica te  a higher deposition further 

aw ay  from the injection po int but, while possible, this is an unlikely 

occu rrence  w ith the set-up em ployed.

Care should how ever be taken in relating the Cuni to  the 

hom ogene ity  o f d rop le t deposition. In fac t, the form ation of fingers 

(Experiment N. 4) w ou ld  ind ica te  tha t ad d itiona l transport mechanisms 

(such as d isp lacem ent and  co nvec tion  of previously deposited  liquid) 

con tribu te  to the  distribution of reagents in the soil mass.
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Figure 6.3 Calcium carbonate content of El 50, E500 and El 000 presented as o 
function of [Cq2+] in the cementation liquid. Volues ore reported for sub
samples taken from the bottom and top of each DCS sample.

Table 6.9 Calculated coefficient of uniformity.

E150 E500 El 000

C oeffic ien t o f Uniformity [Cum] 0.427 0.282 0.380
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The values of Cum ca lcu la ted for the colurrins in this experinnent 

are reported in Table 6.9. E500 was the most homogeneously treated 

sample (C un i  = 0.282) whereas El 50 showed the lowest homogeneity with 

a Cuni value of 0.427. While variability in the param eter is noted the 

limited data  set does not allow for further interpretation.

2 .4  C o n v e r s i o n  e f f i c i e n c y

As seen in Table 6.10, the overall conversion efficiency, O C e f f ,  

recorded for Experiment N. 5, where a pulsed injection regime was 

em ployed, is significantly higher than w hat obta ined with a continuous 

flow in Experiment N. 4. In fact, for similarly treated columns, O C e t f  went 

from 3.3% (sample El, Experiment N. 4) to 23% (sample E l000, Experiment 

N. 5).

Table 6.10 Calcium carbonate  con ten t and overall conversion efficiency, 
OCeff ,  of E l50, E500 and E l000. A drastic drop in OCeff occurs when highly 
concen tra ted  solutions are em ployed.

ID CaCOs

(g)*

[CaCOs]
(w/w)

Max CaCOs

(g)*

Max [CaCOs] 
(w/w)

OCeff

El 50 2.20 1.3% 3.97 2.3% 55%

E500 4.79 2.7% 13.2 7.5% 36%

El 000 6.03 3.3% 26.1 14.3% 23%
# Total for the entire column (calculated from average values)
* Assuming total conversion of CaCb into CaCOa

However, efficiency remains generally low (< 55%) due to the 

inefficient deposition of droplets into the column. The volumetric 

deposition ratio. Ad,  is defined here as:

AKi -  (AV2 + AI/3)
= -----------W,----------- Eq. 4.2

where, AV; is the volume of atomised liquid delivered by the nebuliser, 

AV2 is the volume of atomised liquid directly transported outside of the
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column and AV3 is the volume of liquid removed by sparging. The values 

of Ad recorded over the 4 days of treatm ent are reported in Figure 6.4.

It is therefore possible to define the effective conversion 

efficiency, ECeff, by considering that only a portion. Ad, of the injected 

cem entation solution w'os actually available for the precipitation 

reaction:

^ ^ e f f  -  Eq. 6.3

The com puted values of ECeff are reported in Table 6.11. ECeff values 

exceeding 100% (E150 and E500) ore evidence of stripping (water).

■  ElOOO

Figure 6.4 Volumetric deposition ratio. Ad, over the 4 days of treatment.

Table 6.11 Effective conversion efficiency, ECeff,  ca lcu la ted  from average 
volumetric deposition ratios. Ad (Eqs. 6.2 and 6.3). Values of ECeff higher than 
100% are evidence of stripping of w ater caused by the air flow.

ID OCeff Ad* ECeff

El 50 55% 0.34 162%

E500 36% 0.31 116%

ElOOO 23% 0.36 64%
* Average values were computed from values reported in Figure 6.4
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While stripping of w ater can be considered negligible during short 

injection periods (Dyer, G lew et ol. 2012), the prolonged exposure of 

w etted pore surfaces to air flow from the nebuliser (8 L min ' to 6 Lmin-’ ) 

can result in significant losses of water (solvent). These losses would 

therefore result in higher reagent concentrations being present in the 

deposited liquid and in turn in EC eff > 100% being recorded. The data  

indicates that, for the set-up em ployed during the experiment, over 60% 

of the water (solvent) can  be removed by air sparging.

The drop in E C e ff  observed for increasing concentrations is 

explained by considering the residence time of the reagents in the 

column. In fact, one hour reaction periods were equally allowed for all 

the columns. This would be sufficient time for the near com plete 

reaction of the reagents deposited in E l50 but not in E500 and ElOOO. 

Table 6.12 reports the ureolysis rates of each column ca lcu la ted by 

assuming that all of the precipitation took p lace during the one hour 

reaction pause. Despite introducing some approximation, the average 

ureolysis rates so ca lcu la ted  suggest, as ind icated by the drop in ECeff, 

that a limit of approxim ately 3*10-3 mol h-' exists for the particular set-up 

em ployed. It is noted, that this value is one order of m agnitude smaller 

than the potentially ach ievab le  rate if all of the injected bacteria were 

retained in the colum n during bioaugm entation (Table 6.6). The low 

value (1.053*10-3 mol h-') recorded in sample E150 is evidence of the 

reaction being com ple ted  in less than one hour due to the smaller 

amounts of reagents in the cem entation liquid.

Table 6.12 Average ureolysis rates calculated for El50, E500 and ElOOO (whole 
columns). The values are one order of magnitude smaller than those 
achievable considering 100% retention of bacteria during bioaugmentation.

E150 E500 ElOOO

Ureolysis Rote (mol h-') 1.053*10-3 2.782*10-3 3.001*10-3
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2.5 U n c o n f i n e d  c o m p r e s s i v e  s t r e n g t h

Table 6.13 reports the UCS (wet) values re co rd ed  for e a ch  of the 

samples. As exp e c te d  the highest value, 374 kPa, was re co rded  for 

sam ple E l000 w here the ave rage  ca lc ium  ca rb o n a te  co n te n t was 3.3% 

w /w  (approxim ate ly 50 Kg m-3); whereas, no m easurable im provem ent 

was observed in sam ple E l50 w here on ave rage  1.3% w /w  

(approxim ate ly 18 Kg m-3) of ca lc ium  ca rb o n a te  was p rec ip ita ted .

Table 6.13 Unconfined compressive strength and average calcium carbonate 
content.

Column ID UCS (wet) [CaCOa]

El 50 6.6 kPa 1.3% w /w  (18 Kg m-3)

E500 121 kPa 2.7% w /w  (40 Kg m-3)

ElOOO 374 kPa 3.3% w /w  (50 Kg m-3)

As shown in Figure 6.5, the increasingly rock-like nature and 

brittleness of the  m ateria l leads to the form ation of typ ica l m ultip le shear 

planes and tensile failure surfaces (Zhao 2008). This is most ev iden t in 

sam ple E l000 and is consistent w ith failure m echanisms observed in 

columns trea ted  w ith conventiona l in jection m ethods (Append ix Two).

E150 E500 ElOOO

Figure 6.5 Failure surfaces during unconfined compression strength test.
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Figures 6.6 and 6.7 show a comparative analysis of the UCS and 

calcium carbonate data collected in this study, with the values 

recorded by Al Qabony et al. (2013) employing eutrophic protocols and 

delivered with conventional injection methods. While the data set of this 

study is relatively small, the results appear to confirm that higher 

efficacies (i.e. UCS/CaCOa ratios) are to be expected when treating 

unsaturated soils. As indicated by Cheng et al. (2012), this could be 

attributed to the presence of a partially saturated hydraulic regime 

which is, in turn, a result of the nebulised injection technique employed. 

This will be discussed in detail in Paragraph 5.5 of this chapter.
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Figure 6.6 Unconfined compressive strength and calcium  carbonate  content 
obtained. Data from this study (♦) is com pared to 0.5 M eutrophic treatments 
(A, ■, and x) using conventional injection methods in saturated soils (Al 
Q abany and Sogo 2013).

A more definitive comparison can be made with oligotrophic 

treatments. In this study, a measurable increase in strength was 

recorded where 40 Kg m-3 were deposited (sample E500). This value is 

significantly lower than what reported by several authors in oligotrophic 

treatments of saturated soils where at least 60 Kg m-3 were required for 

MICP to measurably improve strength (Whiffin, van Paassen et al. 2007; 

van Paassen 2009).
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Figure 6.7 Unconfined compressive strength and calcium carbonate content 
obtained. Data from this study (♦) is compared to 1.0 M eutrophic treatments 
(A, ■, and x) using conventional injection methods in saturated soils (Al 
Qobany and Soga 2013).

2.6 S t r u c t u r e  o f  t h e  i n t e r - p a r t i c l e  b o n d

As hypothesised earlier the bonding structures being formed in 

unsaturated soils are substantially different from those observed in 

saturated soils (Experiment N. 2). Figure 6.8 illustrates how calcium  

carbonate was precip ita ted within the confines of pore liquid retained 

by capillary forces. In the SEM im age it is possible to clearly identify 

smooth carbonate  surfaces, reminiscence of the menisci formed by the 

pore liquid. Interestingly, the air-water interface (AWI) becomes 

available as an additional surface for both bacteria l a ttachm ent (Fang 

and Logan 1999; Keller and Auset 2007) and carbonate  precipitation 

(Loste, Wilson et al. 2003). As illustrated in Figure 6.9, this led to the 

formation of a characteristic dual bond meniscus structure between soil 

particles.
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Figure 6.8 Cluster of sand particles held together by calcium  carbonate  bonds 
formed during the atomised delivery of cem enting agents (sample E l50). The 
calcium  carbona te  precip ita ted traces the shape of w ater menisci formed 
during the reaction time.

Secondary bond

Air-water interface

Primary bond

Common legend:

Newly formed calcium carbonate Cementation liquid Sand particle

Figure 6.9 Schematic representation of a fully formed dual bond meniscus.

132



Figure 
6.10 

S
chem

atic 
representation 

of 
the 

process 
leading 

to 
the 

form
ation 

of a 
dual bond 

m
eniscus 

structure.

Accumulation 
of bacteria

Air-water interfaceAir-water interfaceAir^ater interf^e

Accumulation 
of bacteria

Bond lip

Common legend

Multiplying bacteriaInjected bacteria

Newly formed calcium 
carbonate

Calcium carbonate

Cementation liquidSand particle



While the formation mechanism of the primary bond is consistent 

with observations in Experiment N. 2 for eutrophic samples, the formation 

process of the secondary bond is unique and can be described as 

follows;

1. Droplets of liquid are deposited on the surface of soil particles: 

forming characteristic menisci. Bacteria attach to the particle 

surfaces. Also, bacteria attached to the AWI accumulate at the 

edges of the menisci as a result of reduced surface tension forces 

(Zevi, Dothe et al. 2005), Figure 6.10(a).

2. Precipitation of calcium carbonate is initiated. The primary bond is 

formed within the confines of the menisci as described for 

saturated soils. At the some time calcium carbonate is 

precipitated on the surface of the AWI and close to the triple 

contact point air-water-soil. A lip of carbonate is therefore formed: 

raised above the particle’s surface (Figure 6.10(b)).

3. The precipitation process can continue until the secondary bond 

is formed. Noting that, the extent of the AWI is reduced and triple 

contact point is now air-water-carbonate (Figure 6.10(c)).

Figure 6.11 shows the detail of the carbonate lip in which it is 

possible to distinguish the rod-shaped cavities left behind by the 

bacteria attached to the AWI. While the carbonate lip is consistently 

formed throughout the samples, in samples E500 and E l000 the 

secondary bond often remains unformed (Figure 6.12). Complete 

formation of a secondary bond appears to be specifically subject to the 

amount of precipitation occurring at the AWI. It is, in fact, observed that 

E l50 displayed a widespread occurrence of fully formed secondary 

bonds, this despite the fact that lower amounts of calcium carbonate 

were precipitated in El 50 when compared to the other samples.
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50 tjm

Figure 6.11 Detail of a carbona te  lip (dashed line), sample El 50. Arrows 
ind icate where rod-shaped imprints of bacteria a ttached  to the AWI are mostly 
visible.

I  I
100 pm

Figure 6.12 Sample E500 showing the exposed edge of a carbona te  lip (a-b) 
where a secondary bond failed to form, and a fully formed secondary bond 
(c-d).
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The scarcity o f secondary bonds in heavily trea ted  samples is 

in te rp re ted  as mostly be ing a consequence  of: (1) re latively high 

supersaturation occurring  in the reaction  environm ent; (2) the surface 

tension of the cem e n ta tio n  liquid. As shown in Figures 6.13 an d  6.14 , 

cop ious am ounts o f am orphous spherulites ore p re c ip ita ted  on the 

surface of sand particles in both E500 and  ElOOO samples. E l50, 

how ever, showed p redom inan t form ation of ca lc ite , w h ich  w ou ld  lead  

to  co n c lu d e  tha t the  localised rap id  dep le tion  of the reagents in highly 

supersaturated environm ents m o d e  them  unava ilab le  for the 

p rec ip ita tion  a t the AWL It should be  no ted  tha t presence of em p ty  

spherulites in Figure 6.14 w ou ld  be ind ica tion  of Oswald ripening taking 

p la c e  (Zhou, Yoo et ol. 2010).

I 1 .  I  ; 

100 pm

Figure 6.13 Sample ElOOO showing the exposed edge of a carbonate lip (a-b), 
and a partially formed secondary bond (c-d). Vaterite spherulites formed 
within the confines of the menisci are clearly visible.
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Figure 6.14 Detail of voterite spherulifes and calcite crystals (E500).

The curvature of an air-liquid in te rface  where a pressure 

d iffe rence, AP, causes the surface to  curve is re la ted to the surface 

tension of the in te rface  (Annyx, Bass e t ol. 1960; Gennes, Brochard-W yart 

e to l.  2004):

w/here AP is the pressure d iffe rence curving the surface, y is the surface 

tension, and  rx and  ry are the radii o f curvature  a long pe rpend icu la r 

planes normal to the surface. AP, here is gene ra te d  by cap illa ry forces. 

Because the surface tension of a solution is d irectly  proportiona l to its 

ionic strength (Adannson and Gast 1997), it is possible to  con c lu d e  tha t 

the three liquids em ployed in the experim ent w ou ld  p roduce  d ifferent 

AWI surfaces (Figure 6.15). At equilibrium, the  ionic strength of E500 and 

E l000 w ou ld  result in larger AWI surfaces (Figure 6.13) w hen com p a red  

w ith E l50 (Figure 6.11). Therefore, s ignificantly larger am ounts of ca lc ium  

ca rb o n a te  w ou ld  be required to co m p le te  the secondary bond.

Eq. 6.4
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Figure 6.15 Schematic representation of the water meniscus between two soil 
particles for different ionic strengths of the solution and fixed capillary pressure: 
(a) high ionic strength, (b) medium ionic strength and (c) low ionic strength.

2 .7  F a i l u r e  o f  t h e  i n t e r - p a r t i c l e  b o n d

The failure nnechanism observed was consistent am on g  all 

samples and  Is best illustrated In Figure 6.16. Failure of the prim ary bond  

occurs w ith the same m ode  observed for eu trophic samples in 

Experiment N. 2. A hybrid failure surface, involving the b o nd -bon d  as 

well as the bond-pa rtic le  in te rface , represents the typ ica l m echanism  for 

prim ary bond  failure. When present, the secondary bond typ ica lly  fails a t 

the bond -bo n d  in te rface . The failure surface usually runs a long  the 

suture w here the lips to u che d  be fore  form ing the secondary bond . While 

it cou ld  be specu la ted  tha t the secondary bond  is likely to be  the first to 

fail, the order in w h ich  the bonds fail cou ld  not be con fiden tly  

de te rm ined  from the d a ta  ava ilab le .
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Figure 6.16 Failure of the primary and secondary bond. Imprint in the calcium 
carbonate surface of the top sand particle (a, b) along a bond-particle failure 
of the primary bond. Matching points along the failure surface of the 
secondary bond (arrows).

2 .8  In t e r i m  c o n c l u s i o n s

The experim ent successfully dem onstra ted the viability o f aerosol 

delivery m ethods for in-situ MICP using eu trophic protocols. In particular, 

ad op tin g  a pulsed in jection regim e significantly increased the overall 

pe rfo rm ance of the m ethod by de lay ing the stripping of volatile  

molecules to a tim e when the reagents w ere fully exp lo ited by the 

process. While stripping of w a te r was also observed, this hod no im p a c t 

on the e ffic iency  due to  the m itiga ting  e ffe c t o f increasing reagent 

concentrations.

Some lim itations have been identified  in the present tech no lo gy  

w hich m ake m ed ica l je t nebuliser unsuitable for large scale applications.

139



Among these, during the late stages of the treatment it was necessary to 

increase the pressure of the air entering the column to up to 150 kPa in 

order to maintain an airflow between 6 L min-' and 8 L min-' (on 

operational requirement of the nebuliser unit). This raises concern os it 

might lead to soil fracturing and weakening of the bonds so far formed; 

more so in a full scale application that usually would require larger 

amounts of cement to be precipitated. However, the use of alternative 

nebulisation units, where the nebulisation process is disjoint from the air 

feed, could address this limitation.

Additionally, the low overall conversion efficiency, OCeff. is a 

matter of concern with regards to the economical viability of aerosol 

delivery. However, low OCetf values are associated with the deposition 

rate of droplets which is bound to increase should larger volumes of soil 

be considered: increased retention time os a result of longer pathways 

through the soil and decreasing airflow speed (Chapter 3, Paragraph 3). 

As previously observed by Glew (2009), a relatively low homogeneity of 

the treatment is also among the limitations.

The concentration of the process reagents in the cementation 

liquid has shown to be a key factor for the design of the treatment 

regime and holding times. However, the length of the reaction pauses 

should be reviewed in the context of the biological potential of the 

eutrophic liquids employed as these appear to determine the urelytic 

potential of the soil column. In fact, in Experiment N. 5 the average 

ureolysis rate of the columns was found to be significantly lower (one 

order of magnitude) than what would have been granted by the initial 

urease injected in the column (up to 3.6*10-2 mol h '). Interestingly, the 

limit value recorded in Experiment N. 5 (circa 3*10-3 mol h-') was 

comparable with that recorded for similarly sized columns by other 

authors (circa 1.5*10-3 mol h-') which instead saw an increase from initial 

values of approximately 2*10-^ mol h-' (A! Qabany, Soga et al. 2012). 

Differences in the parameters between the two experiments do not
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allow for a definitive determ ination of the e ffect of nutrients but the 

results indicate that bacterial growth (or limits to it) should be considered 

as a relevant control factor (Chapter 2, Table 4.1 and Paragarph 5).

As hypothesised during the review of the work presented by 

Cheng et al. (2012), the DCS results and the SEM images ind ica te  that a 

more effective treatm ent (higher UCS/[CaC0 3 ] ratio)of unsaturated soil 

should be expected when com pared with treatm ent of saturated soils. 

Calcium carbonate is deposited within the confines of the menisci 

formed between particles. Therefore, calcium  carbonate is form ed at 

locations conveniently positioned to increase strength.
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Figure 6.17 Dual bond interpretation of the results presented by Cheng et al. 
(2012). (A) Pendular regime, the meniscus is too small and no distinction exists 
between primary and secondary bond. (B) Pendular regime, a secondary 
bond is formed producing a strength increase. (C) Funicular regime, the 
secondary bond is not complete and only the primary bond is contributing to 
strength; calcium carbonate content increases but is deposited on the surface 
of particles and at the AWl without increasing strength.

A key feature of the inter-particle bond formation process in 

unsaturated soils is the presence of a dual bond meniscus structure, 

where the AWl acted  as an additional deposition surface for both
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bacteria and calciunn carbonate. The SEM innages highlighted the role 

of local super saturation and ionic strength of the solution os factors 

controlling the formation of the secondary bond. Interestingly, the 

concept can be extended to the results presented by Cheng et al. 

(2012). When the ionic strength of the solution is kept constant, the 

shape of the meniscus in transitioning from pendular regime to capillary 

fringe would be consisted with Figure 6.15, where (c) represents the 

pendular regime and, (b) and (a) represent increasingly wet funicular 

regimes (Chapter 2, Paragraph 6.2). As seen in Figure 6.17 the presence 

of a dual bond could explain the results obtained using percolation 

treatment methods.
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CHAPTER 7

C o n c l u s io n s

1 )  B o n d  f o r m a t i o n , s t r u c t u r e  a n d  f a i l u r e

Overall the research has demonstrated that a significant nunnber 

of parameters have a bearing on the formation, structure and failure of 

the carbonate bond being formed during the MICP treatm ent of soils. 

Among these, the treatm ent protocol em ployed is considered to be the 

most relevant. In fact, the addition of nutrients, in the form of yeast 

extract or nutrient broth, was shown to control the abundance and 

distribution of S. pasfeurii in the context of pore scale phenom ena. This is 

the first time that a distinction between the two protocols is highlighted 

and the results indicate that the consequences of their e ffect on pore 

scale phenomena extend to the m acro scale. While oligotrophic 

treatm ent has been shown to be a viable protocol in this and other 

studies, eutrophic protocols would present the following advantages:

• Preferential retention of bacteria at or near inter-particle con tac t 

points;

• Constant biomass os determ ined by the am ount of nutrients 

provided;

• Requires less biomass to be in jected during bioaugm entation.

However, these advantages are partially off-set by the increased 

cost of the treatm ent associated with the addition of nutrients. 

Additionally, application in natural environments could be adversely 

a ffected  by the growth of indigenous bacteria species (biofouling).

Most crucially, the research presented here suggests that 

eutrophic protocols, when com pared with oligotrophic treatments, 

would produce a larger increase in a soil's strength for a given increase
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in carbonate content. Therefore a correlation between calciunn 

carbonate content and unconfined connpressive strength should be 

assunned limited to within the context of a specific treatment protocol. 

However, while the presence or absence of nutrients in the cementation 

solution has shown to control the structure of the bond, it is unclear if the 

higher efficacy of eutrophic protocols is to be ascribed to stronger 

bonds or to strategically located precipitation of calcium carbonate. 

The latter aspect would appear to be more relevant but the different 

failure surfaces observed for oligotrophic and eutrophic samples imply 

that further investigation would be required.

The mineral composition of the soil matrix has shown to 

significantly affect the deposition pattern of calcium carbonate. When 

compared to silica sand, carbonaceous sand has shown to promote the 

widespread and abundant precipitation of calcium carbonate by 

promoting the deposition of bacteria as well as by providing surfaces 

that promote the growth and nucleation of calcium carbonate crystals. 

However, these were broadly distributed over the particles’ surfaces 

indicating that higher precipitation efficiency could come at the cost of 

reduced efficacy of the treatment; especially when the treatment is 

designed to produce a mild cementation. Failure surfaces in 

carbonaceous sand could not be clearly identified indicating that the 

newly formed calcium carbonate is intimately bound to the soil particles. 

Therefore, failure models of carbonaceous matrixes should be extended 

to include particle-particle failure surfaces at the pore scale; in particular 

when considering heavily cemented soils.

Provided that the particle size of the matrix allows for effective 

treatment, its im pact is seen to be limited to the bioaugmentation 

injection. In fact, fine sand has shown to retain larger amounts of 

biomass during this phase when compared to medium sand. The 

consequences would be more evident in oligotrophic treatments where 

the initial bioaugmentation is required to deliver sufficient urease
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enzyme for fhe completion of the treatment. Conversely, when 

employing eutrophic protocols, biomass appears to be controlled by the 

amount of nutrients added to the cementation solution. This is 

considered a key finding because improved mathematical models will 

have to account for changes in the retained urease activity occurring 

as a result of nutrient additions. Therefore, future research on this aspect 

of MICP should focus on providing quantitative relationships between 

the amount and type of nutrients added to the cementation solution, 

and the urease activity present in the soil.

When compared to saturated soils, the treatment of unsaturated 

soils resulted in the formation of substantially different bonding structures. 

A key feature of the bond formed in unsaturated soils is represented by 

the possible formation of a dual bond meniscus structure between 

particles. The presence, or absence, of the secondary bond has shown 

to be strongly related to the shape of the meniscus formed during the 

cementation phase. This is controlled by the occurring capillary forces 

which are in turn determined by the soil’s saturation regime and by the 

ionic strength of the cementation solution. Therefore, characterising the 

dual bond meniscus structure has allowed to improve the interpretation 

and understanding of macro scale properties of MICP applications in 

unsaturated soils. Evidence suggest that a higher efficacy should be 

expected when treating unsaturated soil, which further reiterates the 

need to contextualise any correlation that might be established 

between the calcium carbonate content of a sample and its 

mechanical properties. The literature to date has mostly focussed on the 

biogrouting of saturated soils, future research should be directed at 

providing further knowledge on the application of biogrout to 

unsaturated soils in order to assist the development of dedicated 

computational tools.
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2 )  A t o m i s e d  d e l i v e r y  o f  p r o c e s s  r e a g e n t s

The results demonstrated the viability of aerosol delivery methods 

for in-s i fu  MICP when eutrophic protocols are em ployed. A key 

advantage is represented by the ability to prevent the loss of liquid 

reagents by percolation. Some limitations have been, however, 

identified in the present technology v\/hich make m edical je t nebuliser 

unsuitable for large scale applications. A shown in Table 7.1, a 

substantial improvement would be produced if the air flow and the 

atomisation process were independent of each other.

Table 7.1 Limitations and potential improvement delivered by a delivery system 
where atomisation is independent of air flov\/.

Issue Improvement

Elevated/increasing 
injection pressure

Limited flow of nebulised 
liquid

Low uniformity of 
distribution

Low overall conversion 
efficiency

Independent control of the air pressure/flow 
vv/ould allow to adjust the injection system to 
the reducing porosity of the soil.
A nebulizer unit independent of the airflow 
would allow to deliver larger volumes of fluid. 
Complete independence cannot however be 
achieved as a high liquid/carrier flow ratio 
would lead to droplet colescence.

In a dual system, the size of the droplets could 
be adjusted during the process to control the 
distance at which droplets are deposited. 
Additionally, air could be injected (without 
aerosol) to improve uniformity by displacing 
previously deposited liquids.

The low conversion efficiency is mostly 
associated with a proportion of fine droplets 
being transported beyond the treatment area. 
This is considered a minor limitation in the 
context of large scale applications. However it 
highlights the need to select a nebulizer unit 
capable of producing a fine band of droplet 
size which can be adjusted to suit specific field 
conditions.
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The use of atomised delivery systems, however, was unsuitable for 

the application of oligotrophic protocols. This was ascribed to the e ffect 

that biological stress hod on S. pasteurii as a result of exposure to the 

high energy environment of the nebulisation process. The presence of 

nutrients in eutrophic cem entation liquids would hove m itigated the 

negative effects of nebulisation by sustaining the recovery of microbes 

once these becam e deposited in the soil.

Atomised delivery of MICP reagents in unsaturated soils is a 

promising technology and future research should focus on overcom ing 

the issues identified in Table 7.1. Interestingly, the technology could also 

be extended to the MICP treatm ent of saturated soil. In fact, the 

dewatering of a soil brought about by the introduction of a gaseous 

carrier such as air would lead to the establishment of a temporary 

partially saturated regime. This could potentially lead to the 

developm ent of w idely app licab le  technologica l solutions.

3 )  D e p o s i t i o n  o f  d o l o m i t e

The results obta ined in this study showed that the deposition of 

primary dolom ite is an unlikely occurrence in the present context of 

MICP for soil improvement. However, future research should investigate 

the potential role of additives in assisting the precipitation of low 

tem perature dolom ite from solutions containing calcium  and 

magnesium ions.

The addition of magnesium ions to the cem entation solution has 

proven to promote the formation of stable ca lc ite  over a less stable 

vaterite cem ent. However this was not investigated further in this study. 

Future research should investigate the role of small magnesium additions 

as an MICP additive.
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4 )  L i m i t a t i o n s  o f  t h i s  s t u d y

One of the main limitations in this study is represented by the use 

of relatively uniformly graded soil samples. Therefore, the results and 

conclusions presented are mostly valid within the context of this 

limitation. However, some of the conclusions could be cautiously 

extended to graded soils where the fine com ponent is mostly 

represented by fine to medium sand.

Another relevant limitation is represented by the scale of the 

study. Bench-top experiments were deem ed sufficient for the 

investigation of pore scale phenom ena. However, the use of m edical jet 

nebulisers in small test columns highlighted the unsuitability of such a 

nebuliser unit in the context of field applications. It is therefore assumed 

that, while informative, the validity of considerations regarding uniformity 

of the treatm ent and overall conversion efficiency is limited to small 

scale experiments when atomised delivery is considered.
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Urease Activity from Electrical Conductivity Measures
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400 ~
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200 I
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Annex 1 Standard curve of electrical conductiv ity change and amm onium  
concentration after com ple te  hydrolysis of urea (Whiffin 2004).

Derived correlations;

A u r e a  (rriM) =  11.11 A e c  (rnS) (R 2  = 0.9988)

A u r e a  (mM) =  0.5 A ;vH 4 (mM)  (R 2  = 0.9991)

Urease Activity pH Correction Curve

45 1

„  40 -

20 -

-2.0942x^ + 29.226X - 60 868 
= 0.9722

6 0 10 05 5 6 5 7 0 7 5 8 0 8 5 9.0 9 5
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Annex 2 Effect of pH on urease (standard) activity and fitted polynomial curve 
(Whiffin 2004).

Correction factor:

/ Std. Activitypf^y\
Act imty ,„ ,  =  x  Activ ity ,^ ,



Scanning Electron Microscopy
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Annex 3 Schematic representation of an SEM with EDX capability  
(h ttp ://w w w4.nau.eclu).



Image

Beam

BS Detector
Sample surface

f-

SE DetectorBeam

Sample surface

Image

Annex 4 Difference betw een backscatter detection  (BSD) and secondary 
electron detection  (SED). BSD greyscale are determ ined by the density 
(composition) of tine material. SED greyscale represents topography: samples 
appear illuminated from the side because of the position of the detector.

Backscatter detecto r

^  -

r  -

Secondary electron detector

Annex 5 The two images show the same portion of a silica sand particle 
covered by a number of small calcium  carbona te  deposits. The im age on the 
left was acquired through the BSD and allows to discriminate betw een 
materials on the basis of density (carbonate is a lighter shade of grey). 
However, SED provides a better view of surface roughness, topography and 
structure (lighting from top  left corner is clearly identifiable), a and b ind icate 
locations where the difference is particularly evident.
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Backscatter detector

Secondary electron detector

Annex 6 The innage shows two silica sand samples imaged using BSD (top) and 
SED (bottom). BSD highlights the distinction that exists between calcium 
carbonate crystals (bright white) and the silica material beneath (darker grey). 
However the crystals appear with rounded smooth edges. Conversely SED 
allows to make a distinction solely based on topography and structure. Calcite 
crystals formed between the two sand particles clearly identified and display 
sharp, distinct edges.
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X-Rgy Diffraction Peak Analysis

Structure of the 
crystal lattice

Annex 7 Schematic representation of an x-ray beam  scattered by the atoms in 
a crystalline structure. When Bragg’s law is satisfied the waves interfere 
constructively generating a peak (in-phase refraction).

/  %

x-ray >(-rav
s o u rc e / 7. . .  ...A  \d e te c to r

0 /  I n n V rI.....................■■ I 120
\  Sample
\  stage

Annex 8 Schematic representation of a set-up for X-Ray diffraction analysis. 
Source and de tec to r are m oved along the circum ference in steps (20 is 
incremented). Image from http ://chem w iki.ucdavis.edu.
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Bragg’s Law (constructive interference):

where:
0 = incident angle 
n = integer
A = wave length (1.54A tor Cu ka) 
d = distance between planes in the crystal lattice
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Barometric Determination of Calcium Carbonate Equivalent

O-Rii

'//////////z ^  .'/A

Calibrated 
Pressure Gauge 
(%CaC0 3 )

/ Pressure Relief 
Valve

Typical Range of Dimensiiins, mm

Ring Seals

Reaction Cylinder 
(Reactor) of Dear 
Plastic

Acid Cup of Clear 
Plastic with bail 
handle to Iwld 20 mL 
of acid

Param«t#r Maximum Minimum
B 13 6.4
D 76 38
H 140 100
T 32 19
1 10 6.4

Annex 9 Schematic representation of an apparatus for the barometric 
determination of calcium carbonate (ASTM D4373-02).

Annex 10 Summary of calcite equivalent values for different carbonates (ASTM 
D4373-02).

Carbonate Specie Cation Calcite Equivalent
Magnesite Mg 117.0%
Dolomite Mg, Co 108.6%
Calcite Ca 100.0%
Aragonite Ca 100.0%
Rhodocrosite Mn 87.1%
Siderite Fe 86.4%
Smithsonite Zn 79.8%
Whiterite Ba 50.7%
Cerrusite Pb 37.5%
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Average (kPa)
Linear (Average (kPa))60

y = 58.864X 
R' = 0.9976
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1.2

Annex 11 Calibration curve employed in this study. Average values were 
calculated from duplicate tests.

Derived correlation:

CalciteEqig) =  1-699 x 10“  ̂ x P (kPa) (R2 = 0.9976)
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Unconfined Compressive Strength Test

Load frame

 Force measuring device

Top platenAxial deformation 
dial gauge

Test specimen

Bottom platen

Drive
unit

Annex 12 Schematic representation of a load frame for unconfined 
compression strength test (BS 1377-7:1990).

Annex 13 Details of the proving rings (force measuring device) employed in this 
study. Rings were selected on the basis of visual observation of the sample.

Visual Ring N«> Range* Constant (k)*
Soft 10588 0 -  0.05 kN 1.93x10-4 kN/div

0 .05-0 .1  kN 1.91x10-4 kN/div
Hard 10858 0 - 0 .2  kN 7.7x10-4 kN /div

0 .2 -0 .6  kN 7.6x10-4 kN /div
* Calibration values provided by the supplier.
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Medical Jet Nebulisers

120 kPa

Air tigh t 
connection

Liquid sourceCL

O
00

Q_

A irtig h t seal

Air pressure source300 kPa

Annex 14 Schematic representation of the modifications (red) carried out on 
Cirrus® nebuliser to a d o p t it to the working conditions encountered in this study. 
The seal was obta ined using a suitably sized rubber o-ring whereas the 
connection was a PVC 3/32” to 1 /1 6” reducer (The West Group Ltd.)

10%

5 %

1000 .5
Particle S ize  (|Jnn)

Annex 15 Particle size distribution of aerosol generated by a Cirrus® nebuliser 
operating at 8 L min-' (180 kPa). Data provided by the supplier (Intersurgical 
Ltd. 2009).
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Test column set-up

Annex 16 (a) Preliminary colum n design showing a sample where pressure 
fracture occurred (white arrow). The design was abandoned, (b) Revised 
column design where a confinem ent system was introduced a t the top  of the 
column. The gravel pack was p lace  a t the top of the sand sample to improve 
the distribution of the confining forces.
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Experiment N. 1: Carbonate distribution

MIRAW TESCAN
SEM MAG: 1.32 kx Pet: BE Detector 50 |jm

Annex 1 SEM im age of silica sand samples prepared as part of preliminary 
work. The preliminary experiment replicated work from the literature (van 
Paassen 2009). Calcite crystals are seen to coalescence in to polycrystalline 
structures. The imprint of a de tached  particle is visible in the left half of the 
image.

TCHim Electron lm «g« 1

Annex 2 Element analysis of sample OB3. The EDX functionality allows 
confirming the nature of the solid being observed: (left) calcium  carbonate  
bond, (right) silica sand particle.



SEM HV: 20.00 kV 
SEM MAG; 1.85 kx

WD: 16.47 mm 
Det; BE Detector 50 Mm

MIRAW TESCAN
m

Annex 3 SEM image of sample OAl showing crystalline calcite forming 
inbetween particles of silica sand.

SEM HV: 5.00 kV 
SEM MAG: 1.75 kx

WD: 11.83 mm 
Det: SE Detector 50 [jm
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m

_________ MA.

Annex 4 Sample ODl showing wide spread precipitation of calcite over the 
exposed surfaces of a carbonate sand particle.

Ill



■ i t : .,- . :
WD: 26.16 mm 
Det: BSE

MIRAW TESCANSEM HV: 20.00 kV 
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Annex 5 Sample EA2 showing the carbona te  bond formed between silica sand 
particle employing eutrophic treatments.

SEM HV: 20.00 kV WD: 20.78 mm MIRAW TESCAN
SEM MAG: 173 x Det: BE Detector 500 pm

Annex 6 Sample OB4 showing a large group of silica sand particles held 
together by ca lc ite  bonds.
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Experiment N. 2: Carbonate bond

SEM HV: 20.00 kV WD: 11.51 mm
SEM MAG: 573 x Det; BE Detector

MIRAWTESCAN

Annex 7 Sample EEl showing a bond particle failure surface where the imprint 
of the de tached  particle is clearly visible. An in tac t bond is also visible where 
calcium  carbonate  domes are "colonising” the surface of the silica particle as 
a result of eutrophic treatment.

M RAW TESCANSEM HV: 5.00 kV 
SEM MAG: 764 x

WD: 11.48 mm 
Det: SE Detector 100 |jm

Annex 8 Sample EE2 showing an eutrophic bond form ed in carbonaceous 
sand. Calcium carbonate  is mostly precip ita ted as micro ca lc ite  as a result of 
the carbonaceous nature of the sand particle. The arrows show the “suture".
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SEM HV: 20.00 kV 
SEM MAG: 236 x

WD: 21.23 mm 
Det: BE Detector

MIRAWTESCAN

Annex 9 Sample OEl showing large monolithic bonds formed between silica 
particles during oligotrophic treatment.

SEM HV: 5.00 kV 
SEM MAG: 2.67 kx

WD: 12.24 mm 
Det: SE Detector 20 |jm

Ml RAW TESGAN

Annex 10 Sample OE2 showing the detail of a ca lc ite  crystal on a 
carbonaceous sand particle.
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SEM HV: 20.00 kV WD: 18.81 mm
SEM MAG: 12.67 kx Det; SE Detector

MIRAW TESCAN 

____________ Hi-

Annex 11 Detail of ca lc ite  crystals growing on the surface of silica sand. The 
sample was obta ined during preliminary work employing oligotrophic injection 
methods.

SEM HV: 20.00 kV WD: 16.59 mm
SEM MAG: 10.71 kx Det: SE Detector

MIRAW TESCAN

Annex 12 Sample OEl showing the detail of bacteria l imprints left in newly 
formed calcium  carbonate.



Experiment N. 3: Magnesium in MICP applications
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Annex 13 Powder XRD, diffraction pattern of sample OAl
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Annex 14 Powder XRD, diffraction pattern of sample OA2
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Annex 15 Powder XRD, diffraction pattern of sample OBI
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Annex 16 Powder XRD, diffraction pattern of sample OB2
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Annex 17 Powder XRD, diffraction pattern of sample EAl
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Annex 18 Powder XRD, diffraction pattern of sample EA2
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Annex 19 Powder XRD, d iffraction pattern of sample EA3
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Annex 20 Powder XRD, d iffraction pattern of sample EA4
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Annex 21 Powder XRD, d iffraction pattern of sample EBl
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Annex 22 Powder XRD, d iffraction pattern of sample EB2
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Annex 23 Powder XRD, diffraction pattern of sample EB3
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Annex 24 Powder XRD, diffraction pattern of sample EB4
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Annex 25 Reactor vessels employed in Experiment N. 1
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Experiment N. 4: Feasibility of aerosol delivery

Sample 01 Sample El

Annex 26 DCS test samples after failure.
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Annex 27 Sample 01 DCS (wet) stress-strain curve.
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Annex 28 Sam ple E l, UCS (wet) stress-strain curve.
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Experiment N. 4: Feasibility of aerosol delivery

Annex 29 Failure after DCS test of sample treated with conventional injection 
methods, (a) preliminary work in this study using oligotrophic protocols, (b) work 
presented by Al Q abany et al. (2013) using eutrophic protocols.
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Annex 30 Sample El 50 DCS (wet) stress-strain curve.
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Annex 31 Sample E500 UCS (wet) stress-strain curve. Data beyond the point of 
failure could not be recorded due to the com ple te  collapse of the sample.

400

350

300

250
nj
Q. 200
o

150

100

50

0
5 6

strain (%)

10

Annex 32 Sample E l000 UCS (wet) stress-strain curve. Data beyond the point of 
failure could not be recorded due to the com ple te  collapse of the sample.
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MIRAW TESCAN
m

SEM HV: 20.00 kV 
SEM MAG: 213 x

WD: 15.21 mm 
Det: BE Detector 200 |jm

Annex 33 Sample El 50 showing a cluster of particles where numerous primary 
and secondary bonds can be seen to fail. Letters ind icate m atching parts of a 
bond.

SEM HV: 20.00 kV 
SEM MAG: 1.55 kx

WD: 15.07 mm 
Det: SE Detector 20 pm

MIRAW TESCAN
m

_________ K L
Annex 34 Sample El 000 showing calcium  ca rbona te  deposited betw een the 
AWI and the surface of a particle. Bacteria imprints are visible in the foreground 
deposit. W idespread formation of spherulites is eviedent.
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