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Preface

This thesis is conducted as an extensive litterature review on the research con-
ducted on microbiologically induced calcite precipitation (MICP). The thesis is the
finalization of the master's degree programme in civil and environmental engi-
neering and conducted as part of the course TBA4900 at NTNU. The main super-
visor of the study has been Prof. Rao Martand Singh at the department for civil

and environmental engineering at NTNU.

This study is conducted with the aim to evaluate the viability of MICP using S. pa-
steurii as an alternative and more sustainable method for ground improvement,
including cold climate ground conditions. The extended aim of the thesis is to
contribute to the work being conducted by researchers around the world to devel-
op suitable strategies for implementation of MICP and to adress the challenges
facing the implementation in situ. The work is aimed at an audience within geo-
technical engineering and others that work with or have an interest in ground im-
provements. I would like to express gratitude for the guidance and support of

Prof. Rao Martand Singh throughout the spring semester.
Trondheim 09.07.2021

it Kyolle

Arild Kjglle



Summary

Microbiologically induced carbonate precipitation (MICP) have the potential to be
an alternative and more sustainable method for ground improvement, which can
reduce the use of cement products, is less intrusive to the soil and have a lighter
footprint on the terrain. MICP uses bio-mineralization induced by ureolytic bacteria
through ureolysis which leads to precipitation of calcium carbonate (CaCOs) usu-
ally in the form of calcite. This mineral act as a binder that cement the particle
contacts and increase the shear strength and stiffness of the soil or reduce the
porosity and permeability of the soil. The major part of the studies on MICP have
been conducted on granular soils, while a smaller number on cohesive soils. The
work of this thesis have been conducted as an extensive litterature review on
MICP, where the research aim is to evaluate the viability of MICP with S. pasteurii
as a method for ground improvements including its viability in cold climate ground
conditions. The evaluation is conducted on the basis of the research objectives,
which are to research S. pasteuriis suitability for MICP in soils, the factors affect-
ing the MICP process, the acheived enhancement of shear strength in MICP-treat-
ed granular and cohesive soils, the resulting residual permeability in MICP-treated

granular soil and the challenges facing the in situ implementation of MICP.

The findings show that ureolysis by S. pasteurii and consequent precipitation is
viable in both granular and cohesive soils under oxic conditions and at tempera-
tures in the range 4-50°C. For MICP-treated granular and cohesive soils, the shear
streng-th is significantly increased with increasing calcium carbonate concentration
(CCC), where the relation is exponential in MICP-treated sands. The degree of
reduction in permeability of MICP-treated sands increases with increasing CCC,
particle size and porosity, while dilatancy and brittleness at low strain increases
with increasing CCC. Strain-hardening behaviour in MICP-treated clay increases
with increasing CCC, while brittleness increases with increasing CCC in silty clay.
The research show that the implementation of MICP in situ faces some challenges,
where potential solutions are indicated for uniform spatial distribution of CaCO3
binder, removal of NH4" in granular soils and controllability of the precipitation
rate, which govern the cementation pattern and hence the residual permeability
post-treatment in granular soils. The cementation pattern is however indicated to
be affected by degree of saturation, independent of the precipitation rate. The re-
search do not provide indications on viability for precipitation or cell growth under

anoxic conditions, removal of NH4* through rinsing or low pressure injections in
iv



cohesive soils or distribution of CaCOs binder across low permeability layers in
stratified deposits with varying permeability. Further studies on the long-term du-
rability of CaCOs binder under cyclic FT is needed for a proper evaluation of the
viability of MICP in cold climate ground conditions.

This thesis conclude that MICP is evaluated to be viable using S. pasteurii in reg-
ions without cyclic FT under oxic conditions in granular soils. Ureolytic activity and
consequent precipitation under oxic conditions is found to be viable in cohesive
soils, while MICP at the current stage of development, is evaluated to not be viab-
le in cohesive soils such as fine silt and clay. This is due to the lack of strategies
that can enable distribution of fluids through low pressure injections in low perme-
ability soils nor rinsing of NH4* through injection and extraction of rinse solution in
low permeability soils. This thesis suggests an evaluation of two proposed approa-
ches to adress uniform distribution of binder in MICP-treated granular soil and in-

jection and distribution of binder in cohesive soils.



Sammendrag

Indusert mikrobiologisk utfelling av kalsiumkarbonat (MICP) har potensiale til 3 bli
en alternativ og mer baerekraftig metode for grunnforsterkning som kan redusere
bruken av sementbaserte bindemidler, er mindre forstyrrende for grunnen og har
et lettere avtrykk pa terrenget. MICP anvender bio-mineralisering gjennom hydro-
lyse av urea som leder til utfelling av kalsiumkarbonat (CaCOs), som oftest i form
av kalkstein som binder jordpartiklene sammen og gker skjeerfasthet og stivhet
eller reduserer porgsiteten og permeabiliteten i den behandlede jorden. Majoriteten
av forskningen pa@ MICP er utfgrt med hensyn pa friksjonsjordarter, og et mindretall
pa kohesjonsjordarter. Arbeidet med denne studien har blitt utfert som et omfat-
tende litteraturstudie av tilgjengelig forskning relatert til MICP, med det forsknings-
mal & evaluere egnetheten til MICP med S. pasteurii som metode for grunnfor-
sterkning, inkludert anvendelse av metoden under grunnforhold i kaldt klima. Eval-
ueringen er utfgrt pa basis av objektivene i denne studien, som er & undersgke S.
pasteurii sin egnethet som utgvende bakterie i MICP, de pavirkende og drivende
faktorene i MICP prosessen, oppnadd skjaerfasthet i MICP-behandlet friksjons- og

kohesjonsjord samt reduksjon av permeabilitet i MICP-behandlet friksjonsjord.

Resultatene i denne studien viser at hydrolyse av urea med S. pasteurii og pafgl-
gende utfelling av CaCOs kan skje ved 4-50°C under forhold med tilgjengelig oksy-
gen i bade friksjons- og kohesjonsjord. For MICP-behandlet sand og kohesjons-
jordarter sa gker skjaerfastheten betraktelig med gkende konsentrasjon av kalsi-
umkarbonat (CCC), hvor gkningen er eksponentiell for sand. Graden av reduksjon i
permeabilitet for MICP-behandlet sand gker med gkende CCC, kornstgrrelse og
porgsitet, mens det observeres gkende sprghet ved lav tgyning og gkende dilatans
med gkende CCC. For MICP-behandlet leire sd observeres gkende kontraktant opp-
fgrsel og skjeerfasthet ved gkende CCC, mens MICP-behandlet siltig leire viser
gkende sprghet med gkende CCC. Funnene i denne studien tilsier at implementer-
ing av MICP in situ star ovenfor noen utfordringer. For friksjonsjord sa indikerer
forskningen mulige Igsninger og gjennomfgrbarhet for uniform distribusjon av
CaCOs, fjerning av NH4* etter behandling og kontroll av utfellingsraten som er styr-
ende for mgnsteret pd sementeringen i.e restpermeabiliteten. Det bgr noteres at
det er funnet indikasjoner pa at mgnsteret pa sementeringen kan pavirkes av

graden av vannmetning, uavhengig av faktorene som kontrollerer utfellingsraten.

Vi



Det er ikke funnet noen indikasjoner i forskningen pa gjennomfgrbarhet for hyd-
rolyse av urea eller cellevekst under forhold med begrenset tilgang til oksygen,
fjerning av NH4* i kohesjonsjord, injeksjon og distribusjon av bakterie- og semen-
teringslgsning i kohesjonsjord eller distribusjon av CaCOs pa tvers av lag med lav

permeabilitet i lagdelte masser med varierende permeabilitet.

Konklusjonene er at MICP med S. pasteurii er evaluert til 8 veere egnet i friksjons-
jord som ikke er gjenstand for sykliske fryse og tine (FT) prosesser under forhold
med tilgang til oksygen. Det er behov for videre undersgkelser rundt effekten av
syklisk FT over tid pa CaCOs for evaluering av egnetheten til MICP i kaldt klima.
P& ndvaerende tidspunkt i utviklingen, sa er MICP evaluert til 8 veere uegnet i ko-
hesjonsjord som fin silt og leire, grunnet mangel pa tilnserminger som kan reali-
sere distribusjon av flytende lgsninger ved injeksjoner under lavt trykk i jord med
lav permeabilitet samt fjerning av NH4* etter behandling i jord med lav permea-
bilitet. Denne studien foreslar en evaluering av to tilnaerminger som muligens kan
lgse utfordringer ved uniform distribusjon av CaCOs i friksjonsjord samt injeksjon

og distribusjon i kohesjonsjord.

Vii
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1. Introduction
1.1 Background

Soil is a natural material made up of mineral constituents of variable size, which
differ from the parent materials in their morphological, physical, chemical, and
mineralogical characteristics (Hamza and Anderson, 2005). As part of civil engi-
neering, it is often the case that the soil at locations where there are plans for
development of infrastructure or buildings, do not possess satisfactory geotech-
nical engineering properties to support the added load from the planned struc-
tures. Roads and railways are subject to settlements and instability in saturated
soft cohesive soils or loose granular soils. Dikes, dunes and slopes can experi-
ence a reduction in or loss of stability, coastlines and riverbanks are exposed to
erosion, while earthquakes can cause liquefaction in loose saturated sediments
and damage structures. In other cases, existing structures on soils that have ex-
perienced a reduction in its initial engineering properties which can affect the
stability of foundations or slopes, needs to be reinforced. Some times it is neces-
sary to reduce the permeability in the ground to reduce or limit diffusion of pol-
lued liquids from ground deposits, into the groundwater system. In other cases,
there is a need to control the flow of water into or around structures to maintain

stability.

To increase the strength and stiffness or reduce the permeability of soils, metho-
ds such as cement grouting, mass stabilization mixing (MSM) or deep soil mixing
(DSM) with cement, lime or chemical binders, are often applied. These binders,
bridge the particles together through cementation and reduce the voids in the
material, hence making the material stronger, stiffer and denser. However, these
methods for ground improvement have a high carbon footprint, are invasive to
the soil, are energy demanding and in general less sustainable for the environ-
ment. Cement is an integral part in most of the existing grouting and soil mixing
methods and the production of cement is according to (Andrew, 2019), assum-
ed to contribute to as much as 8% of the global CO, emissions. To acheive the
collective goal of reducing CO, emissions, the construction industry needs access
to innovative and more sustainable methods for ground improvement that will
contribute to reaching this goal. A path to reduce the adverse effects of ground

improvement with heavy machinery and cement based binders, is to develop a
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viable and more sustainable technique adapted from naturally occurring pheno-

mena such as bio-mineralization.

Microbiologically induced carbonate precipitation (MICP), is a relatively new tech-
nology that uses bio-mineralization through hydrolysis of urea (ureolysis) to in-
crease the stiffness and strength or reduce the permeability or porosity of soils.
This process involves ureolytic bacteria that produce the urease enzyme, which
degrade urea and in the presence of sufficient concentrations of dissolved calci-
um ions (Ca?*) and carbonate ( COs2"), precipitate calcium carbonate (CaCOs)
usually in the form of calcite, which act as binder between the soil particles. The
CO: released from bacterial respiration during ureolysis is sequestred through the
bio-mineralization process. However, ammonium (NH4*) and ammonia (NH3) is

generated as part of ureolysis and need to be removed from the treated soil.

The method has still not been widely applied in the industry as a commercial sol-
ution for enhancement of engineering properties in soils, where the implemen-
tation of MICP in situ faces some challenges such as acheiving uniform distribut-
ion of CaCOs binder within the treated area as well as injection of solutions and
flow of liquid in low permeability soils, treatment in anoxic conditions below the
watertable, controllability of cementation pattern and residual permeability as
well as removal of byproducts from the treated soil. There have been conducted
several studies on MICP with a collective aim to identify and adress these challen-
ges. For MICP to be a viable and competitive alternative to the traditional use of

cement based binders, these challenges need to be adressed.
1.2 Research aim and objectives

The degree of enhancement in shear strength and reduction in permeability or
porosity that can be acheived using MICP in granular soils have been extensively
studied, while fewer studies have been conducted on cohesive soils. Some of the
factors affecting the MICP process such as effects of pH, temperature, bacterial
density, concentration of cementation solution as well as effects of urease acti-
vity, temperature or pH on precipitation, have been extensively studied. There
are few studies adressing the effects of anoxic conditions, clay minerals and re-
stricted pore space on urease activity. Most of the research is conducted as lab
studies, while a few studies have been conducted as large scale field studies in

granular soils, whereas none in cohesive soils. Allthough several ureolytic
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bacteria have been investigated for the purpose of MICP, S.pasteurii seem to be
the most frequently used and is found to be the most robust and suitable causa-

tive agent for this purpose. The research aim of this thesis is to evaluate the:

e Viability of MICP with S. pasteurii as a method for ground improve-
ment in granular and cohesive soils, including viability in cold climate

ground conditions.

The evaluation is conducted on the basis of the research objectives of this thesis,

as listed below:

S. pasteurii as a causative agent for MICP in soils.
e Factors affecting the MICP process

e Acheived enhancement of shear strength and residual permeability in
MICP-treated granular soil

e Acheived enhancement of shear strength in MICP-treated cohesive soils.
e Challenges for implementation of MICP in situ
Limitations:

Due to restrictions tied to handling of bacteria, the planned lab investigations on
MICP at low temperatures in sand and cohesive soils, could not be conducted.
Given the low number of studies in the litterature adressing MICP at low tempe-
ratures, results from those studies would have contributed to a stronger basis
during evaluation of the viability of MICP in cohesive soils as well as in cold

climate ground conditions.
1.3 Thesis outline

The introduction in chapter 1 describes the background for the thesis, the re-
search aim and objectives as well as limitations of the work, while chapter 2
describes soil properties and mechanical behaviour of soils, geotechnical appli-
cations of cement and lime based binders as well as requirements for viability of
MICP as a commercial solution for ground improvement. In chapter 3, bacteria
in soils, ureolytic bacteria, geometric compatibility of soil and bacteria, hydro-
lysis of urea (ureolysis), factors affecting MICP, precipitation, crystal morpholo-
gy, cementation pattern, curing time, injection strategies and bacteria retent-

ion, are described. Chapter 3 further show comparisons of treatment with MICP



and cement or lime and it further describes larger scale field studies with MICP

in granular soils.

Chapter 4 describes results for shear strength, voulumetric response and reduc-
tion in permeability as well as the effect of cyclic freeze and thaw, wetting and
drying cycles and exposure to acidic rain, on the shear strength in MICP-treated
granular soils. Chapter 4 further describes results for shear strength and volu-
metric response in cohesive soils. In chapter 5, the results of the research in
this thesis are discussed in respect to the research aim and objectives, while
chapter 6 seek to give a conclusion on the research aim of the thesis through
the stated research objectives. Chapter 6 further state recommendations for

further work, while chapter 7 is assigned to the bibliography.

2. Soils

2.1 Particle shape and surface texture

It is noted by (Sandven et al., 2017), that the shape or morphology of the soil
particles can be charecterized as rounded or angular, while the surface by
smoothness or roughness. (Mitchell and Soga, 2005) describes the particle
morphology as spherical, rounded, blocky, bulky, platy, elliptical or elongated,
where sphericity depend on the elongation and roundness on the angularity.
(Sandven et al., 2012) further note that rock fragments transported under
glaciers, result in sharp and angular grains with a rough surface, whereas rock
fragments transported in water results in more rounded grains with a smoother
surface. Historically, particle morphology in soil mechanics are described by
comparing single grains against standard charts, such as the graphic presented

below.

High Sphericity O
Low Sphericity Q

Very Angular Subangular Subrounded Rounded Well
Angular Rounded

Figur 1. Shows grapic describing sphericity and roundness of grains. Graphic from (Powers, 1953)

2.2 Grain size
The particles in soils display large differences in size due to factors such as

mineralogy, structural strength of original rock and processes of erosion and

4



abrasion. The conditions during sedimentation, will according to (Sandven et al.,
2012) decide the distribution of coarser and finer particles in a given soil.
Soil particles are identified according to their size, as presented in the table

below.

Tabell 1. Lists denotation of particles based on particle size. Data adapted from (Sandven et al.,
2017)

Principal denotation Sub-denotation Grain size [mm]
Block - > 60
Cobbels - 600-60
Gravel Coarse 60-20
Medium 20-6
Fine 6-2
Sand Coarse 2-0,6
Medium 0,6-0,2
Fine 0,2-0,06
Silt Coarse 0,06-0,02
Medium 0,02-0,006
Fine 0,006-0,002
Clay - < 0,002

Soils are described on the basis of their grain size distribution, as presented in
the table below (Sandven et al., 2012).

Tabell 2. Lists denotation of soils as a function of size distribution. Data adapted from (Sandven et
al., 2017).

Particle content Description of soil

> 30% clay clay

15-30% clay clay + adjective of other fractions
5-15% clay clayey

> 45% silt silt + adjective of other fractions

15-45% silt silty

> 60% sand, gravel or cobbel sand/gravel/cobbel+ adjective

20-60% sand, gravel or cobbel Sandy/gravelly/ cobbly

Morain (till) is a well graded mixed glacial deposit, which can contain grain sizes

from clay to block. Classification based on material < 0,06 mm, is used to



describe the morainic material and calculated as weight percentage of the

material fraction < 20 mm. The notations are presented in the table below.

Tabell 3. Lists denotations for morain as a function of silt content. Data adapted from (Sandven et
al., 2017)

Particle content Notation of morain
> 15 % silt Gravelly moraine

15 - 35 % silt Sandy moraine

> 35 % silt Silty moraine

2.3 Porosity and relative density

It is noted by (Nimmo, 2004) that the porosity will affect the free movement of
water, air, nutrients, chemicals and bacteria within the soil. A granular soil with
uniform particle size and shape, will have a higher porosity than one with
particles of different sizes and shapes, where smaller particles fill the voids
between the larger particles. The sketch presented below, illustrate a packed and

well graded soil.

Figur 2 Illustrate well graded soil with uniformly shaped particles. From (Sandven et al., 2017)

The porosity (n) is defined as the fraction of the total soil volume that is taken up

by the pore space, and can be calculated as:

Yo __ ¥ . _
Vs = T 100 [-] Eq. 2.3.1

where Vp, [m?3] is the pore volume, Vs [m3] the volume of solid particles, y
[KN/m?3] the unit weight, ys [KN/m?3] the unit weight of solids and W [%] the
natural water content. Typical values for porosity in norwegian soils are listed in

the table below.

Tabell 4. Lists typical porosities for different Norwegian soils. Data adapted from (Sandven et al.,
2017).

Soil n [%]
Sand 30-50
Silt 40-55
Clay 40-60
Moraine 30-50
Peat 60-100




The void ratio (e) is commonly used for clays and is defined as the ratio between
the pore volume and the volume of solid particles, where e exceed 1, when V, >

Vs in a soil. Typical values for e in Norwegian clays are 0,6-1,5 and is calculated
as:

_ ﬁ __ ys (1+w) _ _

== 1[-] Eqg. 2.3.2
For fully saturated soils:
e =% -] Eq. 2.3.3

In their work, (Mitchell and Soga, 2005) note that the packing range of particles
in a given soil, is often related to the maximum and minimum void ratios, repres-
enting the loosest and densest states, respectively. Poorely graded soils tend to
have a narrower range of possible densities compared to well graded ones, while
soils with angular shape particles tend to be less dense than soils with more
rounded particles. Relative density (D:), is a measure of the current void ratio
(e) in relation to the maximum (emax) and minimum (emin) void ratios. As illu-

strated below, emax represents the loosest state, while emin the densest state.

RELATIVE DENSITY
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:
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Dense state 1 6.

Dense structure

Figur 3. Illustrate states of density in relation to the relative density. Illustration from (Sandven et
al., 2017).



The relative density together with the applied effective stresses, governs the
mechanical behaviour of granular soils (Mitchell and Soga, 2005). D: is defined
as:

D, =—m=% . 100 % [-] Eq. 2.3.4

€max ~€min
2.4 Grading and compaction

Soil is a three-phase material, where the soil volume consists of solids, water
and air, where (Knappett and Craig, 2012) note that solid particles and water
can be considered as incompressible, whereas air is highly compressible. This
enables a rapid reduction of soil volume during loading by rearrangement of
particles in dry or partially saturated soils, whereas in saturated soils with low
permeability the volume change will take much longer time, due to the water not
being able to drain from the pores. In their work, (Sandven et al., 2017) state
that a well graded soil will acheive a higher degree of compaction, whereas a
more uniform or well sorted soil, will acheive a lower degree of compaction. The

figures below illustrate examples of well and poorly graded soil matrices.
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Well graded Uniform/poorly graded

Figur 4. Illustrates degree of compaction as a function of grading. Illustration from (Sandven et al.,
2017).

Poorly graded soils are usually sorted by water or wind, soils with a particle size
range missing (gap graded soils) are sorted by water, while well graded soils
such as glacial tills, are the product of bulk transport processes (Budhu, 2008).
The slope of the distribution curve of a given soil, indicate the gradation of the

material, expressed by the uniformity coefficient C, (Sandven et al., 2017):

d
C, === ] Eq. 2.4.1

T dyo
Where dio and deo are the particle diameters for which 10% and 60% of the

particles are finer and is obtained from the distribution curve generated by the
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results from mechanical sieving and hydrometer (d<63 um). The effective
particle size dio is important when regulating the flow of water through a soil,
where a higher dio translate to increased particle size and permeability in the
soil. The dio can indicate if coarser particles float in a matrix of fines, where the
coarser particles may not be in effective contact with eachother. The table below

lists notations of uniformity in granular soils based on the derived C, value.

Tabell 5. Lists notations for degree of uniformity in a soil, based on coefficient of uniformity. Data
adapted from (Sandven et al., 2017).

Uniformity coefficient Cu Gradation
> 15 Well graded
5-15 Medium graded
<5 Uniformly or poorly graded

2.5 Flow throgh porous media

2.5.1 Permeability

Permeability is defined as the property of a porous material which permits the
passage of fluids through its interconnecting voids. High permeability in a soil
means that fluid can flow through at a higher velocity [m/s] and with a higher
degree of ease, whereas low permeability indicates a lower flow velocity and
lower degree of ease. It is noted by (Sandven et al., 2012), that the knowledge
or determination of the permeability in soils within geotechnical engineering, is
relevant for foundations, slope stability, seepage and internal erosion through
earth dams, drainage under retaining walls and containment of polluted soil

deposits among other geotech-nical considerations.

In their work, (Mitchell and Soga, 2005) note that coarse soils will generally have
a network of continuous pores which provide a better flow of fluids, where a
poorly graded (uniform) sand will have higher permeability than a well graded
sand, due to finer particles filling the voids between the larger particles in the
well graded sand. Increased share of fine particles in a soil, will increase the
available surface area for water to attach, where the retained water will not
contribute to the fluid flow. (Mitchell and Soga, 2005) note that the water in
clays is partly free water contributing to fluid flow and partly retained water
adsorbed to the particle surfaces. Clays and fine silt have very low permability,

where fissures in clay increase its permeability, while coarse silt will have lower



permability than that of fine sand. The permeability is related to particle size
distribution, density and pore size distribution. (Yang et al., 2001) state that the
pore channels in silt, are large enough for water to move relatively freely, but
small enough to have capillary effects, which renders silts prone to frost heave in
cold climate ground conditions. (Knappett and Craig, 2012) note that in stratified
soil deposits, the permeability for flow parallell to to the direction of stratification,

is higher than for flow perpendicular to the direction of stratification.

The coefficient of permeability (k) also referred to as the hydraulic conductivity
of a soil, describe the degree of ease for flow through the soil. This factor can be
affected by the density and viscosity of a liquid, where k is a proportionality
factor in Darcy’s law and can be defined as the flow velocity at a gradient (i)
equal to 1. The velocity (v) of the water flow can be calculated as (Sandven et
al., 2017):

v=k-i [cm/s] Eq. 2.5.1.1

The table below lists typical values for permeability in norwegian soils.

Tabell 6. Lists typical range of permeability in Norwegian soils. Data adapted from (Sandven et al.,
2017).

Soil Permeability k [cm/s]

Gravel >1

Homogenous sand 1-1073

Homogeneous silt 10-3-10
Moraine 104-107
Clay 10°6-10°

The permeability of a soil, depends according to (Sandven et al., 2017) on the
composition and distribution of grains as well as the quality of the fluid flowing

through the pores. This relationship can be expressed as:

k = ;%K Eq. 2.5.1.2

Where g is gravity [cm/s?], n is kinematic viscosity [cm?/s] and k is an empirical
coefficient [cm?] related to the grain size distribution, pore volume and soil
density, while the ratio g/n represent the quality of water and varies with

temperature.
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2.6 Structural stability of soils

The structure of the soil skeleton will depend on conditions during sedimentation,
particle size distribution and shape, minerals and organic matter among others.
In their work, (Sandven et al., 2017) note that till often will be well graded with
a dense structure, where the share of fines in the till will depend on the trans-
portation and deposition of the material in the glacier. Tills are generally con-
sidered stable with good mechanical strength and they have decreasing permea-

bility and increasing compressibility with increasing share of fines.

In their work, (Holtz et al., 1981) note that some single grained fabrics (d > 0,01
mm) have a very open structure with a very high void ratio, described as
«honeycomb>» fabric. Such a fabric is metastable, where the structure can sup-
port static loads, but is very sensitive to collapse under vibration or dynamic
loading. Loose and poorly graded sands have according to (Sandven et al., 2017)
an open and porous structure, making them more permeable and compressible
as well as potentially unstable, whereas well graded sands have a denser pack-
ing, are less permeable and compressible as well as more stable. Alltough the
single grain fabric of soils are more complex, an idea of the structure of single

grained fabrics, can be seen in the illustration presented below.

Loose Dense Honeycomb

Figur 5. Illustrate soil fabric in different states of density in soils deposited as single grains.
Illustration from (Holtz et al., 1981).

In their work, (Lin et al., 2016) note that the fabric structure of silts and sands
is governed by the self-weight of the particle, thus it is relatively stable with
changes in stress, whereas the fabric structure in clays is controlled by electro-
static interactions and the structure is subject to significant volumetric change
with increasing confinement. (Sandven et al., 2017) state that lacustrine or
fresh water clays, have a dense grain structure with particles oriented in parallel

direc-
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tions during sedimentation, due to the low number of ions in the fresh pore
water. They have low permeability and high compressibility, where undrained
shear strength properties will depend on cohesion, water content and stress

history. Illustration below shows the structure of fresh water clays.

Figur 6. Show the particle structure in lacustrine clays. Illustration from (Sandven et al., 2017).

Marine clays and fine silts have an open and porous structure, where the particle
contact points are of van der Waal character and have a card house structure.
The strength of marine clays would generally depend on the same factors as
fresh water clays, except the bonding between the particles is a function of re-
maining salt concentration in the pore water. This bonding will be very weak if
the salt concentration in the porewater due to leaching, decreases below 0,5%.
At this salt content the soil skeleton would be prone to collapse when disturbed,
liquifying the soil and reducing the residual shear strength of the soil to almost

zero. Illustration below shows the open structure of such marine sediments.

Figur 7. Show the particle structure in marine clays. Illustration from (Sandven et al., 2017).

According to (Holtz et al., 1981), the macrofabric have a significant influence on
the engineering behavior of fine grained soil deposits, where joints, fissures, in-
termediate silt or sand layers and channels left behind from decayed roots, will
often govern the entire soils mass response to external loading or stress. The
strength of a soil mass is significantly reduced along a crack or fissure and if un-

favorably oriented in relation to applied stress, instability or failure may occur.
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Intermediate layers of thin sand or silt within a thick clay deposit can influence
the drainage properties of the clay deposit and may cause uncorrect calculated

rates of settlement, if missed during initial investigations.

2.7 Soil fabric

It is noted by (Mitchell and Soga, 2005), that the fabric of a soil may be con-
sidered on three different levels of scale, where the microfabric consists of the
regular aggregations of particles and the very small pores (0,1-0,3 pm), mini-
fabric containing aggregations of microfabric and the interassemblage pores
(100-200 ym) between them and the macrofabric containing cracks, fissures and

root holes which correspond to transassemblage pores.

The macro- and minifabrics govern the hydraulic conductivity and thus the pri-
mary consolidation in fine grained soils, while the microfabric affect secondary
settlement (creep). The macro fabric of soils can according to work by (Collins
and McGown, 1974), be described as comprising three distinct elements, where
soils are composed of one or some of these fabric elements. The features are

shown in shown in the illustration presented below.

Pore
spaces

\ '.'.. ."- :—-
/lﬂ—'@//'AO\ %& |' ——>___ FElementary particle
p N%’é\ ‘\\77' \,§ /O arrangement

Particle
assemblage

Figur 8. Show the different elements of a soil fabric proposed by Collins and McGrown (1974) .
Illustration from(Chang et al., 2011)
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The element groups proposed by (Collins and McGown, 1974), are described in
the table below.

Tabell 7. Lists main groupings of macrofabric elements in soils proposed by Collins and McGrown
(1974). Data adapted from (Collins and McGown, 1974)

Element group Description
Elementary particle Single (individual) forms of particle interaction at
arrangements the level of individual clay, silt or sand particles.
Particle assemblages Units of particle organization having definable phys-

ical boundaries and a specific mechanical function,
which consist of one or more forms of the elemen-

tary particle arrangements.

Pore spaces Fluid and/or air filled voids within the soil fabric

Fine grained soils usually consist of multiparticle aggregates, while sand and
gravel particles are sufficiently large and bulky, and usally behave as indepen-
dent units (Mitchell and Soga, 2005). Below is a schematic representation of the
elemantary particle arrangements group, suggested in work by Collins and
McGrown (1974).

Individual clay platelet interaction Individual silt or sand particle interaction

Clay platelet group interaction Clothed silt/sand particle interaction Partly discernible particle interaction

Figur 9. Show elementary particle arrangements of different soils. Illustration from (Collins and
McGown, 1974).

14



Particle assemblages group, consist of one or more forms of the elementary
particle arrangements (Collins and McGown, 1974). A schematic presentation

of the particle assemblages group is presented in the illustration below.
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Figur 10. Show schematic representations of particle assemblages. (a,b,c) connectors, (d) irregular
aggregations by connector assemblages, (e) irregular aggregations in honeycomb, (f) regular
aggregation interacting with particle matrix, (g) interweaving bunches of clay, (h) interweaving
bunches of clay with silt inclusions, (i) clay particle matrix and (j) granular particle matrix. Illu-
stration from (Collins and McGown, 1974).
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According to (Mitchell and Soga, 2005), clay sediments are often formed by the
deposition from flowing or still water, and can be in the form of multiparticle
assemblages (flocculated/ aggregated) or independent single particles or particle
groups (deflocculated/dispersed). The thicker and larger particles are formed
from face-to-face (FF) association, while edge-to-face (EF) and edge-to-edge
associations can form cardhouse structures found in quick clays. Particle associ-

ations in clay suspensions are presented in the illustration below:

=z \
| ’\/\’//\ \l\ A

d) e) f) g)

Figur 11. Shows particle associations in clays. a) dispersed and defloculated, (b) aggregated but
deflocculated FF association or paralell oriented aggregation, (c) EF flocculated but dispersed, (d)
EE flocculated but dispersed, (e) EF flocculated and aggregated, (f) EE flocculated and aggregated
(g) EF and EE flocculated and aggregated. Illustration from (Mitchell and Soga, 2005)

In their work, (Mitchell and Soga, 2005) state that the pores and voids deter-
mine the fluid and gas conductivity properties of the soil. These in turn govern
the rate of fluid and chemical transport, development of excess pore pressures
during deformation, the ease and rate of drainage or consolidation rate, capilla-

ry pressure development and potential for liquefaction under dynamic loading.
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A schematic presentation of the pore spaces group suggested by (Collins

and McGown, 1974) are presented in the illustration below.

Interpartiche Intergroup

i— Intraglemental —l

Intraassemblage interassemblage Transassemblage

Figur 12. Show schematic representations of pore space groups. Illustration from (Collins and
McGown, 1974).

2.8 Mineralogy

2.8.1 Clays

In work by (Al-Ani and Sarapaa, 2008), it is noted that clay consists of minerals
in the form of layer silicates, generally formed through chemical weathering and
erosion of rock silicate minerals. Some of the more common clay minerals are
illite, chlorite, montmorillonite, vermiculite and kaolinite. Illite and chlorite is
common in cold climate regions with current or historic glaciar activity, while in
warmer regions with acidic ground conditions kaolonite which have lower ability
to absorb ions, is common. Montmorillonite which is prone to swelling in the

presence of water, can often be found within crushing zones in rock faults.

In their work, (Mitchell and Soga, 2005, Al-Ani and Sarapad, 2008) note that the
negatively charged surface of a clay particle will attract positive ions (cations) at
an interface that is termed as the diffuse double layer. The properties of this

layer is dependent on clay mineral as well as the chemistry of the pore water,
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where the inner most layer of water in the doublelayer is strongly adsorbed wa-
ter, which is more viscous than free pore water. (Al-Ani and Sarapaa, 2008)
note that the strength of the bonding between the negatively charged particle
surfaces and cations, vary from weak (Van der Waals) to moderate electrostatic

bonds, to strong chemical bonds.

According to (Mitchell and Soga, 2005), the clay minerals are built up with poly-
meric layers of silica tetrahedral sheets joined with octahedral sheets of Al, Mg,
Fe, O and OH-. It is further noted that the silica tetrahedra are interconnected in
a sheet structure, where three of the four oxygens in each tetrahedron are shar-
ed, forming a hexagonal net. The bases of the tetrahedra are all in the same
plane,where all the tips point in the same direction, as can be seen in the illu-

stration presented below.

.-
O and { '} Oxvygens >y and &  Silicons
N

Figur 13. Show silicon tetrahedron and silica tetrahedra arranged in a hexagonal network. Illu-
stration from (Mitchell and Soga, 2005).

The tetrahedra structure has the composition (SisO10)* and can replicate indefi-
nitely. Replacement of four oxygens by hydroxyls or by joining with a sheet of
different composition and that is positively charged, will obtain electrical neutra-
lity. The Octahedral sheet structure is composed of magnesium or aluminium in
octahedral coordination with oxygens or hydroxyls, as can be seen in the illu-

stration presented below.

O and :( ) Hydroxyls
N

Figur 14.Show octahedral unit and sheet structure of octahedral units. Illustration from (Mitchell
and Soga, 2005)
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It is further noted by (Mitchell and Soga, 2005), that cations such as Fe?*, Fe3*,
Mn2*, Ti4*, Ni2*, Cr3* and Li*, can replace AI** and Mg?* in a octahedral sheet
structure. If the cation is trivalent, 2/3 of the cationic spaces are filled, and the
structure is termed dioctahedral. When aluminum (Al2(OH)s) is combined with
silica sheets in clay mineral structures, it is referred to as a gibbsite sheet, while
when the cation is divalent, the structure is referred to as trioctahedral, whereas

a magnesium (Mg3(0OH)6) octahedra sheet, is termed a brucite sheet.

Members of the same clay mineral group, generally posses similar engineering
properties. Most clay minerals in Norwegian soils are illite in a 2:1 structure and
these clays are often sticky and have a high plasticity, whereas 1:1 structures
form a clay with weaker bonding and lower platicity. The manner in which atoms
are assembled into tetrahedral and octahedral units as well as the formation of
sheets and the stacking of layers forming the different clay mineral groups, is

explained in the illustration presented below.

Oxygen or Hydroxyl ® Various Cations
Packed according to chargﬁo—melry
oo _ e
Repeated to form a sheet
Tetrahedral -~ T [ Octahedral
etrahedral N\ edra
— ‘_,/

Stacked in ionic and covalent bonding to form layers

1:1 Semibasic unit 5 g 2:1 Semibasic unitt

Stacked in vanous ways Stacked in various ways
r 1O
A% ws.temcns watet-a- otassium g T
water E

Kaolinite Halloysite Pyrophyllite  Smectite Vermiculite llite Chilorite Mixed Layer

Figur 15. Show the forming process of clay mineral groups. Illustration from (Mitchell and Soga,
2005).

2.8.2 Granular soils

According to (Mitchell and Soga, 2005), the hardness and resistance to physical
and chemical breakdown, are determined by the mineral composition of a given
soil. Most soils are weathering products of rocks and soils, where quartz is the
most abundant mineral, with smaller amounts of feldspar and mica. It is further

noted that quartz is composed of silica tetrahedra that form spirals with their
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oxygens bonded to silicon. This provide a stable structure with strongly bonded
ions, high mineral hardness and without cleavage planes. This make it a highly

resistant material and hence its abundance in many soils.

In their work, (Mitchell and Soga, 2005) further note that feldspars can be pre-
ent in smaller amounts in granular soils. Feldspars are silicate minerals with a
3D structure, where the structure is more open, have poorly bonded units and
cleavage planes, where the mineral have low hardness and low resistance again-
st the breaking down of particles. These properties account for the relative low
presence of feldspars in soils. Mica can be present in small amounts in granular
soils and are composed of tetrahedral and octahedral units joint together in a
sheet structure with an electrostatic bond of moderate strength. Due to the thin
plate morphology of mica flakes, sands and silts with a few percent mica, may

display high compressibility under loading and swelling during unloading.
2.9 Pore size distribution in fine grained soils

In their work, (Nimmo, 2004) note that porosity in soils can be conceptually
divided into textural and structural porosity. The textural porosity refers to the
porosity value at a random arrangement of the particles and is related to the
pore size distribution (PSD) of the medium. The structural porosity is the pore
space between micro-aggregates and between aggregates, which contains ma-
cropores such as interparticle voids, biopores and cracks. Both structural and
textural porosity, have a significant influence on the soils capacity for water re-

tention.

(Nimmo, 2004) further note that a distinction is made between the wider pore
bodies and more narrow pore openings, also called pore throats. For a sand do-
minated by textural pore space, the pore bodies are the spaces between the par-
ticles wich are relatively closed of, but can empty or fill up with water, while the
structural (macropores) pore space form a network of channels, directly contri-
buting to fluid flow. Macropores could be formed as a result of clay particles and
organic matter cementing together into individual aggregates or from biogenic
channels left by decayed roots or tunneling worms. In work by (Zaffar and

Sheng-Gao, 2015), it is noted that in clayey soils:

e pores < 0,01 um are located in the interlayer spaces within the clay

e pores 0,01-0,1 pm are located between clay platelet bundles
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e pores > 1 um are located between aggregates of particles

According to (Kuila and Prasad, 2013), Cameron and Buchan (2006) proposed
classifying pores as macropores (> 75 ym), mesopores (75-30 ym), micropores
(30-5 pm), ultramicropores (5-0.1 um), and cryptopores (0.1-0.007 pm). As
part of a study on the effect of organic matter on the pore size distribution (PSD.
In their work, (Zaffar and Sheng-Gao, 2015) measured the PSD of three diffe-
rent clays. Some of the clays properties are listed in the table presented below.

Tabell 8. Lists plasticity and share of fines in the different clays in the study. Data adapted from
(Zaffar and Sheng-Gao, 2015).

Parameter Soil 1 [%] Soil 2 [%] Soil 3 [%]
d < 0,002 mm [%] 44,77 50,57 43,87
Plasticity index [%] 15,94 19,38 14,22

The PSD of the clays was determined by Nitrogen adsorption (NA) method as
well as Mercury Intrusion Porosimetry (MIP). The results from the NA test, show
that the clays have a large share of pores < 0.05 pm, where 50 % of the pores
were < 0.01 pm and 30 % within 0.01-0.05 ym. The PSD measured by MIP, was
systematically higher than that by NA, particularly at around 0,1 pm. It is noted
that the MIP method is more suitable for analyzing materials with larger pore
size and provides relatively low accuracy for the smaller pores, due to fracturing
in the material under high intrusion pressure. The results for the two types of

tests are presented in the plot below.
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Figur 16. Show differential pore volumes versus equivalent pore diameter derived from Nitrogen
adsorption method. Data adapted from (Zaffar and Sheng-Gao, 2015).
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The pore volume range of the three tested clays was:
e 35 % ultramicropores (5-0.1 pm)
e 31,4 % macropores (>0,05 um)
e 16,0 % cryptopores (0.1-0.007 um)
e 9,7 % micropores (30-5 um)
e 7,3 % mesopores. (0,002-0,05 um)

As part of a study on the effect of pore size on seepage in clays, (Chen et al.,
2019) determined the PSD of three natural clays. The study found that 64,6 -
80,8% of the pores were < 2,5 um, 11.6-21.3% between 2,5-10 ym and 4,2-
13,6% >10 um. The pore size range for the three natural clays are presented in

the diagram below.

Pore size distribution in clays
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Figur 17. Show pore size distribution in the clays. Data adapted from (Chen et al., 2019)
2.10 Stress history

The stress history of a given soil refers to the highest stress that the soil has
previously been exposed to, which have a significant effect on the soils behav-
iour during loading or induced stress. Soils are defined as either normally con-
solidated (NC) or overconsolidated (OC). According to (Sandven et al., 2017), a
NC soil has only been exposed to or consolidated for its own current overburden
effective stress (0'v0). When loaded in an oedometer, the NC soil will experience
small deformations until the applied stress exceeds o¢'vo, Wwhere the deformation
will increase. OC soil have been exposed to and consolidated for previous stress
or preconsolidation stress (o0'c) greater than o’v,. The o'c of the OC sediment can
be due to previous overlaying glaciers that later have melted, soil masses that

later have been eroded away, capillary suction, creep or effects of ageing. In OC
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soils, the weakest parts of the soil structure has already been broken down due
to the previous stress exposure. This gives the soil a significant resistance to
deformations for loading up to ¢’c and a distinct increase in deformation when
applied stress exceeds o’c. (Holtz et al., 1981) adds that for applied stress below
o', the soil can be assumed to have an elastic behaviour, whereas for stress
above o', the soil would behave like an elastoplastic material. The overconsoli-
dation ratio (OCR), is defined as:

O/¢

OCR = Eq. 2.10.1

O'vo
(Budhu, 2008) notes that higher OC given the same soil homogeneity of soil and
mineralogy, will generate higher peak strength and under drained shear a higher
volume expansion, compared to soil with lower OCR. This is illustrated in the

plots presented below.
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Figur 18. Show the effect of OCR on peak shear strength and change in volume during shear. Illu-
stration from (Budhu, 2008)

2.11 Response to loading

It is noted by (Sandven et al., 2012), that when subjected to external loading,
the internal stress in the soil will change to maintain an equilibrium in the new
stress state. In granular soils with high permeability, the added stress (Ac) from
external loading is taken as an increased particle contact or effective stress (o'),

where any short term increase in pore pressure, dissipates in a rapid manner due
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to rapid evacuation of water in the pores. On the contrary, when fine grained
soils with low permeability such as clays and fine silts are loaded, the water can
not escape the pores and this generate excess pore pressure (Au). In geotechni-
cal engineering, the former is refered to as a drained response to loading, while
the latter is refered to as an undrained response. Some silts can according to
(Yang et al., 2001), display partially drained loading, where Au develops simul-

taneously with dissipation, which leads to a short-term increase in pore pressure.

It is noted by (Sandven et al., 2012) that under drained shear in densly packed
soils, the particles will seek to climb over each other, causing a volumetric ex-
pansion (dilation), while under undrained loading this type of soil will according
to (Holtz et al., 1981), generate a negative Au (suction) which increases the par-
ticle contact and hence increases ¢’. In soils with a loose or lower degree of
packing, the particle structure will seek to compress under drained shear, caus-
ing a volumetric reduction (contraction) and generate a positive Au during un-
drained shear, which reduces the particle contact and hence reduces ¢’. The
plots below illustrate the soils tendency to change their volume during drained

shear and corresponding response of Au during undrained shear.
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Figur 19. Illustrate the effects of drained and undrained conditions on volume change. Illustration
from (Budhu, 2008)

(Sandven et al., 2012) note that dilative behaviour is common in non-cohesive
soils but can also occur in highly OC clays or low sensitivity clays under low
consolidation stress, while contractive behaviour is common in soft or NC clays

as well as loose silts. Dilitant (DIL) behaviour with strain-hardening response to
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stress induced shear and contractive (CTR) behaviour with strain-softening re-

sponse are illustrated in the idealized curves presented below.
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Figur 20. Show idealized stresspaths and stress-strain curves for dilatant (DIL) and contractant
(CTR) soils. Illustration from (Sandven et al., 2012)

It is noted by (Sandven et al., 2012), that the failure in dilative soils take time to
develop, and such soils will generally display early warning signs in situ before
failure. Contractive soils will usually develop sudden failures, often at low strains,
where the soil may loose much of its initial strength down to a very low residual
strength, and in extreme cases liquefy (quick clays). Brittle failure in OC clay,
quick clays, cemented soils and dense sands occur momentary, whereas in some
silts, NC clays and loose sands, a ductile failure is common. The plot below illu-

strate failure mechanisms in idealized stress-strain curves.

Brittle Failure

Sensitive Soil

Deviator Stress

Residual
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-

Ductile Deformation
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Figur 21. Shows different failure mechanisms or stress response in soils. Illustration from(Mitchell
and Soga, 2005)

2.12 Interparticle forces
In work by (Yang et al., 2001), it is stated that sands behaviour is influenced by
the soil fabric, clay behaviour by electro-chemical bonding forces between the

soil particles, while both these mechanisms may influence the behaviour of silts.
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The interparticle forces at the microscale can according to (Santamarina, 2003),
be divided into skeletal forces due to external loading, which are transfered from
the load and through the particles and particle level forces that are caused by
self weight, buoyancy (submertion) and seepage forces. The last category is
contact level forces such as electrostatic bonding, cementation and capillary
suction, which over time generate interparticle cohesion. The illustration pre-
sented below show the different interparticle forces divided into groups, acting

on the soil skeleton.

External Load ,l Body Force
i l l l l l T Buoyancy Force j t i
if Saturated
4 Viscous Drag by
Seepage Flow "'
Interparticle Capillary Force or
Forces A Cementation-reactive
Force
Interparticle
Forces f
1 |
LA A
Skeletal forces by external loading Particle level forces Contact level forces

Figur 22. Show different interparticle forces divided into groups. Illustration from (Santamarina,
2003)

It is noted by (Mitchell and Soga, 2005), that both normal and tangential forces
develop at particle contacts when external loading is applied. Each particle will

experience different forces on the skeleton depending on the position relative to
the adjescent particles, but the strongest particle forces will generally develop in
the direction of the major principal stresses. It is further noted that the develop-
ment and distribution of the interparticle skeletal forces, determine the stress-

strain behavior, volumetric response to induced shear and the shear strength in

the soil.

In their work, (Mitchell and Soga, 2005) further note that the weight of the par-
ticle, act as a body force in dry soil and contribute to skeletal forces, whereas

the effective weight of the particle is reduced in submerged soils, due to the
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uplift force from buoyancy. This leads to smaller skeletal forces for submerged
soil, compared to dry soil. Seepage forces from externally added water pressure,
produce hydrodynamic forces which act upon the particles and alters the skeletal

forces.

Van der Waals forces can according to (Anandarajah and Chen, 1997), be ex-
plained as electromagnetic waves emanating from interacting atoms, causing an
attraction force between molecules or colloids. The magnitude of the attraction
depends on the spatial distribution of separation distance between the molecules
as well as the medium in which the waves move through. These interparticle for-
ces are generally considered as a weaker form of bonding. However, (Mitchell
and Soga, 2005) note that although van der Waals bonds are weak, they are
strong enough to determine the final arrangements of groups of atoms in some

solids, and may have a minor contribution to the cohesion in fine grained soils.

The capillary properties of a given soil will affect the interparticle mechanisms of
a soil skeleton above the saturated zone, where (Mitchell and Soga, 2005) note
that suction can develop when saturated soil begins to dry, due to surface ten-
sion in the water phase and retained water on the particle surfaces. The suction
will increase the particle contact, hence increasing the effective strength of the
soil skeleton. This is a temporary effect that can dissipate if the soil is either
dried out or saturated. (Mitchell and Soga, 2005) adds that true cohesion in soil,
is shear strength in excess of that generated by frictional resistance from partic-
le sliding as well as rearrangement and crushing of particles. The contribution to
true cohesion from interparticle attractive forces are considered minor, whereas

contribution from cementation is considered as significant.

The cementation in soils can develop naturally from precipitation of calcite, sili-
ca, aluminaoxides, ironoxides or artificially by stabilizers such as cement and
lime. The degree of cementation between the particles in a soil, contribute direc-
tly to the soils effective strength. (Mitchell and Soga, 2005) note that the behav-
iour of a cemented soil depend on when the cementation ocurred in respect to
time of loading, where artificially cemented soils are loaded after cementation
have occured and the contact forces within the cemented particle bonding can
become negative, depending on the tensile resistance of the bond. This makes

the distribution and magnitude of forces acting on the skeleton and the bonding,
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affected by particle arrangement within the skeleton and the bonding between
particle contacts.

The cementation in natural soils develops during or after overburden loading,
where the contact forces caused by loading are developed before the cemen-
tation. This suggests according to (Mitchell and Soga, 2005), that cementation
possibly can contribute to the magnitude of forces at particle contacts and that
the stiffness and strength of a soil, might differ depending on when and how

cementation bonds were developed.

2.13 Freeze and thaw cycles

Soils in cold climate regions can be subject to freeze and thaw (FT), where tem-
peratures fluctuate above and below 0°C (Zhang et al., 2016b, Cheng et al.,
2016). (Zhang et al., 2016b) adds that cold climate ground conditions may ex-
perience over 100 FT cycles in the span of a year. The changes in the soil pro-
perties due to FT cycles, can lead to engineering challenges concerning shear
strength, bearing capacity of foundations, capillary water pressure and changes
in soil plasticity and collapsibility. In that regard, (Cheng et al., 2016) note that
foundations subject to FT cycles can experience significant structural damages,
which can lead to frost heave and uneven stresses within the soil, comprimising
the stability of the soil.

Freezing is a weathering process, that can be more severe than common physical
weathering, due to the large volume change (AV~+9%) when water transforms
into ice. In their work, (Ferrick and Gatto, 2005) note that more ice will form in
soils with high water content, where the higher expansion forces, increase the
separation of interparticle bonds. In soils with lower water content, ice crystals
have enough space to expand inside the pores, thus the particle bonds are not

compromised.

Fragmentation of particles due to freezing only occur in relatively coarse soil,
whereas clay particles do not experience fracturing due to a large amount of
bound water within the soil, that will not freeze. However, (Zhang et al., 2016b)
state that clay particles are prone to aggregation due to the diffuse double layer,
which causes an increase of the interparticle forces and enable larger amounts of
adsorbed water within the clay. FT cycles can enhance the capacity for bonding

between minerals due to increased formation of associations between particle
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surfaces and the sorption of oxides on the particle surface. The process of aggre-

gation in clay is illustrated in the schema presented below.
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Figur 23. Show the process of aggregation in fine particles. Illustration from (Zhang et al., 2016b)

(Zhang et al., 2016b) note that early work by Poltev (1967), suggested that the
frost weathering process of soil particles could be divided into two phases. In the
first stage, the phase transformation of water in the soil cause surface cracks in
the particles, due to tension. Pore water freezes to ice and expand the volume,
which transform microcracks into macrocracks. In the second stage, the water
film expands and further fragmentation of primary minerals occur. The illustrat-

ion presented below, show this weathering process.
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Figur 24. Show the fracturing process in coarse particles due to frost. Illustration from (Zhang et
al., 2016b).

2.14 Plasticity of cohesive soils
The plasticity of a soil can be defined as its ability to sustain deformation without
cracking or fracture, where plastic deformation of a soil means that the rearrang-

ing of particles is irreversible (K:R, 2004). The plasticity of a given soil will be in-

fluenced by the share of clay minerals in the soil. This is due to adsorption of
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water between the clay mineral layers, where the adsorbed water give the soil its
plastic characteristics. Hence, soils with no clay minerals, will not have plastic

characteristics, no matter the share of fines.

Natural clays can depending on their natural water content (W), be hard (dry),
firm or crumbling, plastic or liquid (Atterberg, 1913). According to (Sandven et
al., 2012), the water content of the sample in transition from one state to anoth-
er, are called consistency limits or Atterberg limits. The liquid limit (w.) is defin-
ed as the water content at which the behavior of a clayey soil changes from pla-
stic to liquid state. The plastic limit (wp) represents the lowest water content at
which the clayey soil is plastic in the remoulded state, and the shrinkage limit
(ws) defines the water content at which the volumetric change of the sample du-
ring drying, is zero. The illustration below show the different consistency states

as a funtion of water content in remoulded fine grained soils.
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Figur 25. Show consistency changes as a function of water content in cohesive soil. Illustration
from (Sandven et al., 2017).
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The plasticity index (I,) and liquidity index (I.) are calculated as:

I, = w,—w, Eqg. 2.14.1
[ =2 Eq. 2.14.2
WL_Wp

A measured I, greater than 1, indicate a sensitive soil and might together with
other factors such as low salinity (<0,5%) of pore water and very low remould-
ed undrained shear strength (<0,5 kPa), indicate clays that will display a quick
behaviour if disturbed. Different classification intervals of I, for different regions
might be applied, but for Norwegian clays, the values listed in the table below

are used.

Tabell 9. Lists classification and range of plasticity index in Norwegian clays. Data adapted from
(Sandven et al., 2017).

Classification I,
Low plasticity <10
Medium plasticity 10-20
High plasticity > 20

The activity (ac) of a clay, provides a measure on the clays ability to retain
water and can be calculated as:

_ Ip
e = 320,002 mm (%] Eq. 2.14.3

2.15 Anisotropy

In natural soil deposits, the horizontal stress is rarely equal to the vertical stress,
hence the stress is often anisotropic, where (Muir Wood et al., 2001) note that
the particles of soils which experience different level of stress in different direc-
tions, will have an anisotropic arrangement and anisotropic magnitude of the
forces acting in the particle contacts. (Chen et al., 1988) adds that the average
orientation of the grains and interparticle forces, determine the anisotropic be-
haviour of the material and provides it with a memory of the soils previous stat-
es. They further note that, anisotropy in granular materials can be induced by
strain or it may exist before straining, where direction of shear relative to direc-

tion of the particles deposition, govern the behaviour during shear.
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In clays, (Fauskerud et al., 2012) note that the undrained shear strength (S.) is
dependent on the direction of the strain in relation to the orientation of the clays
stress and particles, in situ. The evaluation of anisotropy in saturated clays is
important when assessing slope stability, due to the fact that available undrained
shear resistance in the critical sliding surface is dependent on the direction of the
occuring strain, where low plasticity clays with brittle properties, generally dis-

play higher anisotropy than high plasticity clays.

The coefficient of lateral earthpressure at rest (K’ ), is defined as the ratio (oy
/0’x) between effective horizontal stress (o'x) and the vertical effective stress
(o'y). K's is according to (Holtz et al., 1981), dependent on the density of over-
laying layers and the soils stress history, but will given constant density, be
constant with depth in one and the same layer. K, for friction materials in a

horizontal layer can be calculated as:
K'y, =1—sing’ Eq. 2.15.1
And for fine grained soils in a horizontal layer, as:

K', = (1—sin¢g")VOCRS™’ Eq. 2.15.2

K’s normally range between 0.4-0.6 in granular materials, 0.4-0.5 for NC clays

and up to 3 or more for heavily OC sediments such as dry crust.

2.16 Shear strength

The shear strength defined as the internal frictional resistance of a soil to shea-
ring forces, is is a very important parameter for geotechnical engineering and is
required to determine bearing capacity of soils, slope stability and the stability
of geotechnical structures. For clays and fine silts in a short term perspective,
the shear strength is considered on a total stress (o) basis by the undrained
shear strength. The undrained shear strength (S.) is the strength when sheared
at constant volume and is dependent on the confining stress and thus, S, is not
a fundamental soil parameter. (Emdal et al., 2009) note that S, is constant, in-
dependent of the mean stress level and defined by the maximum shear stress

(Tmax), Which is equal to the shear stress at failure (1) :

01 —03

Tmax S == Su Eqg. 2.16.1
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S., is constant and in the Tresca failure criteria, equal to the radius of the Mohr

circle or half of the deviatoric stress (Eq. 2.16.1). The Tresca failure criteria is

illustrated to the left below.
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Figur 26. Illustrate the Tresca failure criterion for undrained shear strength and the equilibrium
conditions.. Illustration from (Emdal et al., 2009)

The maximum applicable shear stress under undrained conditions, is theoretically

determined by the existing effective stress level in NC clays or ¢’c in OC clays,

before sampling. The maximum in situ shear stress can hence be expressed as:

1
Tmax = 2_'(1_

K'o)-(0'p +a)

Eq. 2.16.2

Where a is the attraction, ¢ is the friction angle of the soil and o'y, is the effec-

tive overburden stress.

In their work, (Holtz et al., 1981) note that the magnitude of Sy under undrai-

ned loading is governed by the initial void ratio (e) and water content (W). An

increase in confining pressure during undrained shear, will lead to a decrease in

e and a larger Au. This causes an expansion of total sress (o) in Mohr’s circle,

where S, increases, as can be seen in the illustration presented below.
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Figur 27. Show effect of increased confining pressure on undrained shear strength. Illustration from

(Holtz et al., 1981).
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It is stated by (Sandven et al., 2012) that S, of clay is strongly affected by water
content (W) in the soil, where increasing W is correlated with decreasing Su. The

plot below show this correlation in Norwegian clays.

10 20 30 40 a0 60 70
Water content w, %

Figur 28. Show correlation between undrained shear strength and water content in Norwegian
clays. Illustration from (Sandven et al., 2017).

According to (Sandven et al., 2012), free water and air in the soil pores cannot
take shear when a load or force is applied, thus only the soil skeleton will take
the resulting shear stress. For this reason, the internal shear resistance in

granular soils, is governed by the effective normal stress (¢’), which in a satu-

rated soil, is expressed as:

!

c'=o0—-u Eq. 2.16.3

where o is the total stress and u the pore pressure.

Effective shear strength of soil is commonly expressed with the Mohr Columb
failure criteria. As noted by (Mitchell and Soga, 2005), the shear strength is
plotted as a function of the principal effective stresses on the failure plane or as
the maximum shear stress versus the average of major and minor effective
stresses at failure. In their work, (Sandven et al., 2017), note that the attraction

(@) can be regarded as an isotropic pre-stress similar to suction in the soil or a
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product between the friction and level of stress. The Mohr Columb failure cri-
terion for effective stress, where major and minor principal effective stresses
acting on a plane are noted respectively as ¢’y and ¢’s. The failure criterion is

illustrated to the left below.

g

Figur 29. Illustrate the Mohr columb failure criterion for effective shear strength and the
equilibrium conditions. Illustration from (Emdal et al., 2009)

According to (Mitchell and Soga, 2005), the strength of soil is defined as the
stress state at failure. The strength can, when excluding cohesion or chemical
cementation between grains, be expressed as an approximated linear relation-
ship with stress through the major (o’ir) and minor (0'3) principal effective
stresses at failure and the friction angle (¢’) of the material, in the following

equations:

7 =o'y tan (¢') or (0’15 +0'35) =(0"yy —0'35) sin(¢’) Eq.2.16.4
For cemented soils, the effective strength can be expressed as (Budhu, 2008):
7, =c +0'p-tan (@) Eq. 2.16.5

Where ¢’ is the apparent cohesion in the cemented soil. (Knappett and Craig,
2012) note that cohesion include the effects of inter-molecular forces (¢,), which
have a minor contribution to the shear strength of the soil, soil tension (c:) due
to capillary suction, and cementation (ccm) from chemically bonding between
particles. The ¢, is usually neglected due to minor impact and c¢: should gene-
rally not be included in geotechnical design due to potential loss of capillary
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when soil is saturated or dried up. The contribution from c.m, should be used with
caution due to the very small shear strain at which this shear strength is mobiliz-
ed. Within most geotechnical systems, the mobilized shear strain is larger than

that required to mobilize the shear strength due to cementation. Cohesion c is the

apparent shear strength at zero normal effective stress, where:
C=Cot+cCt+Com Eq. 2.16.6

The effects of dilation during shear on the effective strength can be expressed as
(Holtz et al., 1981):

T = 0's - tan(p' £ ) Eq. 2.16.7

Where o't is the normal effective stress and y is the dilation angle, which is a
measure of the change in volumetric strain with respect to the change in shear
strain. Negative values of y, indicate volumetric compression (contraction), while

positive values of y, indicate volumetric expansion (dilation).

The stress state in a soil at continuous shear and constant shear stress, normal
effective stress ratio and volume, is defined as the critical state (cs). Where ¢’cs
is the friction angle at critical state and a fundamental soil parameter, whereas
the friction angle at peak shear stress (¢'p) in dilating soils, depend on the capa-
city of the soil to dilate, thus it is not a fundamental soil parameter. When the
rate of dilation reaches its highest value, it creates the peak failure condition
(¢'p) at peak dilation (yp), which can be expressed as:

oy = @' + Yy Eq. 2.16.8
It is noted by (Budhu, 2008), that dilation is suppressed at higher pressures due
to crushing, where the dilation will equal zero when the soil has reached critical
state during shear. The effect of dilation, is increased shear strength and a cur-
ving of Coulomb’s failure envelope. Stress states located on the peak strength
envelope (¢’p), can lead to sudden collapse of the material. States below (¢'c)
represent a stable state (safe design) and a ductile failure mode, whereas states

on the critical state failure envelop (¢’c) are considered at failure or critical state.
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The different states are presented in the Mohr columb criteria below.

Curved Coulomb failure envelope
caused by dilation

TA

UH

Figur 30. Show effects of dilation on the Columb's failure envelope and the different soil states .
Illustration from (Budhu, 2008).

For further deformation after ¢’«, platy clay particles will align along the failure
plane (shear band), where the shear resistance decreases until it reaches its re-
sidual shear strength (¢’r). The shearing displacement required to cause a redu-
ction in friction angle from ¢’ to ¢’r, will vary with soil type, normal stress on
the shear plane, and shear conditions (Mitchell and Soga, 2005). In the case of
effective stress analyses (drained), it is noted by (Budhu, 2008) that the values
for @’cs are constant, regardless of the soils initial condition and the magnitude
of o'n, whereas ¢’y will depend on effective normal stress (a'y).

The degree of dilation that is derived from shear tests, may not be mobilized by
the soil during construction load, indicating that ¢, is not reliable in geotechnical

design. The shear strength parameter @’cs should be used in design, unless
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experience dictates otherwise. In the table below some typical ranges for

effective strength parameters for different soils are listed.

Tabell 10. Lists range of friction angle for different soils. Data adapted from (Budhu, 2008).

Soil type QP’cs P’'p Q'
Gravel 30-35 35-50
Sand/gravel/fine soil mixture 28-33 30-40
Sand 27-37 32-60
Silt or silty sand 24-32 27-35
Clays 15-30 20-30 5-15

2.17 Stress-strain and soil states

For safe geotechnical design adapted to the problem in hand, identification of
shear and volumetric strains are important for the evaluation of deformation pro-
perties in a given soil. The Tresca and Mohr-columb failure criteria do not take
into account or adress the shear strains required to initiate failure, nor the initial
stresses, initial void ratio (e,) or OCR. (Holtz et al., 1981) state that the void
ratio is the single most significant parameter, affecting shear strength of sands,
where the lower the void ratio in drained triaxial shear, the higher the shear

strength.

In their work, (Mitchell and Soga, 2005, Holtz et al., 1981) note that the internal
friction between soil particles as well as internal constraints of particles from
volumetric change due to stress, are the basic contributions to the strength of a
given soil. (Mitchell and Soga, 2005) adds that following a large shear induced
volume change, the soil will at a given effective confining stress, acheive a uni-
que void ratio which is independent of the initial state. At that stage, the inter-
locking of particles will be gone in dense soils, the structure of loose soils will
have collapsed, and the soil is fully destructured and have reached its shear
strength at critical state. In work by (Holtz et al., 1981), it is noted that loose
sands, NC and lightly OC clays (OCR < 2) here noted as (I), show strain-

hardening at gradual increase of shear stress (T) with increasing shear strain,
until the critical state shear stress (1), is reached. These soils tend to contract
during drained shear until reaching a constant void ratio at critical state (ec).
Dense sands and higly OC clays (OCR > 2) here noted as (II), display a rapid
increase in T, where peak shear
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(tpeak) is reached at low strain, followed by decreasing T with increasing shear
strain (strain-softening) until reaching tcs. These soils tend to initially contract
due to particle arrangement under shear and then dilate, increasing the void
ratio until reaching the same e as the type I soil. In some OC and sensitive
clays here noted as (II-A), the particles orient themselves parallel to the direc-
tion of the shear band, resulting in the final shear stress dropping below 1. and
stabilize on a level of residual shear stress (t/). The 1t and ec will depend on
o', where increasing ¢’ result in increased t. and lower es. The plots below show

the response to shear for the suggested type I, II, II-A and III soils.
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Figur 31. Show the response of different types of soils to shear. Illustration from (Holtz et al.,
1981)
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The strain-softening response in the type II soils are according to (Budhu,
2008), due to localized failure zones (shear bands), which develop just before
Tpeak iS reached and then turn into loosened soil pockets that have reached .
The soil between the shear bands is denser soil that gradually loosen with the
contin-uance of shear. These bands are subject to intense shear, while the soil
above and below the band, behave as rigid bodies, where increased permeability
in the band could if in presence of water, induce a flow through the bands and
trigger flow slides in slopes. The development of shear bands, depend according
to (Budhu, 2008) on the boundary conditions, soil homogeneity, grain size, uni-
formity of loads and initial density.

2.18 Triaxial shear test

When designing a geotechnical structure, both undrained and drained testing
conditions can be considered, depending on which one is more critical. For an
excavated slope or road cut, the longterm or drained condition is more critical,
whereas for embankments, the short-term or undrained condition is more cri-

tical.

The triaxial test is conducted on a cylindrical soil sample, where an increase in
axial and radial stresses can be controlled. The flow of water in and out of the
sample can be controlled accurately, enabling both drained and undrained con-
ditions. It is noted by (Knappett and Craig, 2012), that the porewater pressure
(u) in the sample can be recorded, enabling the determination of the effective
stress in the sample. Further, it is important to adapt the test to the different
stress situations for the situation in hand, where drained or undrained tests can

be conducted in extension (o3 > 0'1) i.e radially compressed or compression (0’1

> 0’3) i.e vertical compressed. The tests further need to be conducted according
to the vertical and horizontal effective stresses that the soil actually experiences
in situ. This is acheived through drained consolidation of the sample either to an
isotropic (K’,=1) or anisotropic effective stress (1> K, >1) consolidation is rea-
ched. The drained or undrained shearing of the sample initiates after drained
consolidation is reached. The most common triaxial tests, which can be conduc-

ted in compression (active) or in extension (passive), are listed below:

e Isotropically consolidated drained/undrained — CID/CIU
¢ Anisosotropically consolidated drained/undrained - CAD/CAD
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The stress, strain and pore pressure data collected during the shearing test is
plotted as stress paths and stress-strain curves, which in the case of drained
tests are used to derive the friction angle @’ / ¢’p, the effective Young’s modu-
lus E’, shear modulus G, attraction a and cohesion c. From undrained tests both
undrained Su and ¢’cs can be derived. The stress paths and stress-strain curves
can further be used to determine the drained volumetric response and undrained
porepressure response of the soil during shear as well as identifying strain-
hardening or strain-softening behaviour of the soil when subjected to applied

stress.
2.19 Unconfined compression test

Unconfined compressive strength (UCS) stands for the maximum axial compress-
ive stress that a specimen can bear under zero confining stress. Due to the
stress being applied along the longitudinal axis, the test is also known as uniaxial
compression test (UCT). The test is according to (Sandven et al., 2017) conduc-
ted by axially loading a cylindrical or prismatic test sample until failure. The axial
stress in the sample (01) at a certain compression, is calculated as the ratio be-
tween the axial failure load and the corresponding sample area at the actual de-
formation. Lateral stresses are not applied on the sample, i.e. 03 = 0. The load-

ing is assumed undrained in cohesive soils.
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Figur 32. Show sketch of the unconfined compression test rig and strees conditions acting upon the
sample during uniaxial shear. Illustration from (Sandven et al., 2017).
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2.20 Soil enhancement with binders

In different parts of the world, it is often the case that the mechanical soil pro-
perties required to build on a property, are not satisfactory. Roads and railways
are subject to settlements in soft or loose soils, while dikes, dunes and slopes
can experience a reduction or loss of sufficient stability. Coastlines and rivers are
exposed to erosion and earthquakes can cause liquefaction in loose saturated
sediments, damaging structures. In cases such as those mentioned above, grou-

nd improvement by stabilization or strengthening of the soil are often used.

The geotechnical applications described in this chapter, are today conducted by
traditional grouting and mixing methods with cement and lime based binders,
among others. MICP can potentially be suitable for these applications, but might
be limited to applications where the stabilization is not restricted to geometric
forms such as the creation of stabilized columns during deep soil mixing (DSM)

or for soil improvement at large depths.

When the soil subject to improvement is of shallow depth, techniques such as
compaction, nailing, pilesheeting or mass soil mixing (MSM) can be applied, DSM
can be applied on larger depth (0-25m). MSM and DSM mixes dry cement or wet
mortar under high injection pressure depending on soil saturation, where MSM
mixes in a pattern that covers the entire soil mass with a 5-8 m depth limit,
whereas DSM creates columns of stabilized soil, which can be in the form of sin-
gle columns in different patterns or overlapping as ribwalls, as can be seen in

illustration below.
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Figur 33. Show different applications for DSM columns. Illustration from (Covicorp, 2020).
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The illustration below show an example of mixing pattern applied with MSM in
the field.

Figur 34. Show example of mixing pattern with MSM. Illustration from (Covicorp, 2020).

Illustration below shows MSM applied to stabilize or reinforce soil below below

earth retaining walls.

Figur 35. Show stabilizing ground under planned retaining wall with MSM. Illustration from
(Covicorp, 2020).

Illustration below shows MSM/DSM used in flood protection schemes to control
ground water migration by reducing the permeability. It is also applicable for
dike restorations, erosion containment of river banks, reservoirs and coastal

areas among others.

Figur 36.Shows MSM/DSM used to reduce permeability under flood protective constructions.
Illustration from (Covicorp, 2020).
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The illustration below show applicaction of MSM above cemented columns to
strengthen base layer below road embankment.
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Figur 38. Show MSM appllied over cemented columns to strengthen the base layer below a road
embankement. Illustration from (Covicorp, 2020).

Illustration below shows MSM/DSM applied in cutting off flow from contaminated
soils and sludge in situ. Low permeability cut off walls can also be applied to
reduce ground water migration.
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Figur 39. Show DSM used to cut off contaminated flows. Illustrations from (Covicorp, 2020).
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The illustration below show jet grouting, where cement slurry is injected under

very high pressure and rotational speed, creating cemented soil columns.

Figur 40. Show principle for jet grouting. Illustration from (Van Passen et al., 2010)

For cohesive soils, up to 600 bar of injection pressure (water) is used

during jet grouting, as can be seen in the illustration presented below.

Jet Grouting Process WB Jet Grouting Process WLB

Airshroud 5-6bar

Water, high pressure \

100 - 600 bar »
Cement suspension, — =f—————
low pressure 3 - 10 bar

A A

Figur 41. Shows applied pressures during jet grouting in cohesive soils. Illustration from (grouting,
2021).
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Microbiologically induced calcite precipitation (MICP) is a method for ground im-
provement that can help acheive a reduction in use of cement products, where
preciptated CaCOs act as a binder that cement the particle contacts and reduces

the voids in MICP-treated soil. MICP can be used as a geotechnical application to:

e Increase shear strength and stiffness in soil
e Reduce porosity and permeability in soils

e Increase resistance to liquefaction in loose and saturated soils

During production of cement, both the combustion of fossil fuels for operating
the rotary ovens and the chemical process of converting limestone to lime,
generate CO,, where (Naeimi and Haddad, 2018) note that 1.3 tons of CO; is
generated per ton of produced cement. Cement is an integral part in most of the
existing grouting and mixing methods, where (Andrew, 2019) note that the
cement industry is assumed to contribute to as much as 8% of global CO, emis-
sions. To acheive the goals of reductions in CO; emissions set in the Paris ag-
reement, the construction industry needs to get access to new and more sus-
tainable methods that contribute to reaching this goal. The following disadvan-
tages of ground improvement with cement and lime products, are incentives for
the development of MICP as viable and more sustainable alternative method for

ground improvement:

e High carbon footprint

e Limited impact radius from injecton (mixing) point.
e High injection pressure which is intrusive to the soil
e EXxpensive

e Require heavy machinery

¢ Noise pollution

e Introduces chemicals to the soil and groundwater system.

3. Microbiologically induced calcite precipitation (MICP)
3.1 Bacteria in soils

It is noted by (Ingham, 2021), that bacteria are one-celled organisms, generally
1 ym wide and somewhat longer in length, whereas (Mitchell and Santamarina,

2005a) note that they have a cell diameter in the range of 0.5- 3 ym, and spores

46



that can be as small as 0.2 ym. They are abundant in soils, where a teaspoon of

productive soil, can contain 108 -10° bacteria.

Bacteria are the dominant microorganisms in soils and exist from the soil surface
and down to larger depths in the ground. Some bacteria have the ability to deve-
lop spores, which enables them to endure adverse environmental changes. They
can be nearly round, rodlike or spiral in shape (Mitchell and Santamarina, 2005b,
Ingham, 2021). They can according to (Mitchell and Santamarina, 2005a) endu-
re pH in the range 2-10, freshwater of varying hardness, very saline water, pres-
sures > 100 bars, temperatures from frozen to above boiling and they can re-

produce on an exponential scale under ideal conditions.

Bacteria are particularly concentrated in the narrow region (rhizosphere) next to
and in the roots, where (Ingham, 2021) note that some bacteria produce sub-
stances that bind soil particles into small aggregates, which improve water infil-
tration and the ability of a soil to retain water. (Mitchell and Santamarina,
2005a) note that nutrients are required by microorganisms for cellular carbon
and minerals as well as energy, where (Ingham, 2021) state that competition for
nutrients between bacterial species in the soil, increase when easily metabolized
substrates are present. The table presented below lists common nutrients for soil

bacteria.

Tabell 11. Lists common nutrients for bacterial growth. Data adapted from (Mitchell and
Santamarina, 2005b).

Elements needed to form Cellular carbon: CO2, HCO3"

molecules in the cell Organic compounds*
Minerals: N, P, K, Mg, S, Fe, Ca, Mn, Zn, Cu,
Co,Mo

Energy needed to sustain Organic compounds*

life Inorganic compounds*
Sunlight

Growth conducive factors Amino acids, vitamins, etc

Organic and inorganic compounds* 0O, NOs',NO2, N2.O, SO4% ,CO,, Fe3*

3.2 Bacterial transport within the soil

In their work, (Ng et al., 2012) note that soil microbes move through the soil

via the pore throats located between soil particles, either by self-propelled
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movement or by passive diffusion, where bacteria 0.3-2 um in width can move
freely within sandy soil with particle size 0.05-2.0 mm, while an increased share
of fine particles in a soil, would limit or block the bacteria’s movement within the
soil. (Schijven et al., 2017) add that bacteria can shelter inside pores in the
range 0,2-6 um depending on the bacterias size, whereas porethroats equal to,

or smaller than the bacteria, will restrict their movement.

(Bitton and Harvey, 1992) state that in fine grain sediments, both sorption and
straining can result in significant removal or transport of unattached bacteria as
they are transported down gradient, where straining occur when average cell
diameter is greater than 5% of average particle size. (Schijven et al., 2017) note
that attracive forces exerted by particle surfaces, can reduce the bacterias ability

to move within the soil.

The transport and survival of microorganisms in the rhizosphere, is influenced by
the vertical flow or percolation, which is enhanced by flow channels created by
plant roots and worms. However, (Schijven et al., 2017) note that high degree of
density in a soil, will limit the microbial movement with percolating water. Satu-
rated soil enables bacteria to be transported over much greater distances than
under unsaturated conditions, where (Lamka et al., 1980, Zyman and Sorber,
1988) found that bacterial transport through soil is accelerated by heavy (= 12.3
cm/day) rainfall. (Schijven et al., 2017) note that attractive forces exerted by
particle surfaces on the bacteria, can reduce the bacterias ability to move within
the soil, while percolating fresh water from rain fall reduce the ionic strength in
the pore water, which contribute to bacterial transport by reducing the attractive

forces (Zyman and Sorber, 1988).

According to (Schijven et al., 2017), the macropores have more influence on the
transport of bacteria in soil than the soil texture. In work by (Yang and van
Elsas, 2018), it is noted that increased water content increases the bacterial cell
motility (movement through fuid), where pores filled with water, have greater
connectivity with eachother than air filled pores, due to the discontinuous liquid
phase. It is further noted that bacterial movement between pores much larger

than the bacteria itself, would still impaire motility if unsaturated.
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3.3 Geometric compatibility

In work by (Mitchell and Santamarina, 2005b), a relationship of compatibility
between dio particle size of the soil and size of organisms, was integrated into a
diagram, where very fine or very coarse soils do not fall within geometric com-

patibility for ureolytic bacteria (0,5-3 pm). The compatibility diagram is presen-

ted below.
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Figur 42. Shows compatability for effective particle size (dio) in relation to size of organism. The
bounded region in the diagram represent the range of geometric compatability between pore size
and bacteria size. Illustration from (Mitchell and Santamarina, 2005b)

In work by (Lin, 2016), it is noted that habitable pores and pore throats are
found in coarse soils, and in some clayey soils at shallow depth, where particle
size in silts and sands correlate with the size pores and pore-throats, whereas
pores in clayey soils can be several times larger than the particles and still be
relatively enclosed. The lack of habitable pore space and limited mobility be-
tween pores, lead to a decline in microbial density wiith decreasing particle

size.

The bacteria in the soil are according to (Rebata-Landa, 2007), “active and
motile” when pore and pore throats are large enough to allow cells moving
through the pore network and find sufficient space for growth and metabolic

activity, while “trapped " when pore throats are too small for the bacteria to
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migrate and “dead” when confining pressure due to depth in the soil profile, ex-
ceeds the resistance of the cell structure. However, spore forming bacteria can
be dormant in this region. The diagram below illustrate the relationship between
effective particle size (dio ), soil depth and state of bacteria, where maximum dio
for mobility at 5-20 m depth is less than 2 um.
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Figur 43. Show limitation boundaries in terms of effective particle size (dip) and depth. Illustration
from (Lin, 2016).

3.4 Driving factors for MICP

There are according to (Chaparro-Acufia et al., 2018), two types of

biomineralization:

e Biologically controlled mineralization (BCM)

e Biologically induced mineralization (BIM)
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In BCM, minerals are usually deposited within organic matrices in living cells, en-
abling organisms to exert control over the nucleation and growth of minerals,

whereas in BIM the microorganisms secrete one or more metabolic products that
react with the ions or compounds in the environment, followed by a deposition of
the mineral as a metabolic by-product. According to (Bindu J, 2017), biominerali-

zation in soil, most commonly occur as:

e Ureolysis (hydrolysis of urea)
e Denitrification
e Iron reduction

e Sulphate reduction

The method of MICP was adopted from BIM, a biomineralization process occuring
in the natural environment, where urease enzyme producing soil bacteria throu-
gh ureolysis degrade urea and precipitate calcium carbonate (CaCOs). Ureolysis
predominates in most of the reaction environments, as the increase in pH caused
by the by-products of the reaction, inhibits other competitive reactions. The MICP
process is according to (Zehner et al., 2020) driven and controlled mainly by the
following factors:

e Availability of nucleation sites

e pH and temperature

e Concentration of dissolved inorganic carbon and free calcium ions

¢ Geometric compatibility of bacteria

e Availability of urea and oxygen
The properties of the CaCOs crystals precipitated during MICP, are dependent on:

e Soil permeability and residence time of injected cementation solution
e Rate of ureolysis, concentration of ions at supersaturation and precipitation

rate

According to (Hsu et al., 2017) ureolytic bacteria can be divided into two groups

based on their urease response to ammonium:

e Bacteria with a repressed response to ammonium

e Bacteria which do not have a repressive respons to ammonium

For the ureolytic bacteria chosen as a causative agent for the MICP process, the
following factors are important:

e Cost effective and exponential growth
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e High urease capacity sustained under:

- conditions with limited dissolved oxygen

- presence of ammonium

- both low and high temperatures as well as high pH

e Robust and negatively charged cell surface

e Geometric compatibility

e non-pathogenic and have no transferable elements

3.5 Ureolytic bacteria

Studies on MICP focused on potential geotechnical applications, have used

different ureolytic bacteria as causative agents. The table below lists some of

the

bacteria strains studied for different applications.

Tabell 12. Listsintended geotechnical applications for different bacteria used in previous studies.
Data adapted from (Choi et al., 2020a).

Bacteria

S.pasteurii

Bascillus megaterium

Bascillus sp. V51

B.sphaericus

Bascillus megaterium

S.pasteurii

S.pasteurii

Geotech. application
Soil stabilization

Settlement reduction

Soil stabilization
Settlement reduction
Permeability reduction
Permeability reduction
Permeability reduction

Erosion control

Liquefaction protection
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2013.

Smith et Al. 2017, Soon et Al.
2013.
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2016, Salifu et Al. 2016.
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In a review of previous studies, (Rahman et al., 2020a) found that S. pasteurii,

which is moderately alkaliphilic, non-pathogenic and have highly active urease

enzymes, was the most widely used ureolytic bacteria in studies on MICP.
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The urease activity for different ureolytic bacteria was investigated in work by
(Duraisamy, 2016), where Helicobacter pylori was found to have the highest
urease activity followed by that of S. pasteurii. However, Helicobacter pylori,
Proteus vulgaris and Pseudomonas aeruginosa can cause stomach infections.

The results of the comparison study are presented in the graph below.

Urease activity

Streptococus salvarius (Li et Al. 2000)

Pseudomonas aeruginosa (Young et Al. 1996)

Bacillus megaterium (Duraisamy 2016)

|
|
Helicobacter pylori (Hansen and Solnik 2001) [
|
Proteus vulgaris (Whiffin 2004) W
|

Sporosarcina pasteurii (Whiffin 2004)

Urease activity [mM urea.min™ .g dry biomasss™]

Figur 44. Show measured urease activity for different ureolytic bacteria. Data adapted from
(Duraisamy, 2016)

In their work, (Oliveira et al., 2015) compared S. pasteurii and I. insulsalsae as
agents for MICP in sandy soils, where l.insulsalsae was found to be more effec-

tive than S. pasteurii in precipitating CaCOs.

S. pasteurii are according to (Asgharzadeh et al., 2016), 0,5-1,2 um in diameter
and 1,3-4 uym long soil-borne facultative anaerobes, which make them able to
use other electron acceptors in the abscence of oxygen (0Oz). They utilize ammo-
nium to enable substrates to cross the cell membrane into the cell, while urea is
used as their source for nitrogen and carbon. In the SEM image presented below,
the physical appearance of the bacteria can be observed.

Figur 45. Show Scanning Electron Microscopy (SEM) image of S.pasteurii bacteria. Image from (Ma
etal., 2020b).
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In their work, (Wiffin, 2004, Hsu et al., 2017) note that S. pasteurii is considered
to be among the most robust and stable ureolytic bacteria, due to its capacity to
survive extreme environmental conditions, where (Ma et al., 2020b) observed
that it remained in good physical shape, despite being surrounded by CaCOs
crystals during precipitation. The other bacteria (B. subtilis) used in the study,

did not tolerate the harsh conditions and was damaged and lysed (cell death).

(Hammad et al., 2013) found that the urease activity of S. pasteurii showed sta-
bility and consistency, where its capacity to precipitate larger amounts of CaCOs3,
is due to its ability to secrete large amounts of urease enzyme, which works as a

catalyst and accelerator for the ureolysis (Bhadur et al., 2016).

3.6 Biochemical reactions

3.6.1 Ureolysis and precipitation

Ureolysis is according to (Van Paassen, 2009a), the most thermodynamically fa-
vored mechanism of bio-mineralization with the highest CaCOs conversion rate,
compared to aerobic oxidation, denitrification and sulfate reduction. Hence, ure-
olysis is the most widely used bio-mehanism within MICP. Bacteria used for the
purpose of MICP need to have the capacity to produce urease enzyme, such that
ureolysis can initiate, where urea (CO(NH). is decomposed into ammonia

(NH3) and carbon dioxide (Oz) in the following reaction (Choi et al., 2020a):

CO(NHz)2 + H20 — 2NH3 +CO2 Eqg. 3.6.1.1
When NHs is dissolved in water (H,0), ammonium (NH4*) and hydroxide (OH")
ions are produced and pH rises, in the following reaction:

2NHs3 + 2H20 — 2NH4* + 20H- Eqg. 3.6.1.2

The released ammonium is highly soluble and will remain in the immediate sur-
roundings such as soil and groundwater. The ammonia (NH3) is unstable and
can be released as a gas. The dissolved CO; produces bicarbonate (HCOs") and

hydrogen ions (H*) in the follwing reaction:

CO2+H20 — HCO3 + H* Eqg. 3.6.1.3
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As a result of the increased pH, HCOs™ react with OH" to form negatively charged

carbonate ions (COs?) in the following reaction:
HCOs3 + H* + 20H- ¢« CO03% + 2H0 Eq. 3.6.1.4

Calcium carbonate (CaCO0s3) is precipitated when the concentration of calcium
ions (Ca?*) and COs? is greater than the solubility product (Ksp) i.e at supersatu-

ration and pH exceeds 8,3:
Ca?* + CO3>* — CaCoOs (s) Eq. 3.6.1.5

The precipitation rate increases up to pH ~ 9, where the precipitation rate again
is reduced when pH approaches neutral. However, the final pH of the solution will

depend on the reaction rates and substrate concentrations.

Calcium ions are bound to the external cell surface because of the negatively
charged functional groups in the cell wall. The CaCOs formation occurs in the cell

surface, once supersaturation is reached.

Ca?* + Cell > Cell-Ca?* Eq. 3.6.1.6
Cell - Ca2* 4+ CO3% - Cell - CaCOs (s) Eq. 3.6.1.7

Successive CaCOs layers (stratification) are developed on the external cell sur-
face. This limits the nutrient and oxygen transfer and the cells will finally be
encapsuled by CaCOs crystals, provoking cellular degredation (lysis). In the
images below, precipitated calcite (CaCOs) is shown on the grain surfaces and
particle contacts in a sand.

AT S
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Figur 46. Show SEM image of percipitated CaCO3 on and in between sand particles. Image from at
left side from (Choi et al., 2020a) and image at right from (Cheng et al., 2017)
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3.6.2 CO; in ureolysis

One of the incentives for MICP as an alternative method for ground improve-
ments is the reduction in use of cement and lime based binders, where the pro-
duction of these are assosciated with large emissions of CO,. Ureolyssis utilizes

inorganic carbon such as CO:; in the bio-chemical process.

Urea is according to (Okyay et al., 2016) a compound containing nitrogen found
in urine of mammals and is widely used in fertilizers. During the degradation of
urea (ureolysis), CO; and NH4* are produced. Dissolved NH4* increases the pH,
causing the CO; in the air to dissolve in water and to then be converted into
HCOs™ and then COs?". In environments where unsaturated calcium concentrat-
ions and ureolytic bacteria are present, the microorganisms will serve as a ca-
talyst of the reaction of COs?~ with Ca?* ions to form CaCOs. There are two pos-

sible CO; sources for the precipitation of CaCOzin MICP:

e CO; dissolution present in the air or from dissolved minerals

e (CO; produced during ureolysis and respiration

For CO; produced during ureolysis to be sustainable, the amount of CO, produc-
ed by bacterial metabolism, have to not exceed the bacterial capability to seque-
ster CO; through MICP.

3.6.3 Ammonium as a biproduct

As part of the ureolysis in MICP, NH4* is released as a by-product. The other
form of ammonia that is released during this process is the unionised form of
ammonia (NHs3), which is volatile and can be released as a foul smelling gas and
considered toxic at long-term exposure (Cheng et al., 2019). In their work, (Lee
et al., 2019a) note that high concentrations of NH4* in surface waters, decreases
the pH, stimulate growth of toxic algae, decrease amount of dissolved oxygen,
produce toxins and contribute to bacterial growth. This can threaten fish, flora
and fauna, where infiltration of NHs* into the groundwater, could pollute the drin-

king water, where high concentrations of NH4*, is linked to health risks.

Removal of agueous NH4* in the treated soil during MICP have to be adressed for
MICP to be viable as an alternative method for ground improvement. The NH4*
can be extracted from the ground through rinsing with high ionic and high pH

solutions, whereas NHs need to be adressed by somehow suppressing the
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release. Few studies have been conducted on removal of NH4" in MICP-treated
soils, where most have been on lab-scaled samples and focused on the amount
of produced NH4" as an indication of urease activity. However, (Van der Star et
al., 2011) successfully removed almost all NH4* from a 1000 m3 MICP-treated
area of sand and coarse gravel. The injection and extraction wells utilized during
treatment to create an artificial gradient through the target area, were also used
in the extraction of the NH4* by increasing the extraction flow rate, post-treat-
ment. The extraction was continued until electrical conductivity and concentrat-

ions of NH4*, returned to pre-treatment values.

In their work, (Lee et al., 2019b) removed NH4* from five 3,7 m long (0,2m x
0,2m) MICP-treated sand columns with 525 L of a high pH and high ionic streng-
th rinse solution, where reduction in concentrations of ageous NH4* in the colum-
ns, was controlled over time (24 hours). After rinsing and a 12 hour residence
period, all distances from injection point achieved more than 95,7% NH4* remo-
val, with the exception of the most distal location in the column treated with S.
Pasteurii (90.6%). At distances less than 2.82 m, high (> 98.0%) degree of re-

moval was observed for all columns. The results are presented in the plot below.
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Figur 47. Show final NHstremoval as a function of distance from injection point. Data adapted from
(Lee et al., 2019b)
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However, the study showed that there was residual sorbed NH4* in the rinsed
MICP-treated soil, where concentration of sorbed NH4" increased with distance

from injection point. The results are presented in the plot below.
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Figur 48. Show sorbed NH4+* remaining after rinsing of MICP-treated soil. Data adapted from (Lee
etal., 2019b).

The study concludes that rinsing of NH4* from MICP-treated soil with high pH and
high ionic strength rinse solution, where measured shearwave velocity (vs) indi-
cated no adverse effects on the cementation during rinsing, could be viable in
the field. However, the remaining aqueous NH4* and sorbed NH4* indicate a need

for further studies.

3.7 Urease activity

The level of urease activity is related to the end product which is precipitation of
CaCOs. For MICP to be viable as a method for ground improvement, it is neces-
sary to identify the factors that affect the urease activity, so that regulation of
these factors can be utilized to steer the process towards the desired outcome,
which for example could be amount or pattern of precipitation. The affecting fac-
tors are further important for evaluating the suitability of MICP in different kind

of soils and ground conditions.

The urease capacity of the ureolytic bacteria is of great significance, given that
ureolysis is the core part of the MICP process. Ureolytic bacteria utilized in MICP,
should be able to sustain high urease activity over time, including under condit-

ions with limited access to dissolved oxygen as well as under a broad range of
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temperature and pH. As noted by (Van Paassen, 2009a), ureolysis is an irreversi-
ble reaction, where urea reacts with water and forms ammonium and carbonate

in the following reaction:

CO(NH,), + 2H,0 - urease » 2NH] + C0O3~ Eqg. 3.7.1

At neutral pH, HCOs™ is more abundant than COs?", which increases the pH to
obtain charge equilibrium. The rise of pH causes NH4" to dissociate into NHs until

equilibrium is reached between NH4+*/NHs and HCO5/COs%, normally at pH ~ 9.

It is noted by (Stocks-Fischer et al., 1999) that the rate of ureolysis among
others factors, will depend on the concentration of urea. When urea is almost
depleted, the rate decline and this can according to Michaelis-Menten kinetics be

expressed as:

el T Eq. 3.7.2
Where rho is the actual rate, rn, the maximum rate, Curea is the urea concentration
and Km,urea is the half saturation constant, representing the concentration at
which the rate is reduced by 50%. (Stocks-Fischer et al., 1999) found the opti-
mum rate of ureolysis at pHopt = 8,5. At values below and above pHopt, the

urease activity decreases, forming a bell shaped inhibition curve, described as:

™, 14+2-1095(HLL-PHyL)

Tho - 1410PHopt=PHyL) L 1 o(PHopt—PHLL) Eqg. 3.7.3
Where rno is the rate of ureolysis at pHop: and pHu and pHu. are the lower and
upper limits at which the rate is reduced by 50%. The effect of pH on the nor-

malised urease activity is presented in the plot below.
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Figur 49. Shows the effect of pH on the normalised urease activity. Data from Stocks-Fischer et Al.
1999 (m)and Whiffin 2004 (). Illustration from (Van Paassen, 2009a)
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In work by (Whiffin, 2004) it is noted that the concentration of Ca2* affect the
urease activity, where low concentrations of CaCl, up to 50 mM had no signifi-
cant effect on the urease activity, whereas concentrations > 0,5 M, resulted in
decreasing urease activity. This inhibitory effect of CaCl, can be approximated
using the following expression:

Ih — g=Cca /Kica Eq.3.7.4
Tho

Where Cc, is the concentration of Ca?* and the coefficient Kica, is the concentra-

tion at which the urease activity is reduced to 37% of its initial value.

It is further noted by (Whiffin, 2004), that temperature have a significant effect
on the rate of ureolysis, where no urease activity was registred below 5°C, while
a 10°C rise in temperatures within the range of 5-35°C, increase the urease
acti-vity with a factor of Q10 and can be expressed as:

Th

—=exp[(T—T0)lnl%] Eq. 3.7.5

Tho
In the plot below, the effect of temperature on normalised urease activity (rn/rno)

using different cementation solutions is presented.
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Figur 50. Show normalised urease activity as a funtion of temperature for different cementation
solutions. Data adapted from (Whiffin, 2004).
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According to (Whiffin, 2004), the urease activity will eventually decrease and
finally decay due to cell lysis, wich can occur at depletion of nutrients or due to
encapsulation of the bacteria during precipitation of CaCOs crystals. The effect of
progressive cell lysis on the urease activity, assuming exponential decay, can be

expressed as:

:—h = exp[—ti] Eqg. 3.7.6
ho d

where t4 is the exponential time constant, at which the urease activity has been

reduced by a factor e to about 63% of its initial value.

According to (Whiffin, 2004), the cell lysis is slow (weeks) at temperatures
around 10°C , where increased concentrations of salt, toxic compounds or in-
creased temperature will accelerate the lysis and reduce the capacity for ureo-
lysis. Under such conditions, bacteria tend to excrete their enzymes, which will
degrade faster outside of the cell than inside. The encapsulement of the bacte-
ria during the percipitation process, causes further decay of the urease activity,

which if assuming exponential decay, can be expressed as:

s
h [— 2529 Eq. 3.7.7

— =X

Tho P Sd
where Sy is the characteristic decay concentration of precipitated CaCOs at which
the urease activity has been reduced by a factor e, to about 63% of its initial

value.

3.8 Factors affecting the urease activity

3.8.1 Soil properties

Physical and chemical properties vary between different type of soils and for
MICP to be well adapted to the target soil, investigating the effect of the different
properties on the urease activity, is important. In work by (Vahed et al., 2011),
it is noted that the rate of naturally occuring ureolysis in the soil, depend on fac-
tors such as soil type, organic matter, water content, temperature, salinity and

pH, where some factors reduces the rate and others accelerate the rate.

In their work, (Gillman et al., 1995) investigated unbuffered urease activity of

indegenous bacteria in clay, clayey silty sand and sandy silty clay at 6°C and at
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37°C, where the results show that urease activity did occur at 6°C in all the soils,
but was lower at 6°C than at 37°C. The ratio (37°C /6°C) between urease activity
at 37°C and 6°C for a given soil was found to be in the range 3,1-12,4. Results
further show increasing urease activity with increasing carbon content at 37°C
but not at 6°C, where the sandy silty clay obtained higher urease activity than
the other soils at 37°C, but not at 6 °C.

The urease activity was low at 6°C, where variation in level of urease activity
between the soils was minimal and where 34% of the urea was still not hydro-
lized at end of experiment. This could suggest that temperature is the reason for
slower ureolysis at 6°C and not depletion of urea. Results for urease activity as a

function of carbon content in the soil, is presented in the plot below.
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Figur 51. Show urease activity for different soils as a funtion of carbon content in the soil. Data
adapted from (Gillman et al., 1995).

In their work, (Vahed et al., 2011) evaluated the influence of physical and
chemical properties on the urease activity in soils at 16°C and 24°C. The results
show a strong positive correlation between nitrogen in the soil and urease acti-
vity, moderate correlation for clay content or cation exhange capacity and
urease activity, while weaker correlations between silt or sand content and

urease activity. The derived correlation factors, are presented in the table
below.

Tabell 13. Lists degree of correlation between urease activity in indegenous soil bacteria and
different soil properties at 16°C and 24°C. Data adapted from (Vahed et al., 2011)

Soil properties Correlation coefficient at 24 °C | Correlation coefficient at 16°C
Clay particles 0,44 0,47
Silt particles 0,08 0,13
Sand particles 0,19 0,18
Total nitrogen 0,82 0,74
Cation exchange 0,30 0,35
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The study by (Vahed et al., 2011), further found moderate correlation between
pH and urease activity, where increasing temperature increased the urease
activity and optimal pH was observed at around pH 7. The results are presen-

ted in the plot below.
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Figur 52. Show urease activity at different temperatures as a function of pH in natural soils. Data
adapted from (Vahed et al., 2011)

A moderate to strong correlation between organic content in the soil and urease
activity, was further observed by (Vahed et al., 2011). The results are presented
in the plot below.
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Figur 53. Show urease activity at different temperatures as a funtion of organic content in natural
soils. Data adapted from (Vahed et al., 2011)
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In their study, (Sidik et al., 2014) used S. pasteurii for MICP treatment of or-
ganic soil classified as peat, which contained approximately 15% fines, 60%
organic materials and with liquid limit (L.) of 125%. To investigate if ureolysis
was occuring in the soil, the pH in the samples were monitored over time, where
pH reached around 9.3 after 12 hours, where the rise in pH was suggested to
indicate urease activity in treated samples. This was later confirmed by precipi-

tated CaCOs in the samples. The results are presented in the plot below.
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Figur 54. Show rise in pH in MICP-treated organic soil as an indication of urease activity. Data
adapted from (Sidik et al., 2014).

The results showed that the amount of CaCOs in the organic soil was less than
that of MICP-treated sands in other studies. The difference in precipitation for
organic soil and sand, is suggested to be due to soluble organic ligands and other
organic matter that have an inhibitory effect on nucleation of crystals. This is
suggested to be due to induced dissolution or impairment of the crystal growth,

when organic matter is adsorbed to the CaCOs surface.

In their work, (O'Toole and Morgan, 1984) suggest that variations in organic
content, texture and cation exchange capacity will have an impact on the urease
capacity. In their work, (Moyo et al., 1989) measured the urease activty as a
function of concentration of urea in a clay ( 63,6% silt, 6,4% sand) and a silty
clay (76,1% silt, 3,2% sand) with similar carbon content, where the clay had
higher pH (7,1) than the silty clay (5,5). The results show a rapid initial increase

in urease activity in the range 0-0,02 M urea and where the urease activity is
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stagnant when the concentration id further increased from 0,02 to 0,06 M. The
results are presented in the plot below.
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Figur 55. Show urease activity as a function of urea concentration. Data adapted from (Moyo et al.,
1989)

The results further show an exponential increase in urease activity when tempe-
rature is increased from 5°C and upwards to 50 °C. The measured urease activity

as a function of temperature is presented below.
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Figur 56. Show urease activity as a function of temperature. Data adapted from (Moyo et al., 1989)

Work by (Makboul and Ottow, 1979) investigated the specific effect of clay mine-
rals on the half urease saturation constant (Km), where montmorillonite (3:1) and
kaolinite (2:1), enhanced the K value of urease considerably more than illite
(3:1).

The effect of adding 2.5, 5.0 and 7.5% kaolin clay to a poorly sorted (ds0=0,3

mm) sand before MICP-treatment with S.pasteurii, was investigated by (Sun et

al., 2019c). They found that the added clay overall seemed to have an inhibitory
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effect on the urease activity, where all parameters besides varying pH due to the
added clay was kept constant and urease activity decreased with increasing sha-
re of clay. Al,O3 and FeClsz was then added seperately, where both decreased the
urease activity, while FeCls decreased the urease activity significantly more than
Al>Os.

The effect of minerals on precipitation by S. pasteurii in MICP-treated sands
differentiated as rich in quartz, calcite, feldspar and iron oxide was investigated
by (Montoya, 2012). The cemented samples were measured for their shear wave
velocity, where the mineral composition of the different sands was found to have
significant effect on the precipitation rate. Sand rich in calcite (CaCOs) showed
the fastest precipitation rate, whereas the sand rich in Iron (Fe) obtained the

lowest rate. The results are presented in the plot below.
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Figur 57. Show the increase in density due to precipitation over time, in sands with a variation in
dominating minerals. Data adapted from (Montoya, 2012)

3.8.2 Anoxic conditions

For geotechnical applications of MICP, it will often be the case that the target soil
is located below the groundwater table. Evaluation of the effect of limited or no
dissolved oxygen on urease activity and cell growth, is of great relevance when
considering viability of MICP-treatment in soil below the watertable. Cultivation
and growth of bacteria are normally conducted in the presence of oxygen. How-
ever, for further growth and sustained urease activity over time in the subsur-
face below the watertable, anoxic growth, urease production and ureolysis must

be feasable.
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Aerobic bacteria need free or dissolved oxygen and use O; as the electron accep-
tor, whereas facultative anaerobic bacteria such as S. pasteurii, can survive in
the absence of oxygen (anoxic conditions) using compounds besides O, as elec-
tron acceptors. This suggest that facultative anaerobic bacteria are more robust
and more suited to survive in environments with little or no presence of oxygen.
However, the ureolysis requires available oxygen to sustain the urease activity

over time.

Once a soil is saturated, the availability of oxygen is according to (Inglett et al.,
2005), reduced due to the displacement of oxygen in the pore space. When the
limited oxygen present in the pore water is consumed, oxygen can only be supp-
lied to the microorganisms in the saturated zone through diffusion from the near-
est aerobic zone. This process is relatively slow process under saturated soil con-
ditions, causing the microbial biomass to decrease and the microbially induced
reactions to decline, where some reactions may be replaced by new ones. Under
such conditions, bacteria must use other compounds besides O, as electron ac-
ceptors. Bacteria capable of utilizing the electron acceptor with the next-highest
thermodynamic potential, will under these conditions dominate. The use of elec-
tron terminal acceptors (ETA) occur in the order of NO3-, Mn**, Fe 3*, SO42 and
then CO».

In their work, (Hamdan et al., 2011) note that since S. pasteurii uses aerobic
respiration during ureolysis, ureolysis is severely limited when the oxygen levels
are low, such as in subsurface aqueous environments. (Jain and Arnepalli, 2019)
reported on limited urease activity and minimal amounts of precipitation from S.
pasteurii under anoxic conditions, where the minor precipitation was attributed to
urease enzymes produced during aerobic cell growth. (Teng et al., 2020, DeJong
et al., 2010) stated that S. pasteurii can survive in an anaerobic environment,
but the capacity to produce urease in the absence of oxygen, is time limited. By
contrast, (Tobler et al., 2011, Mortensen et al., 2011b, Mitchell et al., 2019)
found that the urease activity of S. pasteurii was not negatively affected by an-
oxic conditions, where (Mitchell et al., 2019) perceived the rise in pH to above 9,
as an indication for urease activity. However, (Jain and Arnepalli, 2019) state
that rise in pH during anoxic conditions could also be due to break-down of com-
plex proteines during the stationary growth phase, whereas (Martin et al., 2012)

suggest that findings indicating urease activity under anoxic conditions for
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S. pasteurii is due to urease enzyme already being present in the cells of aerobi-
cally grown bacteria. (Mitchell et al., 2019) adds that to sustain the urease acti-

vity over time, addition of suitable electron acceptors might be required.

In their work, (Martin et al., 2012) found that S. pasteurii was not capable of
anaerobic growth, which was suggested to be due to lack of de novo synthesis
(new production) of urease under anoxic conditions, causing a decline of ureo-
lysis over time, while (Whiffin, 2004) found that S. pasteurii can be grown under
conditions with reduced oxygen levels. However, the growth was slow and exten-
ded periods of reduced availability of oxygen, lead to 25% reduction in urease

activity.

In their study, (Mitchell et al., 2019) investigated the cell growth of S.pasteurii
under oxic and anoxic conditions. The results indicate a low capacity for cell
growth under anoxic conditions in the short term and no capacity over time. Cell
growth or bacterial density (ODsoo) under anoxic conditions was lower than that
under oxic conditions, regardless of added ETAs. However, the growth was low
and did not sustain over time, but did increase when oxygen (0O.) was allowed to
enter the system. There was no cell growth with NOs-, SO4%" and Fe3* as ETAs.
This suggests that further cell growth in the sub-surface post-injection, requires
the bacteria to be resuscitated by stimulation through cyclic injections of oxyge-
nated fluids. The plot presented below show growth evolution by bacterial densi-

ty (ODsoo) over time.
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Figur 58. Show bacterial density as optical density at 600 nm (ODeoo) of S.pasteurii under aerobic
and anaerobic conditions, as a function of time. Data adapted from (Mitchell et al., 2019).
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A study by (Chen et al., 2012) seeked to develop a continuous oxygen releasing
material, which can be introduced to the sub-surface. They used a mixture of
gypsum, calcium peroxide (Ca0;), sand and water, which showed high initial
oxygen retention and slowly declining oxygen release rate. The observed
optimal ratio of the components in the mixture, is listed in the table presented
below.

Tabell 14. Lists compounds by ratio for proposed oxygen releasing mixture. Data adapted from
(Chen et al., 2012)

Compound Ratio by weight
Gypsum 1
Calcium peroxide (CaCOz) 0,5
Sand 0,14
Water 0,75

3.8.3 Cell growth

For an ureolytic bacteria to be viable as a causative agent in the MICP process, it
should have a healthy and robust cell surface with a high negative charge, have
capacity for exponential growth and high capacity for urease enzyme production
as well as a capacity for efficient conversion of urea through ureolysis. In their
work (Van Paassen, 2009a), note that a variation in the composition of nutrients
and temperature, will yield different levels of urease activity and cell growth,
where optimal growth yield is acheived when batch cultivations are stored at late

exponential or early stationary growth state.

(Van Paassen, 2009a) adds that limited access to oxygen during cultivation can
reduce the growth, where (Whiffin, 2004) found that increased levels of oxygen
during cultivation, increased cell growth and generated normal cell physiology
(rod-shaped, non-motile). On the contrary, reduced oxygen levels reduced
growth, altered the physiology of bacteria (shorter, highly motile) and reduced
the urease activity.

(El Mountassir et al., 2018, Soon et al., 2014) reported that increased amount of
urea enzyme in solution, increases the urease activity, which in turn increases
the rate of ureolysis, where (Okwadha and Li, 2010, Teng et al., 2020) reported
on increased rate of ureolysis with increasing bacterial concentration. However,
(Teng et al., 2020) found that the increased urease activity with increasing bac-
terial concentration was just initially and hence temporarily, where (Whiffin,
2004) found no correlation between bacterial concentration and urease activity.

(Teng et al., 2020) conclude that high bacterial concentration is a limiting factor
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for sustained urease activity. (Okwadha and Li, 2010) adds that bacterial con-
centration showed greater influence on the rate of ureolysis than initial concen-

trations of urea.

In work by (Van Paassen, 2009b, Nayanthara et al., 2019), it is noted that S.
pasteurii follows a typical growth curve with initial exponential growth and then
a stationary phase. The growth curve and corresponding urease activity for S.
pasteurii at 30°C conducted in work by (Van Paassen, 2009a), can be observed

in the plot presented below.
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Figur 59. Show bacterial density and corresponding urease activity for S.pasteurii at 30°C . Data
adapted from (Van Paassen, 2009a).

Work by (Stocks-Fischer et al., 1999, Li et al., 2012) suggests that the bacteria
cell wall, serve as nucleation site for precipitation, where a robust cell wall will
enable the bacteria to better withstand the weight of the precipitated crystals,

thus delaying lysis due to encapsulation.

Early studies by (Wiley and Stokes, 1962), found optimal growth for S. pasteurii
ocurring at pH 9.25, whereas the bacteria stopped growing when pH exceeded
10.0. In their work (Ma et Al.,2020) found that for S. pasteurii grown in the
presence of urea, pH rised from 7.4 to 9.4 in 5 hours and generated much high-
er growth, more robust physiology and higher negative cell charge, compared to
S. Pasteurii grown without urea, where pH stagnated at 7.7 throughout the
growth phase. However, the urease activity was much lower for S. pasteurii
grown with urea, than for that grown without. However, it displayed a much fas-

ter initiation
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of the urease activity than for that grown without urea. The results for the cell

growth (ODeoo) and urease activity are presented in the plot below.
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Figur 60. Show bacterial concentration as a function of time for S. pasteurii, grown with and
without urea. Data adapted from (Ma et al., 2020b)
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Figur 61. Show urease activity as a function of time for S. pasteurii, grown with and without urea.
Data adapted from(Ma et al., 2020a)

The effect of temperature and inoculation (growth) solutions on the growth of S.
pasteurii was investigated by (Verba et al., 2016), where highest growth was

acheived in nutrient broth (ATCC medium) at 30°C. Both cultures inoculated in
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the nutrient broth, acheived significant higher growth than those in solution of (1

and 10 g/L) CaCl, /urea. The results are presented in the plot below.
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Figur 62. Show effect of temperature and inoculation solution on growth of S. pasteurii. Data
adapted from (Verba et al., 2016)

Nutrients used in growth medium, can be expensive and for MICP to be a viable
application for ground improvement on an industrial scale, cost effective growth
procedures need to be developed. (Griffiths, 1986) notes that for scale-up of cell
culture, the overall product cost and labour component decreases with scale up,

whereas the cost of cultivation medium increases proportionally.

In work by (Whiffin, 2004), an economically viable growth medium for large
scale production of S. pasteurii, was developed. Expensive components of the
cultivation medium were replaced with food-grade protein sources and acetate,
which reduced the cost by 95% and sustained high urease activity in the sus-

pension.

The microbial growth is according to (Ng et al. 2012), generally less sensitive to
temperature changes in the range 20-30°C, where (Nayanthara et Al. 2019)
found the bacterial growth to be more stable and comparatively higher at 20-
25°C, whereas it decreased to almost zero at 50°C. The study found that S. pas-

teurii displayed an initial exponential growth up to a maximum and then a
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stationary phase followed by a gradual fall, for growth in the range 20-40°C. The
results for effect of temperature on bacterial density over time, are presented in

the plot below.
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Figur 63. Show bacterial density as a function of time for cultivation under different temperatures.
Adapted with data from (Nayanthara et al., 2019).

3.8.4 Cementation solution

The cementation solution most widely used in MICP applications is CaCl,/urea at
varying concentrations. CaCl; buffer the pH and provides a supply of calcium

ions, while urea increases the pH when it is degraded by the urease enzyme and
converted into ammonium during ureolysis. The urease activity is a core compo-
nent of the MICP process and it is important to investigate how the components

in the injected cementation solution affects the ureolytic activity.

In their work, (Gorospe et al., 2013) note that urease enzymes, are sensitive to
environmental stresses, where specific conditions promote optimal urease activi-
ty up until a limit is reached, where exceeding this limit causes the enzyme per-
formance to decline. (Tang et al., 2020) state that the concentration and pro-
portion of cementation solution have a significant influence on the urease activi-
ty, where (Hammes et al., 2003) found that adding 30 mM Ca?* to solution of

urea enzyme, increased the urease activity by 10 times.
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Work by (Gorospe et al., 2013), investigated the effect of different salts on the
urease activity of S. pasteuriis urease enzyme, where salts (50 mM) were added
to 1 mL enzyme reaction mixture, leaving one crude urease enzyme reaction
mixture without added salt, as a control sample. The different salts, all decreas-
ed the urease activity, where the lower decrease with calcium silicate relative to
the other salts, is suggested to be due to low solubility in water. The results are

presented in the diagram below.
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Figur 64. Show effect of different salts on the urease activity of the S. pasteurii urease. Data
adapted from (Gorospe et al., 2013).
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3.8.5 pH

It is noted in work by (Tang et al., 2020), that the pH value can affect urease
activity through the metabolism of ureolytic bacteria, where (Stocks-Fischer et
al., 1999) found that pH causes significant changes in the bacterial metabolism,
hence it will govern the ability to decompose urea. Ammonium generated during
ureolysis will increase the pH of the medium, while the carbon dioxide from ureo-
lysis and microbial respiration, slows or counteract the rapid increase in pH (Ng
et al., 2012a, Soon et al., 2014).

According to (Van Paassen, 2009a), the pH rises rapidly until critical supersatu-
ration is reached and precipitation is initiated, where (Stocks-Fischer et al.,
1999) reported optimal pH of S. pasteurii at 8, while (Whiffin et al., 2007) obser-
ved optimal pH for S. pasteurii between 7 and 8, whereas (Kim et al., 2018)
suggested an optimal pH around 7. (Stocks-Fischer et al., 1999) adds that after

precipitation, the pH drops to about neutral where it stays until all substrat-
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es are depleted. In the table below, some results from previous studies on opti-

mum pH range for S.pasteurii, are listed.

Tabell 15. Lists previous findings of optimal pH range for S.pasteurii. Data adapted from (Crowley
etal., 2019)

PHopt 9 8 9,3 9,1 8,7-9,5 8 6-8 7-9
(Feng (Stocks- | (Ferris | (Fujita | (Dupraz | (Arunachalam | (Van (Khan,
s t .. | and Fischer etal.,, |etal, |etal, et al., 2010) Elsas 2011)
-Pasteurit | v ntoya, | et al., 2004) | 2004) | 2009) and
2016) 1999) Penido,
1982)

In their work, (Kim et Al. 2018) found that S. Pasteurii was more sensitive to a
change in pH than S. saprophyticusi, where the precipitation of S. pasteurii was
reduced with up to 60% by varying the pH. (Nayanthara et al., 2019) observed
the highest urease activity at pH 9, where a high and distinct increase in urease
activity was observed for increasing pH from 6 to 7,5, and a smaller increase
from pH 7,5 to 9,0. The results are in line with findings of (Stocks-Fischer et al.,
1999), which showed a drastic increase in urease activity for S. pasteurii betwe-
en pH 6 and 8 and then a gradual decline above 8. The results from

(Nayanthara et al., 2019) are presented in the graph below.
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Figur 65. Show normalized urease activity under varying values of pH. Data adapted from
(Nayanthara et al., 2019)

3.8.6 Temperature

The capacity to initiate and sustain urease activity and consequently precipi-
tation under a broad range of temperatures, is one of the core requirements for
the viability of MICP as a method for ground improvement. For vability in cold
climate ground conditions, the ureolytic capacity under low temperatures are of

particular importance.

75




Ground temperatures will according to (SENTER, 2021), be dependent on air and
ground surface temperatures, heat flow from the interior of the earth and the
soils thermal properties. The ground temperature is further affected by snow
cover, vegetation and other climatic factors. The surface temperature will fluctu-
ate daily and annually, while the ground temperature would normally be 1-2°C
higher than the annual average air temperature at a given location, with some
dependancy on number of snowcover days on the ground in cold climate regi-
ons. In Norway the annual average temperature varies depending on the regi-
on, with +6 °C in the coastal areas in west and -4 °C in the mountenous areas
and the inland in the north. The graphic presented below, show variations in

anual average temperature in Norway by region.
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Figur 66. Show regional average annual (1985-2014) temperatures in Norway. Illustration from
(2021).

The yearly average temperature of the groundwater in Norway, ranges according
to (NVE, 2021) between +1°C in the northern parts and +6°C in the coastlines of
western and southern Norway. Measurements show a latency in the groundwater
temperature in respect to the air temperature, where the lowest temperature is

registered in the summer months, while the highest temperatures are measured

in the winter months. A rule of thumb has been that the groundwater tempe-
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rature is equal to the yearly average air temperature for a given region. How-
ever, the type of soil, depth of the unsaturated zone, depth of snow cover, frost
and vegetation, can have an influence on temperature of the groundwater. The

map presented below show groundwater temperature in the nordic countries.

Figur 67. Show groundwater temperatures in the nordic countries. Illustration from (NVE, 2021).

Soil temperatures in parts of the globe that do not have cold climate, have a

peak temperature range of 10-30°C with an average of 10-16°C, 3-4 m below
ground surface. According to (Cheng et al., 2016), the temperature can affect
the urease activity, rate of ureolysis and precipitation rate, where (Nayanthara

et al., 2019) note that ureolysis is a temperature dependent enzymatic reaction.

Work by (Cacchio et al., 2003), reported on slow initiation of ureolysis at low
temperatures and a faster initiation with increasing temperature, while (Ng et al.,
2012b) reported on marginally higher rate of ureolysis at 30°C compared to
20°C, where the urease activity was less sensitive to changes in the range 20-
30°C. (Gillman et al., 1995) reported on a nearly 18 times increase in rate of
ureolysis when temperature was increased from 5 to 20 °C, whereas increase in
temperature above 30°C, did not further increase the rate. (Wiffin, 2004) obser-
ved a high urease activity for S. pasteurii in the range of 30-70°C, while
(Sahrawat, 1984) reported on increasing urease activity from 10°C to 60°C and

ceasing at 100°C, where optimal activity was registred at 60°C.
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As part of their study, (Peng and Liu, 2019b) investigated the effect of tempe-
rature on the urease activity of S. pasteurii. The results show increased peak
activity and initial rate with increased temperature, and faster rate of decrease
in activity after peak i.e shorter duration with increased temperature. The results

are presented in the plot below.
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Figur 68. Show urease activity as a funtion of time for different temperatures. Data adapted from
(Peng and Liu, 2019a).

In their work, (Nayanthara et al., 2019) investigated the effect of temperature
on urease activity over time for S. pasteurii, where the highest rate of increase

in urease activity upon initiation and highest peak activity was observed at 25°

C, whereas almost no activity was observed at 50°C. An unstable and short du-
ration, but high peak activity was observed at 40°C .The graph presented below
show the results from the study.
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Figur 69. Show urease activity as a function of time for different curing temperatures. Data
adapted from (Nayanthara et al., 2019)
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3.9 Cell surface charge

The magnitude of negative cell charge in a ureolytic bacteria affects the suitabili-
ty of the cell surface as a nucleation site for precipitation, where (Ma et al.,
2020b) state that an increase in negative surface charge is favorable for binding
positively charged calcium ions (Ca?*) or magnesium ions (Mg?*). According to
(Williams et al., 2017), the cell surface charge can be approximated by the zeta
potential. The zeta potential is a measure of the electrokinetic potential of the
discontinuous phase in a colloidal dispersion, where (Ma et al., 2020b) note that
mV > 30 indicate good stability, and the higher the value (postive or negative),

the more stable the potential.

In their study, (Williams et al., 2017) measured the zeta potential of the S. pas-
teurii cell during exposure to different stressors such as heat, lack of nutrients,
high pH, and autoclaving. They found that the cells negative surface charge was
sustained over time during exposure to the different stressors. They further in-
vestigated the zeta potential at varying levels of urease activity, where negative
zeta potential was observed at all levels of activity. The highest negative poten-
tial was registred for the two cultures with highest urease activity, but there was
no observable correlation between negative potential and level of urease activity,

for levels of activity below those. The results are presented in the diagram

below.
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Figur 70. Show measured zeta potential for S. pasteurii. Data adapted from (Williams et al., 2017)
In their study, (Ma et al., 2020b) found the highest (-67mV) negative zeta po-
tential for S. pasteurii, when they compared with the zeta potential of S. aureus
(-26mV), B. subtillus (-40,8mV) and the non-mineralizing bacteria E. colli

(-28mV). They further observed that adding urea to S. pasteurii culture during
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cultivation, increased the negative cell charge of the bacteria, compared to S.
pasteurii cultivated without added urea. The graph presented below show the

measured zeta potential over time for the two cultures of S. pasteurii.
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Figur 71. Show zeta potential as a function of time for S. pasteurii cultivated with and without urea.
Data adapted from (Ma et al., 2020b).

In work by (Keykha et al., 2017), an increased negative zeta potential for S.
pasteurii with increasing pH, was observed. The results are presented in the
diagram below.
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Figur 72. Show measured zeta potential for S. pasteurii. Data adapted from (Keykha et al., 2017)

3.10 Cementation

3.10.1 Precipitation of CaCOs3

Precipitation of CaCOs is the end product of the MICP process, where rate and
duration of precipitation as well as type of output mineral will affect how the

cementation is realized through amount, crystal size and pattern of CaCOs3, thus
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affecting the objective of the MICP application. For this reason, it is important to

investigate the mechanisms that affect or govern the precipiation.

In work by (Al-Thawadi and Cord-Ruwisch, 2012), it is noted that biominerali-
zation by ureolysis occur when the concentration of Ca?* and CO3%" exceed the
solubility product (Ksp) i.e when supersaturation of solution is reached. Increas-
ing supersaturation index (SI), increases the possibility for precipitation of

CaCOs. SI of a solution in the context of CaCOs is defined as:

2+ 2—
gy =lalcos | Eq. 3.10.1.1

Ksp

(Ferris et al., 2004) state that S. pasteuriis precipitation of CaCOs crystals, occur

through three steps:

Stage 1 —» Solution approaches supersaturation, driven by increasing pH
Stage 2 —» Nucleation at the point of critical saturation (precipitation initiates)
Stage 3 —» Spontaneous crystal growth on the stable nuclei (cell surface)

In work by (Stocks-Fischer et al., 1999), it is noted that the pH at equlibrium or
at supersaturation, is higher for water with lower calcium content such as soft
water and lower for hard water. The equilibrium between precipitation and dis-

solution at 25°C, is presented below.

9 | Calcium carbonate (CaCO;) equilibrium |
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Figur 73. Show equilibrium between precipitation and dissolution for CaCO3 at 25°C. Data adapted
from (De Moel et al., 2013)

The saturation of solution is according to (El Mountassir et al., 2018), strongly
influenced by the pH of the solution, where adding hydrochloric acid into the
injected solution can delay precipitation by reducing the pH to 6,5. They further
note that urease activity tend to favor a highly alkaline environment and since
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CaCO:s solubility decreases with increasing pH, precipitation is likely to increase

with increasing pH.

In their work, (Nemati and Voordouw, 2003, Hammad et al., 2013) note that the
ureolytic activity affect the precipitation, where (Hammad et al., 2013) reported
on increased precipitation rate with increasing urease activity and (Nemati and
Voordouw, 2003) on increased amount of CaCOs precipitated with increasing
concentration of urease enzyme. On the contrary, (Konstantinou et al., 2021)
found that the precipitation of S. pasteurii decreased with increasing level of
urease activity and vice versa, where the lower precipitation at high urease acti-
vity is suggested to be due to uneven distribution of CaCOs in the sample. The
density of bacteria could through the amount of generated urease enzyme, also
affect the urease activity, where (Stocks-Fischer et al., 1999) found that bac-

terial densities exceeding 108 cells/ml, reduced the precipitation.

In their research (Kim et Al. 2018), found that the optimum temperature for
precipitation for both S. pasteurii and S. saprophyticus was 30°C, and lowest at
50°C. However, the precipitated amount of CaCOs from S. saprophyticus was
greater than that of S. pasteurii under all variations of pH, temperature and
curing time. In their work, (Peng and Liu, 2019a) demonstrated precipitation
from S. pasteurii in the range 10-30°C, where amount of precipitated CaCOs

declined with increasing temperature. The results are presented in the plot

below.
as -
S.pasteurii
40
35
30
I
~ 25
o
< 20
(W)
15
10
5
0
) 100 200 300 400 500
Time [hours]
| —e—100C —e—150C —e—200C —e—250C —e—300C |

Figur 74. Show precipitated CaCOs3 as a function of time for different temperatures. Data adapted
from (Peng and Liu, 2019a).

In their work, (Cheng et al., 2016) found that using 0,4 M cementation solution

(urea/CaCl;) generated the largest amount of precipitated CaCOs, while (Nemati
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et al., 2005), found that increasing the CaCl; share from 0,045 to 0,27 M produc-
ed higher amounts of CaCOs, whereas (Shahrokhi-Shahraki et al., 2015) acheiv-
ed highest unconfined compression strength (UCS) with a concentration over 0,5

M and a higher share of urea than CaCl,.

In work by (Van Paassen, 2009b), it is noted that the urease activity is affected
by the reduction of pore size due to precipitation. Reduced flow through the soil
cause stagnant areas, which at constant flow rate increases linear flow velocity,
thus reducing the residence time of the substrates within the soil volume and

hence the urease activity per soil volume.

Work by (Oliveira et al., 2015), found that the I. insulsalsae bacteria generated
more precipitated CaCOs than S.pasteurii. In their work, (Zhang et al., 2016a)
found that the Bacillus species which S.pasteurii is part of, displayed the most
effective (rate of convertion) precipitation, with a calcium precipitation activity
(CPA) of 94,8%, while (Liu et al., 2019) found that S. pasteurii in artificial soil
provided a higher CPA than in natural soil, probably due to competition for nutri-

ents from indigenous bacteria in the natural soil.

In a comparison study by (Hsu et al., 2017) with a monoculture of S. pasteurii
and a co-culture of S. pasteurii and B. subtillus, both cultures reached the same
rate of percipitation at the end of the experiment. However, S. pasteurii display-
ed a faster initial rate of precipitation. In a study on stabilizing beachsand,
(Nayanthara et al., 2019) found that S. pasteurii precipitated significantly more
CaCOs at 25 °C in a moderately alkaline environment, compared to the other
ureolytic bacteria included in the study. The results are presented in the graph

below.
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Sulfitobacter pasteurii
Oceaobabacillus pasteurii
Bacillus pasteurii
Halomanas pasteurii

Sporosarcina pasteurii

Figur 75. Show comparison of amounts of precipitated CaCOs for different ureolytic bacteria. Adap-
ted with data from (Nayanthara et al., 2019).
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Through MICP-treatment with S. pasteurii in silt and sand, (Kim et al., 2014)
found that that the amounts of CaCOs generated in the sand samples, were
about two times more than those for silt samples. The larger voids in the sand is
suggested to be the reason for greater degree of precipitation in sand, compared
to silt. They conclude that void ratio and pore size have a significant effect on

microbial cementation in soils. The results are presented in the graph below.

5

S.pasteurii
Bacterial density = 4x10® cfu/ml
4 Curing temperature = 30C°
Sand 24mL CaCl,, 24mlLbacteria
3 Silt 11mL CaCl,, 11mL bacteria

Sand Sand Sand Silt Silt Silt
Dr=40% Dr=60% Dr=80% RC=60% RC=75% RC=90%

(o]

CaCO, content [%]

RC=Y/Y max

Figur 76. Show precipitation of S. pasteurii in sand and silt at different densities. Data adapted
from (Kim et al., 2014).

Soil or groundwater can in some cases have high concentrations of magnesium
ions (Mg?*), which in the same way as calcium ions (Ca?*), can be part of the
biochemical reactions resulting in precipitation. Studies on the effect of Mg?*
ions on the precipitation are important for evaluation of suitability of MICP in

different ground conditions.

In their work, (Sun et al., 2019a) found that Mg?* generated less precipitation
than Ca?*, under similar conditions. Increments in share of Mg?* did not signifi-
cantly affect the quantity of CaCOs; precipitated, whereas the crystal morphology
was far more sensitive to the increased share of Mg?*. (Nayanthara et al., 2019)
integrated both Ca?* and Mg?* in ratios from 0-1 in the cementation solution in
sand. The study found that optimal ratio Mg 2*/Ca?* was 0,5:1. The crystal mor-
phology was adversly affected by high shares of Mg 2* which is in line with find-
ings of (Sun et al., 2019a). .
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The results of (Sun et al., 2019a), are presented in the diagram below.

S.Pasteurii

0,30 0,31 0,31 0,32 0,32 0,33 0,33 0,34

Percipitated CaCo, [g]

Figur 77. Show precipitation of CaCOs as a function of Mg?* concentration. Adapted from
(Nayanthara et al., 2019).

3.10.2 Effect of grain size distribution

The distribution of particle size affect the number of particle contacts per soil
volume, porosity and hydraulic conductivity of a given soil. These properties
would in turn affect the flow and distribution of bacterial suspension and cemen-
tation solution and consequently the spatial ditribution of precipitated CaCOs
within the treated area. For these reasons, it is important to investigate the
effect of particle size and distribution on the cementation, so that knowledge of
these effects can be integrated into the evaluation of MICPs suitability in a given

soil as well as to adapt strategies for treatment in different type of soils.

In their work, (Mortensen et al., 2011a) note that effective cementation by MICP
is reliant on a grain size distribution or pore size distribution that provide suffi-
cient flow within the soil. In soils with higher permeability and connected pores,
the injected solutions are dispersed more evenly and provide a better spatial
distribution of CaCOs. For MICP-treated (S. pasteurii) fine sand (0,075-0,015
mm), fine to medium sand (0,15-0,3 mm) and medium sand (0,3-0,6 mm),
(Yang et al., 2020) found that increasing particle size increased the distri-bution

of precipitated CaCOs.

In work by (Mortensen et al., 2011a), it is noted that for soils at a constant poro-
sity, dense well graded soils will have a higher number of particle contacts per
volume, compared to loose poorly graded coarse soil. They observed a higher
precipitation rate in coarse well graded sand, compared to fine uniform and loose
sand. The higher number of contact points in well compacted and well graded
soils, are suggested to be favorable for acheiving improved strength and stiff-
ness with MICP.
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(Rebata-Landa, 2007) conducted MICP-treatment (S.pasteurii) in 11 different
soils including kaolin clay, silt, fine sand, medium sand and among others, coarse
sand. The study found that particle sizes between 10 and 100 um, acheive the
most effective cementation, where poor cementation in the very fine particles, is
suggested to be due to bacterial activity and metabolism being reduced in small
voids. Coarse silt and fine sand aveived high degree of cementation, whereas the
degree of cementation declined for increasing particle size above fine sand. The

results are presented in the plot below.
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Figur 78. Show cementation as a function of particle size in different soils. Data adapted from
(Rebata-Landa, 2007)

3.10.3 Effect of grain shape and surface texture

The variation in shape and size can affect the number of contactpoints between
particles in a soil and thus the effectivhess of the cementation and consequently
the acheived improvement of strength and stiffness, during MICP treatment.
(Alshibli and Alsaleh, 2003) note that shape, surface roughness, and size distri-
bution have a significant influence on the strength and deformation properties of
granular materials. Considering that there are more contact points per soil vol-
ume in sand with fine round particles, compared to sand with coarse round
particles, (Ismail et al., 2002) suggests that the efficiency of the cementation
bond is higher in the fine rounded particles. (Alshibli and Alsaleh, 2003) adds

that sands with a predominance of angular particles, have greater internal
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friction than those consisting mainly of rounded particles, where ¢ increases with
increasing angularity of particles, and decreases with increasing effective particle
size (dio). In their work, (Nafisi et al., 2018) MICP-treated (S. pasteurii) diffe-

rent sands with same particle size, but with a variation in shapes as shown in the

images presented below.

coarse angular coarse round fine round

Figur 79. Show SEM images of grain size and shape used in the study. Image from (Nafisi et al.,
2018).

The results showed that the interparticle cementation was more effective in the
angular coarse particles, compared to round coarse particles. Both interparticle
cementation and increasing surface roughness contributed to improved shear
strength in coarse angular particles, whereas only surface roughness contributed
in round coarse particles. In the images below the precipitated calcite (CaCOs3)

for each shape, is presented.

coarse angular coarse round fine round

Figur 80. Show SEM images of cementation on and between grains post-treatment. Image from
(Nafisi et al., 2018)

87



In their work, (Nafisi et al., 2018) applied numerical modelling of particle shapes
and conducted numerical triaxial tests to investigate the bonding effect of grains
in MICP. The results showed that degree of improvement in shear strength due
to biocementation, is affected by the particle shape, where particle angularity
and particularly the parallel bond radius (R) of the cementation bond, determine
the degree of increase in shear strength post-cementation. The larger the radius
(R), the greater the strength of the bond. A parallell bond is shown in the illus-

tration presented below.

Figur 81. Show the principle of paralell bond in particle to particle cementation, Illustration from
(Nafisi et al., 2018).

3.10.4 Calcium carbonate crystals

Depending on the conditions at supersaturation, different mineral types (poly-
morphs) of both stable and metastable CaCOs and varying morphology, can be
precipitated. The CaCOs binder is the main component that enables the alteration
or improvement of the soil properties in MICP-treated soil. The crystals size,
shape and strength, needs to be suitable for the objective of the geotechnical
design as well as provide adequate resistance to environmental factors that can
cause corrosion or erosion of the CaCOs mass. It is for this reason important to
investigate the factors affecting these aspects, so that the treatment approach in

situ, can be adapted to acheive and sustain the desired outcome.

It is noted by (DeJong et al., 2009), that the precipitated CaCOs need to be
stable and have a realistic design life, where the long-term compatibility of the
precipitated CaCOs with the in situ conditions, is critical. Calcium carbonate
(CaCO0:3) crystals will acoording to (Bindu J, 2017), dissolve very slowly, either
when continuously flushed by buffered acidic groundwater or as a result of acidi-

fying processes in the pores. (Delong et al., 2009) note that ground
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conditions where pre-existing and stable CaCOs can be observed, could be an
indication of suitable environment for the durability of the binder. The life span

of precipitated CaCOs3, is estimated to be more than 50 years.

Precipitated CaCOs in the unsaturated zone of regions with frequent rainfall, will
experience a high number of wetting and drying (WD) cycles. (Gowthaman et al.,
2021) investigated the effect of up to 50 WD cycles on loss of CaCOs mass under
cyclic WD exposure in MICP-treated poorly graded sand. The results show that
loss of mass due to WD cycles, induced greater erosion in samples with the low-
est calcium carbonate concentration (CCC), where initial cycles and cycles above

the 30t cycle, had the greatest loss of mass per WD cycle.

L. xylanilyticus
Sand d;,=0,23 mm C,=2,5 C=0,8

Loss of CaCO; mass [%]

0 10 20 30 40 50 60
Number of wet and drying cycles

—+—(CCC12-13% —+—CCC15-17% —+—CCC22-23%

Figur 82. Show loss of mass (CaCQOs3) as a function of number of WD cycles, for MICP-treated poorly
graded sand with different CCC. Data adapted from (Gowthaman et al., 2021).

In their work, (Gowthaman et al., 2021) note that CaCOsis initially induced as
non-crystalline and then during growth, transformed into crystals in the aqueous
media. However, where depletion of resources or presence of organic content in
the reaction system occur, the initial non-crystalline precipitates tend to stabilize
on particle surfaces as powdery deposits of CaCOs before transforming to crystal-
line structure. Such secondary formations of CaCOs which are precipitated on
locations beside the particle contacts, can accumulate in aggregated clusters, in-
dividual clusters or powdery deposits. During rainfall, percolating water will sur-

round the CaCOsz material, leading to the powdery deposits and their
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accumulations to fall into suspension, which leads to the erosion of CaCO3

mass. The process is illustrated in the schematic presented below.

Soil grains Air void

Before wetting Penetration of water into pores Saturated stage

Figur 83. Show the process of erosion of CaCOz mass during wetting. Illustration from (Gowthaman
etal., 2021).

Work by (Gowthaman et al., 2020), investigated the effect of acidic rain on the
durability of precipitated CaCOs binder in MICP-treated poorly graded sand, by
measuring the corrosion of CaCOs during exposure. They found that the corro-
sion rate of CaCOs, depend on the intensity of the acidic rain and the level of pH.
However, the loss of shear strength due to corrosion of CaCOs is governed by
CCC, meaning that for same degree of corrosion, the higher the CCC the lower
the loss of mass and shear strength.

In their work, (Tang et al., 2020) note that due to different extracellular poly-
meric substances (EPS) on the cell surface, output mineral and morphology will
vary with bacterial strain, where (Cheng et al., 2007) note that cell size, size of
urease enzyme, interaction between organic and inorganic substances at the cell
surface and electrostatic surface charge affect the morphology of crystal format-

ion.

Calcium carbonate can crystallize as calcite, vaterite or aragonite (Zehner et al.,
2020, Tang et al., 2020), where (Zehner et al., 2020) state that calcite is the
most common polymorph, due to its low solubility. (Paassen, 2009) found that
the output mineral mainly depend on the rate of the ureolysis, where high rates
generated spherical vaterite and lower rates generated calcite. (Tang et al.,
2020, Cheng et al., 2007) state that the higher the concentration (COs?~, Ca?*)
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at supersaturation in solution, the faster the precipitation and the smaller the
crystals, and vice versa. Whiffin (2004) found that at pH < 8, the concentration

of COs?~ was lower, resulting in a lower precipitation rate and larger crystals.

In work by (Tang et al., 2020), it is noted that bacterial concentration have a
significant effect on the concentration of supersaturation. In their work, (Xu et
al., 2017) found that increasing concentrations of Ca?*, increased the crystal size
and altered the morphology, while bacterial concentration was found to be more
related to the development of surface structure. (Al-Thawadi and Cord-Ruwisch,
2012) observed increasing size of precipitated crystals with increasing bacterial
concentration for all samples, where bacterial concentration was increased ten

fold for each sample. The results are presented in the diagram below.

Crystal size vs bacterial concentration

18 m 0,03 Biomass dry weight [gL-1]

16
14
B 0,3 Biomass dry weight [gL-1]
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10

3 Biomass dry weight [gL-1]

Crystal size [ym]

30 Biomass dry weight [gL-1]

Figur 84. Show CaCOs crystal size as a function of biomass (bacterial density). Data adapted from
(Al-Thawadi and Cord-Ruwisch, 2012)

(Cheng et al., 2007) notes that when bacterial concentration is low, the nuclea-
tion sites on the cell surface where crystals are precipitated, are far apart and

do not interfere with each other, leading to formation of cubic crystals,
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whereas high cell concentration cause cells to flocculate, leading to formation of

spherical crystal.

Low cell concentration High cell concentration

AN

N

4
A S

Figur 85. Show cubic (left) CaCOs crystal formation at low cell concentration and spherical (right) at
high concentrations. Image from (Cheng et al., 2007)

In work by (Cheng et al., 2016), MICP-treatment (S. pasteurii) of sand under
high urease activity at 50°C, formed small (2-5 um) crystals forming thin coating
layers (t=5 uym) over the sand particles, whereas lower urease activity at 4°C
and 20°C, formed large (20-50 um) clusters of crystals, where the gaps between
the sand grains were almost completely filled with crystals. Precipitated CaCOs
for high (a) and low (b) urease activity are shown in the images presented
below.

Figur 86. Shows a) weak CaCOs coating from high urease activity and effective CaCO3 bridging of
the grains from low urease activity. Image from (Cheng et al., 2016).

The crystals generated at low urease activity generated effective particle bonding
and increased shear strength, whereas crystals generated at high urease activity
did not contribute to increased shear strength. (Cheng et al., 2016) suggest that
the competition between the crystal growth and crystal nucleation is the cause of
the difference in crystal formation. High number of cells result in an abundance
in nucleation sites (cell surfaces), where the supplied cementation solution is

used for nucleation of new CaCOs crystals rather than growth of existing crystals.
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This leads to an abundance of small crystals forming dense crystal layers, given
a continuous supply of cementation solution. In contrast, with low number of
cells, the nucleation sites are limited and the supply of cementation solution is

used in further growth of the already precipitated crystals.

(Kralj et al., 1994) found that change in temperature of inorganic salt solutions
such as CaCl,, affected the precipitation rate. (Jianyun, 2005) reported that
CaCOs precipitated by S. pasteurii, was mainly calcite with amorphous, aggre-
gated and poorly crystallized material at 5 °C, uniformly distributed well-spheri-
cal crystallized calcite at 25 °C and crystallized calcite and vaterite with spheri-
cal, square, and spindle appearance with poor stability at 50 °C. They concluded

that 25°C was most favorable for precipitation of high quality crystals. The

results are shown in the images presented below.

Figur 87. Show morohology of precipitated CaCOsz by S. pasteurii at different temperatures. Images
from (Jianyun, 2005)

(Cheng et al., 2007) found that CaCOs precipitated by S. pasteruii at pH 8 and 9,
both generated calcite. XRD analysis showed that at pH 8.0, the shape was
spherical, whereas at pH 9 the crystals were cubical. The morphology for pH 8
and pH 9 is presented in the images below.

pH 8 pH 9

Figur 88. Show morphology of CaCOs precipitated by S. pasteurii under different pH. Images from
(Tang et al., 2020)
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In work by (Wang et al., 2019), it is noted that the size of the crystals formed
from MICP, are highly dependent on the time interval between injections of
cementation solution. They found that the average size of CaCOs crystals was
significantly higher at 23-25 h injection interval, compared to the shorter inject-

ion intervals.

In their work, (Al-Thawadi and Cord-Ruwisch, 2012) reported on a high increase
in crystal size when concentration of cementation solution (CaCly/urea) was
raised from 55 mM to 258 mM and a much lower increase in crystal size when
concentration was further increased from 258 mM to 1255 mM. The results are

presented in the plot below.
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Figur 89. Show crystal growth or size, as a function of cementation solution. Data adapted from
(Al-Thawadi and Cord-Ruwisch, 2012)

In most areas of Norway the groundwater is soft but in the northern parts of the
country and central areas around Oslo, the rock surface contain calcium and in
these regions the groundwater can be hard and rich in Ca?*. (Aamodt and Dahl,
2016) state that Norway has lower concentrations of magnesium in the ground-
water than many other european countries which have metamorph and eruptive
rockbeds in the sub-surface. Regions with sedimentary rock, which are more
soluble and magnesium rich, would have more magnesium (Mg?* ) in the

groundwater.
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In their work, (Nayanthara et al., 2019) investigated how concentration of Mg?*,
affect the morphology of CaCOs crystals precipitated by S. pasteurii. They found
that increasing the Mg?*/Ca?* ratio from 0.43 to 1, drastically changed the crys-
tal morphology of the precipitated CaCOs. The particles were slightly covered by
small crystals while the pore voids were completely occupied by needle shaped
long crystals, some as long as 100-200 pm. These displayed a lower cementing
ability and lower resistance to compressive forces, compared to the rhombo-
hedral or spherical crystals accumulated together at the grain contacts. The

resulting morphology is shown in the images presented below.
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Figur 90. Show SEM images of the morphology of percipitated CaCOs3 crystals at different ratios of
Mg 2* and Ca?*. Image from (Nayanthara et al., 2019).

3.10.5 Residual permeability post treatment

For some applications of MICP, such as cut off walls or other applications inten-
ded to reduce waterflow, a reduction of porosity and permeability is desirable.
For other applications such as geotechnical design where rise of porepressure
due to lack of drainage, residual permeability post-treatment is critical. For
MICP to be a viable method for ground improvement, the reduction of permea-
bility during treatment must be controllable, so that sufficient residual permea-
bility while acheiving desired improvement in strength and stiffness, can be
acheived.

Stratified soil deposits can contain distinct or diffuse layers with different degree
of permeability. Permeable layers within layers of lower permeability will act as
drainage paths, while draining layers on top of low permeability layers will limit
the elevation of the phreatic line or water table in inclined terrain. Elevated
phreatic line or watertable will reduce the effective strength of the soil that is

submerged.
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For the use of MICP to stabilize or enhance soil properties in slopes, it is impor-
tant that existing draining layers within the slope obtain residual permeability
post-treatment. If a slope already have a low safety factor close to 1 (failure), an
increase in the waterpressure could likely cause the slope to fail. The illustration
below illustrate the effect on slope stability due to a rising phreatic line caused by
intensive rainfall (R), where the principle also is valid for significant reduction of
permeability in draining layers within the slope. As the phreatic line (t) in the
slope (a) starts to rise (to), the porepressure P. (b) rises at point C on the critical
slip surface and with the watertable further rising (ti-t3), the resisting shear force
at point C and along the slip surface are reduced, thus reducing (c) the factor of
safety (Fs) until the the driving forces exceed the resisting shear along the slip

surface, causing the slope to fail.
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Figur 91. Show effect of rising phreatic line in a slope. Illustration from (borders, 2021)
3.10.6 Cementation patterns
In work by (Cheng et al., 2016, Al Qabany et al., 2012, Nayanthara et al., 2019),
it is noted that the precipitation pattern influence the flow properties of porous

media, where (Al Qabany et al., 2012) adds that the cementation pattern also

affect the stress transfer between the cemented particle contacts.
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According to (Rong and Qian, 2012), the following cementation patterns can

be generated during precipitation:

e Grain coating, where the crystals grow on grain surfaces and encapsule
them.

e Contact cementing, where crystals can be precipitated at or near contact
points of particles.

e Matrix support, where crystals grow into the void spaces from particle sur-
faces, bridging the particles.

e Porefilling (clogging), where crystals fill the pore voids without bridging the

particles, hence reducing the porosity or permeability of the soil.

The illustration presented below show the diffferent cementation patterns

described above.

Grain coating Contact cementing Matrix-supported Pore filling

Combination of patterns

Figur 92. Show individual patterns and a combination of cementation patterns. Illustration from
(Nayanthara et al., 2019).

Particle cementation by CaCOs can according to (Cui et al., 2017a), be classified
as either effective or non-effective crystals. Cementation between particle

contacts contribute to particle bonding and are considered effective, whereas
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cementation on particle surfaces do not contribute to particle bonding and is
concidered non-effective. It is suggested, that one can further classifiy effective
cementation into particle-contact cementation and calcite-calcite (crystal-crys-
tal) cementation. The illustrations and images presented below show how ce-
menation in the context of actual strength enhancement, is differentiated.

(a) (b) Cemented (c) Cemented
Un-cemented (calcite-calcite cementation) (particle-contact cementation)

Effective
calcite crystals

¢ Non-effective calcite
crystals

Effective calcite crystals
(particle-contact cementation)

Figur 93. Show classification of calcite (CaCO3) crystals. Images from (Cui et al., 2017a).

The crystals are according to (Cui et al., 2017a), precipitated in cluster form,
where the size of the cluster increases with increasing number of injection cycles
of cementation solution, where some of the non-effective crystals would be
transformed into effective calcite crystals in the span of the cyclic injections. At
lower cementation levels, the effective crystals are mainly precipitated as par-
ticle-contact cementation, while at increased cementation level, effective crystals

are precipitated as calcite-calcite cementation.

3.11 Curing time

The effect of curing time on acheived shear strength from precipitated CaCOs can
be important, when determining the time span for post-treatment quality control
where acheived shear strength is to be controlled up against the set design cri-
teria. In their work, (Teng et al., 2020) used manual mixing during MICP-treat-
ment of high plasticity silty clay (68,7 % silt) with S. pasteurii . They found that
UCS increase with increasing curing time, except for sample at 5 days of curing ,

which could indicate a lower urease activity in this particular sample, where all
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samples had the same initial parameters during preparation. The results are

presented in the plot below.
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Figur 94. Show UCS for increasing curing time for MICP-treated silty clay. Data adapted from (Teng
etal., 2020)

(Oyediran and Ayeni, 2020) found that MICP-treated fine grained soil followed
the same rate of initial strengthening (3-7 days) for different levels of CCC,
where the increase in UCS from 7-28 days was negligible. However, the initial

UCS increased with increasing (CCC). The results are presented in the plot

below.
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Figur 95. Show UCS as a function of curing time for MICP-treated fine grained soil with different
CCC. Data adapted from
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(Godavarthi Rajani, 2020) found that MICP-treated high plasticity clay acheived a
higher increment in increase of UCS from 14-28 days of curing, compared to in-
crement in increase of UCS from 3 to 14 days. The results are presented in the

plot below.
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Figur 96. Show UCS as a function of curing time for MICP-treated high plasticity clay. Data adapted
from (Godavarthi Rajani, 2020)

3.12 Insitu application of MICP

3.12.1 Injection strategies

The way bacterial suspension and cementation solution is introduced to the sub-
surface during MICP, affect the acheived spatial distribution in the target area.
The injected solutions need to cover the targeted area and depth for the follow-
ing precipitation of CaCOsz and consequently the desired alteration of the soils
properties, to be adequately distributed. This is one of the most important com-
ponents for the viability of MICP as a method for ground improvement and have

in past studies proven to be a challenge.

The literature describes several treatment strategies for improvement of soils by
MICP. Work by (Whiffin et al., 2007) developed the two-phase injection method,
where an injection of bacterial culture is followed by an injection of cementation
solution. This method has been widely used in later studies on MICP in soils and

was later modified in work by (Cheng and Cord-Ruwisch, 2012), where a

100



retention period after the injection of bacteria and before injecting the cemen-
tation solution, was applied. (Van Paassen, 2009a, Van der Star et al., 2011)
used injection/extraction wells in a grid pattern, where the injected solutions are
transported through the target area by an induced hydraulic gradient created by
the extrction wells on the opposite side. (Delong et al., 2009) suggested apply-
ing this method to inject bacterial suspension in one direction and cementation
solution and nutrients in the reversed direction. (Harkes et al., 2010b) intro-
duced a multi-phased procedure, where bacterial suspension is injected first,
then a fixation solution (to attach bacteria) is injected followed by injection of

cementation solution.

In their work. (Cheng et al., 2014) demonstrated that surface percolation in
coarse and highly permeable soils, where bacterial suspension and cementation
solution are alternately trickled on the soil surface, acheived cementation ex-
ceeding 2m in depth from the surface. (Zhao et al., 2014) used mechanically
mixing of bacteria and cementation into sand during an experiment in the lab,
while (Gomez et al., 2018) used stimulation of existing ureolytic bacteria in the
sub-surface, where nutrients and cementation solution is injected to stimulate

growth and precipitation.

In work by (Cheng et al., 2019), a low pH one-phase integrated solution
(bacteria+urea/CaCl,) was developed. This approach requires only one injection
and show promising potential for solving known practical problems with MICP
such as release of NH3 and poor spatial distribution of CaCOs. This method was
first explored by (Stocks-Fischer et al., 1999) on sand columns using a higher
pH, which lead to an instant and rapid precipitation of CaCOs in the solution

before injection, causing the solution to clogg.

Due to the ability to control flow, saturation, pressure and hydraulic gradient, the
injection method is a prefered method, but it has a disadvantage in the uneven
distribution of precipitated CaCOsin the soil mass. In research conducted by
(Whiffin et al., 2007), the two-phase injection method was used to treata 5 m
long sandy soil column, where both bacteria culture and cementation solution
was injected alternately from top to bottom, where the vertical flow of the reac-
tants was regulated by a pump. The study found that CaCOs was precipitated
throughout the column, but the distribution was not uniform along the column

length i.e declining concentration of CaCOs with distance from injection point.
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When bacteria are injected through the pore space of the soil, they are according
to work by (Ginn et al., 2001), likely to be filtered through the sand with a long-
linear reduction of microbe concentration along the injection path i.e lower con-

centrations of bacteria will end up in locations further from the injection point.

As noted by (Cheng et al., 2014), the reaction of cementation solution with
bacteria during penetration of the soil, leads to less reagent moving further into
the soil. This is due to localized cementation around the injection points, where
further supply of cementation solution eventually leads to plugging of the pores
in the area near the injection point. (Harkes et al., 2010b) proposed a solution to
improve this problem, by applying a slower flow rate in the injected bacterial
solution, while (Whiffin et al., 2007) suggested that the flow rate of the cemen-
tation solution should be increased to reach further into the soil. Later, (Al
Qabany et al., 2012) suggested a retention period before injecting the cemen-
tation solution to allow for the bacteria, to be transported further into the soil

and reach a firm attachment on and in between the grains.

The surface percolation method described by (Cheng et al., 2014) found that the
approach is suitable for porous granular materials with high permeability such as
coarse sands and gravels, where cementation in the MICP-treated coarse soil
was acheived down to more than 2m of depth. However, in fine sand (d < 0,3
mm), the slow infiltration rate (0.25-4.8 cm/min) limited cementation to 1m
depth. In their work (Zhao et al., 2014) found that 83% of the CaCOs; precipi-
tated in the treated sand using manual mixing was homogeneously distributed
throughout the sand columns used in the study. Despite solving the problem
with uneven distribution, (Zhao et al., 2014) note that the method is still con-
sidered the least favorable of the methods, due to disturbance of the stress level

in the soil during the mixing.

The one-phase low pH injection method proposed and demonstrated in work by
(Cheng et al., 2019), uses bacteria and cementation solution (CaCl,/urea) inte-
grated in one injection, which provide a controllable lag period (35 min.) due to
low pH, before precipitation of CaCOs is initiated. The lag time can, theoretically
be prolonged by increasing the acidic buffer capacity of the integrated solution.
The use of injection and extraction wells in a grid pattern applied by (Van

Paassen, 2009a), could according to (Delong et al., 2009) be applied to inject
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bacteria in one direction and nutrients and cementation solution in the opposite
direction. Due to the reduction in concentration with distance from injection point
and delayed precipitation, the reversed injection could provide an even ditribut-

ion along the flow path and could significantly reduce issues with clogging.

(Cheng et al., 2019) note that the urea driven urolysis, produces toxic ammoni-
um, which is highly soluble in water and remain in the soil as aqueous NH4+* and
must be extracted from the ground post-treatment. However, the unionised form
of ammonia (NH3), is volatile and can be released as a gas which have a foul
smell and is toxic under long-term exposure. Increased pH, increases the con-
centration of NHs present in the water, thus more NHs gas is released. However,
the low pH in the one-phase solution proposed by (Cheng et al., 2019), renders
most of the NHsz generated during the MICP process, as ionised form of NH4*,

which significantly reduces the production of NHs during treatment.

In their work, (Cui et al., 2021) compared the two-phase injection method and
the one-phase method by using the low pH solution proposed by (Cheng et al.,
2019). The one-phase method, acheived more uniform distribution of CaCO3
through top, middle and bottom of sample, compared to the two-phase method.

The results are presented in the diagram below.

CaCo, distribution in sand
S.pasteurii
1-> one-phase low pH injection method
2-» two-phase low pH injection method

| TOp
H Middle
I H Bottom
1 2

1-» One-phase low pH injection method 2-» Two-phase low pH injection method

Jary
o

CaCO; concentration ccc [%)]
o = N w & N [=)] ~J co [Y=]

Figur 97. Show concentration and distribution of CaCOs for one- and two-phase injection methods.
Data adapted from (Cheng et al., 2019).
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The one-phase method, acheived significant higher UCS, compared to the two-

phase method. The results are presented in the diagram below.

'.:'i'_;' 1000 |s pasteurii

= Sand

5 800

2

£ 600

I %

£

g 200 Z %/ 1 \%
5 1 2 3 4

Number of treatment cycles

# One-phase low pH injection method 3 Two-phase low pH injection method |

Figur 98. Show acheived UCS for one- and two-phase injection methods. Data adapted from
(Cheng et al., 2019).

(Minto et al., 2019), found through numerical fluid flow modelling (OpenFOAM)
that an increased reaction period between treatment cycles, result in more preci-
pitation of CaCOs and higher efficiency. However, the increased effeciency of
urea convertion, required longer (duration) treatment cycles. A reduction in the
concentration of urea/CaCl,, increased the efficiency but decreased amount of

precipitated CaCOs.

3.12.2 Liquid flow and bacteria retention

During injection of bacterial suspension to the sub-surface, the distribution of
bacteria in the soil will according to (Van Paassen, 2009b, Cheng et al., 2016),
be affected by the soil porosity and flow conditions, where only a fraction of the
bacteria is adsorbed to the grain surface or is attached to the pore walls. (Cheng
et al., 2016) adds that the retention of bacteria inside the target area is crucial,
where weak attachment could lead to the bacteria being flushed away or detach-
ed by the following injection of cementation solution. This would cause uneven

distribution of precipitated CaCOs crystals.

Due to attractive forces, high salinity fluids such as CaCl, causes the bacteria to
attach to the soil particles, whereas low salinity fluids such as rainwater will re-
duce the attraction. (Cheng et al., 2016) simulated heavy rainfall by water flush-
ing samples during MICP-treatment of sand. The flushing caused significant de-
crease in the efficiency of urea conversion down to less than 5% and conseque-
ntly a very low precipitation (CCC< 0,3%), whereas the control sample
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acheived 10 times more precipitation, where the reason for the poor results in
flushed is suggested to be due to washing out of bacteria and substrate during
flushing.

In work by (Van Paassen, 2009b), it is noted that increased flow velocity due to
narrowing of flowpaths from precipitation, shorten the residence time of sub-
strates within the flow path. This reduces the urease activity per soil volume,
where (El Mountassir et al., 2018) add that the increased velocity within the
channels where precipitation still have not ocurred, make it difficult for the bac-

teria to attach itself.

(Minto et al., 2016) suggested that flow velocity can be used to control where
bacteria attach within the soil, where constant pressure rather than constant flow
rate or sequentially decreasing the flow rate for consecutive injection cycles, may
enable distribution of bacteria over a larger area. (Van Paassen, 2009b) used
flow velocity at 0,4/m/hr in a large scale MICP-treatment of fine sand, where no
precipitation of CaCOs within a 100 mm radius around the injection point, could
be observed. This is suggested to be an indication that velocity can be used to

control location of precipitation, even in granular and porous soils.

In their work, (Ng et al., 2012a) note that high salinity solution drives floccu-
lation, which supports the adsorption of bacteria and retention in sand. They
suggest that low salinity solutions such as fresh water, can be effective in increa-
sing the impact radius and spatial distribution, due to low ionic and adsorption

strength.

In work by (Harkes et al., 2010a), it was found that injection of undiluted bac-
teria suspension, followed by one time pore volume of sample with 50 mM high
salinity (CacCl,) fixation fluid, which was then followed by cementation solution
(CaCly/urea), retained almost all bacteria suspension in the sand. The fixation
fluid, caused the bacteria to flocculate, fixing them to particle surfaces, resulting
in an increase of precipitation around these assemblages of bacteria. The study
suggested that the use of high salinity fluids can increase adsorption and floccu-
lation, while low salinity fluids can increase transport and remobilization of ad-
sorbed bacteria to improve the distribution. It is noted by (Cuthbert et al.,
2013), that to acheive adequate retention of bacteria in a desired area, 200 mM

CaCl; and 400 mM urea needs to be mixed with the bacterial suspension

105



before injection. However, this approach would most likely cause immediate pre-

cipitation and clogging around the injection point.
3.13 Scaled up MICP experiments

Large scale MICP in gravel:

Two 48 inch steel gas pipelines with a length of 600 and 900 are to be placed in
the ground across the river Waal. (Van der Star et al., 2011) note that Horizontal
Directional Drilling (HDD) is a method for trenchless and steerable installation of
underground pipelines, which provides minimal disturbance to the surrounding
ground and can be applied both in rocks and porous soils. After drilling, the sta-
bility of the bore hole is maintained by a viscous and high density drilling fluid,
that stabilize the bore hole during the initial drilling and the reaming phase.
However, due to the tendency of coarse gravel to collapse during drilling, MICP
using S. pateurii is investigated as a potential solution for stabilizing the ground

along the river banks, before drilling is conducted.

Due to fewer contactpoints in coarse gravel, the acheived effect of biocemen-
tation was unclear, so laboratory tests were conducted before large scale appli-
cation. 18 kg of gravel was treated with initial injection of bacterial suspension,
then fixation solution of 50 mM CacCl; and finally 5 and 9 injection cycles of 1 M
cementation solution (CaCly/urea). In the test with 9 cycles of CaCly/urea, a sec-
ond bacterial suspension was injected after the first cycles, whereas in the test
with five cycles, the gravel was mixed with 1.5 kg coarse sand. Precipitated
CaCOs post-treatment was mainly located within the pore voids, where CaCOs
had sedimented by gravity onto the gravel particles. The results are shown in the

images presented below.

5 cycles 5 cycles + 7% (1,5kg ) sand 9 cycles

Figur 99. Show cementation for varying treatment strategies in coarse gravel. Images from (Van
der Star et al., 2011)
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To test the suitability of cemented gravel under drilling using the same bacteria
and cementation solutions, two 3 m?3 containers were filled with with gravel and
treated. One was filled with a uniform medium-grained gravel (dso=10 mm) and
the other with the same gravel, mixed with coarse gravel (dso=40 mm) and
cobble stones up to d= 300 mm. The procedure and results are shown in the

images presented below.

Drilling though cemented mass Drilled pathway for pipe

Figur 100. Shows drilling through cemented mass (left) and drilled pathway (right). Images from
(Van der Star et al., 2011)

1000 m? of ground was MICP-treated at two different locations along the river
Waal, with a single injection of bacteria solution with S. pasteurii followed by a
single injection of cementation solution. Injection and extraction wells were in-
stalled in a grid pattern above the projected pathway of the pipeline, where the
extraction wells are used to create an artificial and directed gradient as well as
to extract NH** post-treatment. The set up is shown in the images presented

below.

Injection and extraction wells in a grid pattern MICP-treated sand and gravel

Figur 101. Show grid of injection wells on top of projected pathway for pipeline (left) and stabilized
gravel (right). Images from (Van der Star et al., 2011) (left) and (DeJong et al., 2014) (right)..
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The resistivity maps below show the extent of change in the soil profile during
MICP-treatment.

160

1

80

60
Before treatment

During treatment

Figur 102. Resistivity mapping for soil profile before and after MICP-treatment. Illustration from
(DeJong et al., 2014) (Deltares).

The MICP-treatment of loose gravel was found to be a suitable and risk-reducing
measure when drilling in masses, where high permeability hinders fluids to form
a stabilizing cover in the borhole. The installation of the gas pipeline across the

river was concluded to be successful.
Large scale MICP in sand:

In a large scale experiment conducted by (Paassen, 2009), 100m? of Itterbeck

fine sand was builtin a 8 m x 5.6 m x 2.5 m concrete box structure, while a
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bioreactor was built on site to manage 5m?3 nutrient broth. In the image below,
three injection wells are placed to the left in the picture, while three extraction

wells used to create an artificial gradient through the sand mass, are placed to

the right in the picture.

Figur 103. Show setup for larger scale MICP experiment in sand. Image from (Paassen, 2009)

First bacterial suspension was injected, then 100m3 cementation solution (1M
urea/CacCly) was injected sequentially in 10 cycles (over 12 days), where 80% of
the urea was hydrolysed after 12 days. The fluid was injected through the three
injection wells and transported through the sand over the length (5m) of the box
towards the three extraction wells. The treated sand was rinsed with water and
excavated. As can be seen on the excavated body in the picture below, cemen-
tation along the flow lines were reasonably homogeneous, while perpendicular to
the flow lines, CaCOs content varied significantly. Further, as can be observed to
the left in the picture below, the cemented patterns close to the extraction points
are clearly related to the flow paths through the sand body. Th cemented mass,

seen in the image below was estimated to 40m?3.

Figur 104. Show the exposed cemented sand body. Image from (Paassen, 2009)
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A vertical cross-section made along the centre flow line, showed that below the
cemented phreatic surface, lenses varying between 0,8-24% of dry weight CaCOs

content was formed.

‘ 16 B
2.5 11 25 64 82 104 70 57 56 56
0
83 119 2090, 93 1.6 23 23 §13490 58 49 5.6
0 T T 22 T T T T T ]
0 1 2 3 4 5 6 7 8

X [m]
Figur 105. Show CaCOs concentration and distribution along the longitudinal centre line of

cemented mass. Injection well at 1.5 m and extraction well at 6.5 m.. Plot and image from
(Paassen, 2009).

The study showed that the injection method is feasable, both as single point
injection in an other smaller experiment (1 m3) or over a horizontal distance
using screens of injection and extraction wells. The CaCOs content was not as
homogeneously distributed as desired. It is suggested that the cementation in
the sand mass was limited by the induced flow field, where the distribution of

bacteria varied over the distance and between different flow paths.

3.14 Challenges with upscaling

For the MICP method to be viable as a alternative method for ground improve-
ment adapted in the industry, it needs to:

e Provide a uniform distribution of CaCOs binder in the target area

e (CaCoOs binder need to be resistant to erosion and corrosion, where the
service life of binder should be equal to or close to that of cement and

lime based binders.

e Be applicable in stratified soils with layers of different permeability,

pore size distribution and grain size distribution
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e Be applicable under conditions with limited dissolved oxygen and under a

broad range of ground temperatures

e Provide means for the control of crystal morphology, crystal size and

cementation pattern

e Provide method for obtaining residual permeability, while increasing the

strength and stiffness of the treated soil

e Provide a method for reducing NHz and removal of aqueous and adsorbed
NH,*

Controlled experiments can never fully simulate in situ conditions, where a high
number of combinations of variables affecting the MICP process, can be expec-
ted. In that regard, (Delong et al., 2009) note that most soils are heterogenous,
where variation in particle size and mineralogy, can affect the distribution of in-

jected solutions and consequently the distribution of precipitated CaCOs.

It is further noted by (Delong et al., 2009), that the acheived improvement of
strength will vary with the number of particle contacts in the designated soil,
where stratification in the soil could lead to variations in strength and other pro-
perties seeked to be enhanced with MICP. The soil mineralogy may affect preci-
pitation, where some minerals may provide more favorable nucleation sites than
others, whereas existing native bacteria can affect the urease activity and con-
sequent precipitation due to competition for nutrients. Groundwater rich in cal-
cium can enhance precipitation, while groundwater with higher levels of organic
matter can have an inhibitory effect on precipitation, whereas groundwater in

coastal areas may be affected by salt water intrusion.

As noted by (Ginn et al., 2001), filtration of cells in injected bacterial suspension
results in a reduction of microbe concentration along the injection path, where
(Delong et al., 2009) adds that the gradient of reduction generally will corre-
spond to a gradient in reaction and cementation rate. The degree and form of

cementation determine the acheived strength and stiffness in the treated soil,
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where the degree of cementation at given spot, is determined by bacterial den-
sity and their access to cementation solution. Acheiving a uniform cementation
throughout the soil is crucial for predictability and design purposes. This challen-
ge have to be properly adressed for MICP to be a viable option for ground im-
provement, while treatment below the watertable would require further clarifi-
cation on capacity for growth and ureolysis under anoxic conditions or solutions

for supplying oxygen to the sub-surface during treatment.

3.15 Comparison of methods

The competetiveness of MICP in respect to methods utilizing cement and lime
products will have an effect on whether MICP will be adopted as a method for
ground improvement in the industry. (Umar et al., 2019) compared MICP-treat-
ment with lime treatment in residual soil with both fines and coarse gravel par-
ticles. The sample treated with only MICP, acheived lower UCS than sample
treated with lime and sample treated with MICP and lime. The samples treated
with lime increased the UCS significantly over time, whereas the sample treated

with only MICP, lost shear strength over time. The results are presented in the

plot below.
700 Klebsiella pneumoniae UM123
600 Residual soil
Clay 26% Silt 32% Sand 10% Gravel 32%

500

400

UCS q, [kPa]

o 5 10 15 20 25 30
Curing time [days]

—k— MICP —®—Treated with lime —Jll—Treated with lime and MICP

Figur 106. Show UCS as a function of curing time for samples treated with lime and samples
treated by MICP. Data adapted from (Umar et al., 2019)

In their work, (Umar et al., 2019) further observed that the permeability of the
MICP-treated soil and soil treated with both lime and MICP, is rapidly reduced
within the first day, where the MICP-treated soil remain at that level of hydraulic
conductivity, whereas soil treated with both lime and MICP, stabilizes at a lower
level. The sample treated with lime increases its hydraulic conductivity for the

first 7 days, where it then starts to decline and stabilizes at about the same level
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as sample treated with both lime and MICP. The results are presented in the plot

below.
0,000035 Klebsiella pneumoniae UM123
Residual soil
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Figur 107. Show hydraulic conductivity as a function of curing time for samples treated with lime
and samples treated with MICP. Data adapted from (Umar et al., 2019)

(Oyediran and Ayeni, 2020) compared the use of Portland cement (OPC), Ash
(RHA) and MICP in higly plastic weathered soil consisting of 55,8% fines, 35,9 %
sand and 8,3% gravel. The results show increased UCS with increasing curing
time for all samples. However, the results show higher UCS for samples treated
with cement compared to samples treated with MICP and ash. The rate of in-
crease in UCS, is similar for samples treated with cement and samples treated
with MICP in the range 5-10% in additives, whereas the rate of increase is signi-
ficantly higher for samples treated with cement when percentage additives, is

increased from 10 to 15%. The results are presented in the plot below.

MICP: S. pasteurii .
--e--C t3d f
420 Cement: Portland cement emen ays ot cring
Ash: Rice husk ash .
400 ---- Ash 3 days of curing
380 -=8=-- MICP 3 days of curing
o
o 360 — ® = Cement 7 days of curing
3
g 340 — @ — Ash 7 days of curing
=
320 — # — MICP 7 days of curing
300
—e— Cement 28 days of curing
280
—=@— Ash 28 days of curing
260
4 5 6 7 8 9 10 11 12 13 14 15 16 |—®— MICP 28days of curing

Additives [%]
Figur 108. Show comparison of acheived UCS between treatment with MICP, ash and cement in soil
as a function of percentage additives for different curing times. Data adapted from (Oyediran and
Ayeni, 2020)
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4. Improvement of engineering properties

4.1 Granular soils

4.1.1 Unconfined compression strength

Through a review of several studies on MICP in sands, (Choi et al., 2020a) found a
positive correlation between calcium carbonate concentration (CCC) and UCS not-
ed in kiloPascal as [kPa]. Some studies reported higher effect on UCS from lower
urease activity and others from higher urease activity. The compiled results for
UCS as a function of CCC in MICP-treated sands with different ureolytic bacteria,
are presented below.

UCS vs CCC in sands ¢ Vian Passen et Al. 2010

S.pasteurii
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2013 B.sphaericus
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100 Pararhodobacter sp.

¢ Cheng et Al, 2014
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A Zhao et Al 2014
S.pasteurii
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A Soon et Al 2014
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Figur 109. Show acheived UCS as a function of CCC in sands, compiled from different studies. Data
adapted from (Choi et al., 2020a).

Through a review of several studies on MICP in sands, (Rahman et al., 2020a)
found that measured UCS for MICP-treated samples ranges from 0.03 to 14.5
MPa with CCC in the range 0.6 to 32.0%. The UCS is found to increase expo-

nentially with increasing CCC. However, high variability in this trend is observed
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at CCC less than 5%. The compiled results for UCS as a function of CCC in MICP-
treated sands with different ureolytic bacteria, are presented below.
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12 Hoang et Al. 2020
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Figur 110. Show acheived UCS as a function of CCC in sands, compiled from different studies. Data
adapted from (Rahman et al., 2020a).

Work by (Shahrokhi-Shahraki et al., 2015) investigated the effect of cementation
solution (Urea/CaCl;) on UCS in MICP-treated medium sand, using S. pasteurii.
The results show an increase in brittleness and peak and critical shear strength
with increased concentrations, where increased share of urea had greater impact

than share of CaCl,. The results are presented in the plot below.
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Figur 111. Shows acheived UCS in MICP-treated medium sand for different concentrations of
cementation solutions. Data adapted from (Shahrokhi-Shahraki et al., 2015).

(Shahrokhi-Shahraki et al., 2015) further investigated the effect of bacterial
concentration (cells/ml) on the shear strength in MICP-treated medium sands,
using S. pasteurii. The results show that for same concentration of cementation
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solution (urea/CacCly), increased bacterial concentration resulted in decreased
shear strength and brittleness, where the moderately finer and more uniform
sand (A), consistently acheived higher peak shear strength. The results are

presented in the plot below.
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Figur 112. Show acheived UCS in two MICP-treated medium sands with different bacterial
concentrations, with S. pasteurii. Data adapted from (Shahrokhi-Shahraki et al., 2015)

Work by (Cheng et al., 2016), found that UCS in MICP-treated sand using S.
pasteurii increased exponentially with increase in CaCOs content at 4°C and
25°C and a more moderate increase at 50°C. However, the improvement in UCS
per amount of CaCOs, was much higher at 25°C and 4°C compared to at 50°C,
where the crystals were numerous but small, forming a sheet cover over the
particles and not contributing to effective particle bonding. The results are pre-

sented in the plot below.
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Figur 113. Show acheived UCS as a function of CaCO3 content for different temperatures in MICP-
treated sand. Data adapted from (Cheng et al., 2016).
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The work by (Cheng et al., 2016) further showed an exponential increase in UCS
in MICP-treated sand with increasing amount of precipitated CaCOs, for all meas-
ured urease activities. The acheived UCS per amount CacOs was greater for the
lowest urease activity (5 U/mL), suggesting that precipitation which generate
more effective bonding, occur at lower levels of urease activity. The results are

presented in the plot below.
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Figur 114. Show acheived UCS as a function of CaCO3 content for different levels of urease activity.
Data adapted from (Cheng et al., 2016).

In their work, (Cheng et al., 2016) further found an exponential increase in UCS
with increasing amount of precipitated CaCOs for uniform fine, uniform medium
and well graded MICP-treated sand. However, significantly lower UCS per amou-
nt of CaCOs for the coarser uniform sand than the fine uniform sand, was obser-
ved. The well graded sand displayed similar effectiveness of cementation as the

fine uniform sand. The results are presented in the plot below.
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Figur 115. Show acheived UCS as a function of CaCOs content for differently graded MICP-treated
sands. Data adapted from (Cheng et al., 2016)
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Work by (Cheng and Shahin, 2015), used manuallly mixing in MICP treatment of
sand and clayey sand (5%, 10% clay), where bacterial (S.pasteurii) solution was
manually mixed into sample, followed by low (100 kPa) pressure injection of ce-
mentation solution. The results show a decrease in UCS with increasing share of
clay and increased UCS with increasing CaCOs content in sample. The results are

presented in the plot below.
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Figur 116. Show acheived UCS as a function of CaCO3 content for MICP-treated sand with different
share of clay. Data adapted from (Cheng and Shahin, 2015)

In their work, (QABANY and Soga, 2014) found that for MICP-treated sand using
S. pasteurii, very low concentrations of CaCl,/urea acheived the highest UCS.
Samples treated with 0.1 M, displayed highest degree of homogenity and higher
UCS than the samples treated with 0,25 M. Samples treated with 0,25 M acheiv-
ed higher UCS than samples treated with 0,5 M and 1 M, where several of the
samples treated with 1M solution, were highly inhomogenous with almost no

compressive strength. The results are presented in the plot below.
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Figur 117. Show acheived UCS in MICP-treated sand as a function of CaCO3s content for different
concentrations of cementation solution. Data adapted from (QABANY and Soga, 2014)
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Work by (Cheng et al., 2013), investigated the acheived UCS in MICP-treated
coarse sand with varying degree of saturation (S). The results show increasing
UCS with increasing CaCOs content and for the same amount of CaCOs3, UCS in-
crease with reduced saturation. Hover, saturation above 80% was found to

have little impact on UCS in the coarse sand. The results are presented in the

plot below.
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Figur 118. Show acheived UCS as a function of CaCO3 content for varying degree of saturation in
MICP-treated coarse sand. Data adapted from(Cheng et al., 2013)

4.1.2 Durability under cyclic freeze and thaw

In work by (Cheng et al., 2016), the effect of grain size distribution on durability
of MICP-treated sand under freeze and thaw (FT) cycles, was investigated. The
results show that an increase in the number of FT cycles is associated with a
decrease in UCS for both uniform fine and coarse sand, whereas FT cycles had a
minor impact on the well graded sand. However, the fine uniform sand with

lower porosity showed more durability, compared to the coarse sand with higher

porosity.
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Figur 119. Show UCS as a function of CaCO3 content for MICP-treated uniform and well graded
sands during FT cycles. Data adapted from (Cheng et al., 2016).
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In their work, (Sharma et al., 2021) found decreasing UCS with increasing
number of FT cycles, where the reduction in UCS was less than 5% and 10%
after respectively 5 and 10 FT cycles in all samples. The results were valid,
irrespective of amount of cementation solution per injection (treatment) and

number of injections. The results are presented in the plot below.
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Figur 120.Show UCS as a function of FT cycles with varying number of treatment cycles of
cementation solution in MICP-treated sand. Data adapted from (Sharma et al., 2021)

4.1.3 Durability under wetting and drying cycles

Precipitated CaCOs in the unsaturated zone of regions with frequent rainfall, will
experience a high number of wetting and drying (WD) cycles. (Gowthaman et al.,
2021) investigated the effect of up to 50 WD cycles on the UCS in MICP-treated
poorly graded sand. The results show 63,33 % reduction in UCS for samples with
12-13% CCC, 50.43% reduction in UCS for samples with 15-17% CCC and 32%
% reduction for samples with 22-23% CCC, in the course of 50 WD cycles.
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Figur 121. Show reduction in UCS as a function of number of WD cycles for MICP-treated poorly
graded sand with different CCC. Data adapted from (Gowthaman et al., 2021).
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4.1.4 Durability under acidic rain exposure

In their work, (Gowthaman et al., 2020) investigated the effect of acidic rain
(AR) on the durability of precipitated CaCOs binder in MICP-treated poorly graded
sand, by measuring the corrosion of CaCOs during exposure. They simulated
acidic exposure by cyclic injections of solution made by adding nitric acid (HNOs)
and sulfuric acid (H2S04) to deionized distilled water, where the pH level was
adjusted. The results suggest that the corrosion rate of CaCOs depend on the
intensity of the acidic rain and the level of pH. However, the loss of UCS due to
corrosion of CaCOs was found to be governed by CCC, meaning that for same
degree of corrosion, the higher the CCC the lower the loss of mass and UCS. The

results are presented in the plot below.
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Figur 122. Show UCS as a function of corrosion of CaCO3s in MICP-treated sand with different CCC,
due to acidic flushing. Data adapted from (Gowthaman et al., 2020).
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4.1.5 Triaxial shear strength and volumetric response

Through a review of several studies on MICP in sands, (Choi et al., 2020a) found
that shear strength of cemented soils in general increase with increasing CCC,
which is suggested to be an indication of an increase in the angle of internal
friction, with increasing CCC. The plot presented below show change in friction
angle (¢) from untreated to treated state as a function of CCC, compiled from

different studies.
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Figur 123. Show change in friction angle as a function of CCC in MICP-treated sands, compiled from
different studies. Data adapted from (Choi et al., 2020a)

(Cui et al., 2017b) reported on an approximate linear relation between increased
¢ and increasing CCC in MICP-treated sand (d= 0,5-1 mm). However, similar ¢

measured in untreated dense sand and sand with CCC of 6%, indicate that deg-
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ree of compaction before treatment could possibly affect the acheived strength

post-treatment. Measured ¢ post-treatment are presented in the plot below.
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Figur 124. Show measured friction angle as a function of CCC in MICP-treated sand with different
degree of compaction. Data adapted from (Cui et al., 2017a).

(Cui et al., 2017b) note that the increase in cohesion (c) showed an approximate
exponential relation to increasing CCC. Measured c post-treatment is presented

in the plot below.
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Figur 125. Show measured cohesion as a function of CCC in MICP-treated sand with different
degree of compaction. Data adapted from (Cui et al., 2017a).
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Work by (Cheng et al., 2013) investigated change in friction angle and cohesion
for MICP-treated (Bacillus Sphaericus) fine and coarse sand with varying degree
of saturation (S). The results show that both c and ¢ increase with increasing
CCC at all degrees of saturation, for both fine and coarse sand. However, under
the same saturation condition, the coarse sand acheive a higher ¢, compared to
the fine sand at similar CCC. The fine sand at similar CCC showed significantly
higher values of c than the coarse sand. This is assumed to be due to a higher
number of particle contacts in the fine sand. Further, it was found that samples
with lower degree of saturation acheived higher shear strength than those with
higher degree of saturation. The results for acheived friction angle post-treat-

ment are presented in the plot below.
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Figur 126. Show change in friction angle as a function of CaCO3 content in MICP-treated sands with
varying grading and degree of saturation. Data adapted from (Cheng et al., 2013).

In a review on MICP, (Rahman, et al., 2020) note that the behaviour of MICP-
treated soils, generally is affected by the initial relative density (D;), initial con-
finement pressure (p’s) and CCC. The study by (Cui et al., 2017b), conducted
undrained triaxial tests (CIUc) on MICP-treated sand with the same initial D- and
P’, for all tests, seeking to isolate the significance of CCC. The results show that

the brittleness at low strains increases with increasing CCC for CCC > 3% and
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that peak as well as critical shear strength increases with increasing CCC. The

plot presented below show results for undrained shear strength post-treatment.
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Figur 127. Show undrained shear strength for MICP-treated sand with different CCC. Data adapted
from (Cui et al., 2017a).

(Montoya and Delong, 2015) suggested that there is a transition from barreling
failure at low cementation, towards a more defined shear zone in material with
increasing CCC. (Cui et al., 2017a) found that for samples at same p’, (100 kPa),
a barreling failure mode was observed for samples with low (b) or no (a) CCC.
They suggest that this could indicate that a low degree of cementation, do not
alter the failure behaviour. It is further observed that in samples with a higher
degree of cementation (c-e), an increasingly more distinct and defined shear
plane develop with increasing CCC, as can be seen in the images presented
below.

Loose untreated sand CCC=1,59% CCC =5,69% CCC=8,76% CCC=11,87%

Figur 128. Show undrained failure modes under triaxial shear in MICP-treated sand with different
CCC. Image from (Cui et al., 2017a)
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The brittle stress-strain response was further evaluated by (Cui et al., 2017a),
using the brittleness index (BI) proposed by (Consoli et al., 1998). The BI can be

expressed as:

BI = Ipesk _ 4 Eq. 4.1.5.1

Ares

The BI-CCC plot presented below, show an approximate exponential increase in

BI with increasing CCC.
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Figur 129. Show brittleness index as a function of CCC in MICP-treated sand with different CCC.
Data adapted from (Cui et al., 2017a).

In a study by (Nafisi et al., 2018) a set of drained triaxial tests were conducted
on MICP-treated (S. pasteurii) sands with same particle size but varying shape.
The sands were characterized as particles of coarse angular, coarse round and
fine round. The results show a higher increment in shear strength for the coarse
angular (Aqdev =50%), than in the coarse round (AqQeev =35%) as well as more
pronounced change in volumetric response post-treatment for the coarse angular
than in the coarse round. However, the fine sand acheived the highest increment
in peak shear strength and most pronounced change in volumetric response of
the three. The MICP treatment increased the brittleness and dilitancy and reduc-

ed contaraction at low strain in all samples, but induced a more pronounced
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strain-softening at low strain for the fine round sand. This could suggest a higher

degree of particle cementation in the fine sand. The results for drained shear

strength are presented in the plot below.
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Figur 130. Show drained shear strength and strain response for MICP-treated sand with different
particle shape. Data adapted from (Nafisi et al., 2018)

The results for drained volumetric response are presented in the plot below.
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Figur 131. Show drained volumetric response for MICP-treated sand with different particle shape.
Data adapted from(Nafisi et al., 2018)

A selection of data from drained triaxial tests on MICP-treated sand compiled

from the litterature, was compared by (Rahman et al., 2020a). Two distinct soil

types Ottawa 50-70 and 20-30 sands were selected to eliminate the influence of
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grain size in the comparison. The grain size distribution for the sands in the
selected studies are listed in the table below.
Tabell 16. Lists gradation for the Ottawa sands. Data adapted from (Covicorp, 2020)

Grading 0,8 mm 0,71 mm 0,6 mm 0,5 mm 0,425

mm
20-30 0,6% 57,8% 39,5% 1,9% 0,1%
Grading 0,3 mm 0,25 mm 0,212 0,15 mm

mm
50-70 1,1% 55,1% 40,6% 3,2%

The 50-70 and 20-30 sands both show increasing peak shear strength and
brittleness at low strains with increasing CCC, when comparison is made among
samples with similar p’, and D:. The results showing drained shear strength and

stress-strain response for Ottawa 50-70 sand are presented below.
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Figur 132. Show drained shear strength and strain response for MICP-treated 50-70 Ottawa sand
at different confining pressure and CCC, compiled from different studies. Data adapted from
(Rahman et al., 2020a).
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The results showing drained shear strength and stress-strain response for
Ottawa 20-30 sand, are presented below.
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Figur 133. Show drained shear strength and strain response for MICP-treated 20-30 Ottawa sand
at different confining pressure and CCC, compiled from different studies. Data adapted from
(Rahman et al., 2020a).

For both the 50-70 and 20-30 sand, the volumetric strain response was found to
be more dilative for treated samples compared to the untreated ones at similar
p’o. The treated samples display less contraction at small strains followed by an

increase in dilation at larger strains, compared to the untreated samples. The

results show an increase in dilitancy with increasing CCC. The drained volumetric

response for Ottawa 20-30 sands, are presented below.
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Figur 134. Show drained volumetric response for MICP-treated 20-30 Ottawa sand at different

confining pressure and CCC, compiled from different studies. Data adapted from (Rahman et al.,
2020a).
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The drained volumetric response for Ottawa 50-70 sands are presented below.
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Figur 135. Show drained volumetric response for MICP-treated 50-70 Ottawa sand at different
confining pressure and CCC, compiled from different studies. Data adapted from (Rahman et al.,
2020a).

4.1.6 Direct shear in silty sand

In work by (Zamani and Montoya, 2015), the effect of silt content (10, 25, 35%)
in MICP-treated (S. pasteurii) fine sand was investigated in the context of in-
creasing resistance to liquefaction. The results show increased shear strength
with increasing share of silt under undrained direct shear. The results are pre-

sented in the plot below.
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Figur 136. Show undrained shear strength and strain response in MICP-treated sand with different
degree of silt content. Data adapted from (Zamani and Montoya, 2015)

The study by (Zamani and Montoya, 2015) found that excess pore pressure

decreased with increasing share of silt under undrained shear in the MICP-
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treated silty sand. The MICP-treated pure sand and MICP-treated sand with 35%
silt, generated negative pore pressures. The results are presented in the plot
below.
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Figur 137. Show undrained porepressure response for MICP-treated sand with different degree of
silt content. Data adapted from (Zamani and Montoya, 2015).

The study further showed that MICP-treated silty sand with silt contents up to
35% and tested to shear wave velocities ranging from 400-500 m/s, show im-

proved resistance to liquefaction.

4.1.7 Reduction of permeability

Through a review of several studies on MICP in sands, (Rahman et al., 2020a)
found that acheived permeability in MICP-treated soils ranged from 0.01x107° to
66x 107> m/s with CCC ranging from 2-14.8%. The permeability in the MICP-
treated sands, tends to decrease with higher increment in coarse sands com-

pared to finer sand. The plot presented below show the results from the study.
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Figur 138. Show permeability post-treatment as a function of CCC in different MICP-treated sands.
Data adapted from(Rahman et al., 2020b)
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In their work, (QABANY and Soga, 2014) found that 1 M (mol/L) cementation
solution (CaCly/urea) reduced permeability in MICP-treated sand with 30%,
where the major part of the reduction was reached at initial precipitation of
CaCOs, whereas low (0,25 M) concentration resulted in a slower decrease in

permeability. The results are presented in the plot below.
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Figur 139. Show normalized permeability post-treatment as a function of CCC for different
concentration of cementation solution (CaCly/urea) in MICP-treated sand. Data adapted from
(QABANY and Soga, 2014).

In a review on several studies on MICP, (Choi et al., 2020a) found that the
reduction of permeability in the MICP-treated sands was mainly governed by
CCC, whereas the level of urease activity had a minor impact. They further
found that CCC around 10 %, was needed to reduce the permeability by two

orders of magnitude. The compiled results are presented below.
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Figur 140. Show normalized permeability post-treatment as a function of CCC in MICP-treated
sands with varying relative density. Data adapted from (Choi et al., 2020b)
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Work by (Cheng et al., 2016), found increased reduction in permeability of MICP-
treated sand with increasing amount of precipitated CaCOs, where the highest

urease activity provided the largest decrease. The results are presented in the

plot below.
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Figur 141. Show normalized permeability post-treatment as a function of CaCO3 content for
different levels of urease activty in MICP-treated sand. Data adapted from (Cheng et al., 2016)

Work by (Shahrokhi-Shahraki et al., 2015) investigated the reduction in permea-
bility in MICP-treated medium sand. The results show that for most samples, in-
creased concentrations [M] of Urea/CaCl;, led to higher degree of reduction in
permeability and increasing UCS. The permeability coefficient was reduced by
less than one order of magnitude, so the drainage capacity of the MICP-treated
sand was not significantly affected. The results further indicate that concen-

tration of urea have a greater impact on the precipitation, than CaCl..
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Figur 142. Show UCS as a function of reduction in permeability in MICP-treated sand for different
concentrations of cementation solution. Data adapted from (Shahrokhi-Shahraki et al., 2015).
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In their work, (Cui et al., 2017a) observed a linear relationship between
increasing number of treatment cycles (urea/CaCl;) and an increase in dry

density, in MICP-treated sand. The plot presented below show the results.
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Figur 143. Show acheived dry density as a function of CaCOs for increasing number of treatment
cycles in MICP-treated sand.Data adapted from (Cui et al., 2017a).

In work by (Cheng et al., 2013), the permeability for MICP-treated fine and
coarse sand with saturation (S) at 30, 65 and 80% were determined. The results
show smaller range in reduction of permeability in respect to varying degree of
CaCOs content in the fine sand, whereas the coarse sand show a larger range.
However, all samples acheived an increased reduction in permeability with in-
creasing CaCOs content. They suggest that the results indicate that lower satu-
ration is preferable for MICP, as it enabled improved mechanical behavior while
maintaining relatively high residual permeability.
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Figur 144.Show permeability post-treatment as a function of CaCOs content for different levels of
saturation and different grading in MICP-treated sand. Data adapted from (Cheng et al., 2013)
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4.2 Cohesive soils

4.2.1 Unconfined compression strength UCS

In work by (Bing, 2015), it is noted that the calcium in the cementation solution
(CaCly/urea), may lead to reduced increments of shear strength in MICP-treated
clayey soils. This is suggested to be due to Ca?* increasing the electrolyte con-
centration in the pore water, thus reducing the thickness of the diffuse double
layer around clay particles. This causes the clay particles to flocculate rather than
disperse, which enables a higher share of free pore water, compared to adsorbed

water,

In their work, (Teng et al., 2020) used manual mixing for MICP-treatment with
S. pasteurii in silty clay (68,7 % silt) with high platicity and low pH. They found
that UCS increased bacterial concentration was increased from 0.35 ODeoo to 0.8
ODeoo. However, a decrease in UCS was observed when the bacterial concentrat-
ion was further increased to 1.45 ODeoo. Further, the UCS increased with increas-

ing concentration [M] of urea/CaCl,. The results are presented in the plot below.
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Figur 145. Show UCS in MICP-treated silty clay for different concentrations of cementation solution
(CaCly/urea). Data adapted from (Teng et al., 2020)

The work of (Godavarthi Rajani, 2020), investigated the effect of concentration

[M] of cementation solution (CaCly/urea) and curing time on acheived UCS for
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MICP-treated (S. pasteurii) high plasticity clay. The results show that all treated
samples irrespective of concentration and curing time, acheived increased UCS
post-treatment, where 0,5 M was found to be the most favorable concentration.
A higher increment in increased UCS was observed from 14 to 28 days of curing
than from 3 to 14 days. Due to flocculation of particles during treatment, the
share of silt sized particles increased post-treatment, while share of clay sized
particles declined. The results are presented in the plot below.
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Figur 146. Show UCS in MICP-treated high plasticity clay for different concentration of cementation
solution and curing time. Data adapted from (Godavarthi Rajani, 2020)

(Sharma and Ramkrishnan, 2016) used S. pasteurii for MICP-treatment by
manually mixing of two fine grained soils, cured at 24°C for 7 days. The pro-

perties of the untreated soils are listed in the table below.

Tabell 17. Lists soil properties of samples in the study. Data adapted from (Sharma and
Ramkrishnan, 2016)

Soil Sand [%] Silt + Clay [%] Ip [%]
1 46,4 53,6 28,5
2 17,7 82,3 33,2

The results show increased UCS with increasing curing time, where the highest
increment in UCS from untreated to treated state, was acheived in soil 1 with

bacterial density of 1x10° cfu/ml and 0,5 M cementation solution (CaCl,/urea).
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Soil 2 with the highest share of fines, acheived a significantly lower increment in

shear strength from untreated to treated state. The results are presented in the

plot below.
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Figur 147. Show acheived UCS as a function of concentration of cementation solution (CaCly/urea)
for the MICP-treated fine grained soil with varying degree of fines and sand. Data adapted from
(Sharma and Ramkrishnan, 2016).

Work by (Xiao et al., 2020), used manually mixing with S. pasteurii for MICP-
treatment of soft clay cured for 28 days at 24°C. The results show increased UCS
with increasing CCC, where initial UCS increased up to 242% and initial water-

content was reduced up to 23 %. The results are presented in the plot below.
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Figur 148. Show acheived UCS and degree of reduction in water content for different
concentrations of cementation solution (CaCly/urea) in MICP-treated soft clay. Data adapted from
(Xiao et al., 2020).
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(Keykha et al., 2017) investigated acheived UCS in MICP-treated kaolin clay
(50% clay, 50% silt) using S. pasteurii. The study used three different amounts
of bacterial solutions (30 ml, 50mlI, 70 ml) and a constant concentration of
cementation solution (CaCly/urea). The results show that both untreated and
treated samples increase their UCS with increasing pH. However the largest
increments are observed for 30 and 50 ml bacterial solution, where optimal
parameters for increasing UCS in the clay, were found to be 50 ml at pH 9 and

40°C. The results are presented in the plot below.
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Figur 149. Show UCS as a function of pH for different volumes of bacterial suspension in MICP-
treated clay (S.pasteurii). Data adapted from (Keykha et al., 2017)

(Behzadipour et al., 2019) reported that increased share of fines in MICP-treated
sandy soil reduced the degree of enhancement, compared to lower share of
fines. The observed improvement in shear strength, was suggested to be due to
an increase in cohesion. (Kannan et al., 2020) reported on 148% increase in
undrained shear strength (Su) and a reduction in liquid limit (L.) and plasticity

index (Ip) for MICP-treated marine clay.

In their work, (Islam et al., 2020) used bio-stimulation as MICP treatment,
where indegenous bacteria in the soil are stimulated with nutrients and cemen-
tation solution (CaCly/urea), for soils adjusted with 10, 20, 30 and 40% clay.
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Almost no CaCOs was found in the untreated control samples, while the MICP-
treated samples obtained very low CCC, where UCS increased with increasing
clay content. However, the difference in UCS for untreated and treated samples
at similar clay content, was only distinct in samples with the highest clay con-

tent. The results are presented in the diagram below.
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Figur 150. Show UCS as a function of clay content for different CCC in soil treated by stimulating
indegenous bacteria in the soil (bio-stimulation). Data adapted from (Islam et al., 2020).

As part of a thesis by (Bing, 2015), three types of clay were MICP-treated with B.

sphaericus. The properties of the clays in the study are listed in the table below.
Tabell 18. Lists properties of the clays used in the study. Data adapted from (Bing, 2015).

Property Kaolin clay Marine clay Bentonite clay
Plasticity index [%] 42,8 21,7 371,9
Fine content [%] 100 72,3 100

The results show generally higher acheived UCS with lower watercontent (W),
where the highest (400%) increment in UCS from untreated to treated state for
same W, is found for the marine clay, while the Kaolin clay acheive a 150%
increase in UCS. Samples with similar W and treated with (bacteria+CaCl,/urea),
acheive a significantly higher UCS than control samples treated with only cemen-

tation solution ( CaCl; +urea). This suggest that the added bacteria have a
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significant influence on the increased UCS. The results are presented in the plot

below.
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Figur 151. Show UCS as a function of water content in MICP-treated clay and clay treted with only

cementation solution (CaCly/urea).. Data adapted from (Bing, 2015).

A study by (Soon et al., 2013), used B. Megaterium for MICP-treatment of med-

ium plasticity silty clay with 29% sand, 55% silt and 16% clay, compacted to

different percentage (85, 90, 95%) of maximum dry density for both untreated

and treated samples. The results show increased UCS and strain-hardening

behaviour with increasing dry density for samples compacted to 90 and 95 % of

max dry density, whereas sample at 85% show negligible changes in shear

strength or stress-strain response. The results are presented in the plot below.
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Figur 152. Show UCS for MICP-treated clayey silt at different percentage of max dry density

adapted from (Soon et al., 2013)
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4.2.2 Shear strength and volumetric response

Work by (Bing, 2015) conducted drained triaxial tests on MICP-treated (B.
sphaericus) Kaolin clay and Kaolin clay treated only with cementation solution
(CaCly/urea), where P’, was varied in the range 50-300 kPa. The results show
increased shear strength with increasing P, and higher acheived shear strength
at similar P, for MICP-treated samples, compared to samples only treated with
cementation solution. All samples show increased strain-hardening after treat-

ment. The drained stress-strain curves are presented in the plot below.
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Figur 153. Show drained shear strength and strain response for MICP-treated clay and clay treated
with only cementation solution (CaClx/urea) for different confining pressure. Data adapted from
(Bing, 2015)

The g-p plot below show a moderately steeper failure envelope and increased
friction angle for MICP-treated samples, compared to samples treated with only
cementation solution. The results are presented below.
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Figur 154. Show drained failure envelope for MICP-treated clay and clay treated with only
cementation solution (CaCly/urea). Data adapted from (Bing, 2015).
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As can be seen in the plot below, both samples treated with bacteria and cemen-
tation solution as well as samples treated with only cementation, show a dilative
behaviour. All samples display small contraction before dilating at low strain,

which is not visible in the plot presented below.
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Figur 155. Show drained volumetric response for MICP-treated clay and clay treated with only
cementation solution (CaCly/urea) for different confining pressure. Data adapted from (Bing, 2015)
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5. Discussion

5.1 Factors affecting MICP

Part of the objectives of this thesis is to research the factors affecting the MICP

process. The findings are:

Cell growth

The research demonstrate that S. pasteurii can be cultivated with
exponential aerobical growth on a large scale at lower cost, where
batches should be stored at late exponential or early stationary stage
of growth.

The research indicate that S. pasteurii cell cultivated under oxic con-
ditions, is an efficient and robust nucleation site for precipitation of
CaCoOs3

The findings further indicate that the cell growth is affected by nutri-
ents, temperature, oxygen and pH. It is uncertain whether S. pas-
teurii can grow into healthy cells under anoxic conditions.

High bacterial density or repeated cycles of injections with fresh bac-
teria, could possibly exclude reliance on further cell growth post-

injection in anoxic conditions.

Urease activity

The research demonstrate that S. pasteurii can sustain urease acti-
vity under oxic conditions at pH 6-9 and within a broad range in tem-
peratures (4-50°C). S. pasteuriis capacity for sustaining urease acti-
vity over time under anoxic conditions is unclear, but unlikely.

The findings indicate a prolonged duration of urease activity with in-
creased concentrations of urea in suspension. Low temperatures are
indicated to cause a slower initiation of ureolysis but longer duration,
whereas higher (20-30°C) temperatures leads to faster initiation and
shorter duration. Correlations between bacterial density and urease

activity if any, is unclear due to inconsistent findings.

143




The findings further indicate that concentrations < 0,5 M of cemen-
tation solution (CaCl>/urea) are favorable for precipitation, where in-
creased share of urea is suggested to have a positive effect on urease
activity, whereas increased share of CaCl; is suggested to have an ad-
verse effect.

Clay minerals could possibly have an adverse effect on urease activity,
whereas the effect of restricted pore space in fine grained cohesive

soils on the metabolism of ureolytic bacteria, is uncertain.

Ammonium as a by-product

Hydrolysis of urea (ureolysis) during MICP leads to the release of both
ammonium (NH4+*) and ammonia (NHs), which will have to be removed
from the soil post-treatment.

The research indicate that removal of NH4+* in granular soils is feasable
using a high pH and high ionic strength rinse solution. However, studi-
es show a small share of sorbed NH4+* remaining in the treated soil after
rinsing. Further work on removal of residual NH4+* as well as removal of
NH4* in fine grained soils, is needed.

Ammonia (NH3s) is volatile and can be released as foul smelling and
potentially toxic gas. Research indicate that a significant reduction of
NH3 may be acheived using the one-phase low pH solution proposed by
(Cheng et al., 2019).

Geometric compatibility

The research suggest that increasing depth and content of fines would
reduce the microbial activity in a soil profile.

Bacteria is suggested to be transported within the soil either by self-
propelled movement or through passive diffusion between pores

The transport distance of bacteria is increased by fresh water due to a
reduction in attractive forces acting upon bacteria from particle surfaces
or through water flow generated by hydraulic boundaries.

The findings indicate that pores larger than the bacteria size (0,5-3 um)
are favorable for bacterial movement.

Fully saturated pores are indicated to be favorable for movement

between pores, whereas partially saturated pores reduce this mobility.
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Bacteria located in pores with size close to or equal to the size of
bacteria, are suggested by the litterature to be trapped or inactive.
The findings further indicate that most of the pores in clays are to
small to provide bacterial movement, but studies show that bacteria
which are manually mixed into cohesive soils precipitate CaCO3, sug-
gesting sustained metabolic activity of bacteria, even when located in

very small voids.

Precipitation of CaCOs

The research show that S. pasteurii have high capacity for precipitat-
ion in sand, but indicate a lower capacity in silt and clay.

The findings indicate that increased rate of ureolysis and concentration
at supersaturation, increases the precipitation rate, while amount of
urea may prolong the urease activity and consequently the duration of
precipitation.

The findings further indicate that S. pasteuriis capacity for precipitat-
ion is sustained between 4-50°C and at pH 7-9, while efficient between
4°C and 30°C, where concentrations < 0,5 M of cementation solution
(CaCly/urea), is indicated to be most favorable for precipitation.

The crystal quality and size of the precipitated calcium carbonate and
generated cementation pattern, is indicated to be directly affected by
the precipitation rate and concentration at supersaturation, and indi-
rectly by temperature and urease activity.

Effective cementation (particle bonding) and higher residual permeabi-
lity post-treatment, is demonstrated at 4 and 25°C. However, further

studies are needed for demonstration of reproducability of the results.

CaCOs; crystals

The CaCO:s binder is indicated to have an estimated service life above
50 years, under favorable ground conditions.

Acidic environments could be a concern regarding corrosion on CaCO3
mass, where findings indicate that loss of shear strength due to cor-
rosion of CaCQOs3, is governed by CCC of the MICP-treated soil.
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e Findings further suggest that temperature and pH through the result-
ing level of urease activity and precipitation rate, may affect the crys-
tal growth and morphology during MICP.

e Fewer and larger crystals providing effective particle bonding are de-
monstrated at 4 and 25°C and lower urease activity, while numerous
and smaller crystal with less particle bonding, are generated at 50°C
and higher urease activity.

e Findings suggest a need for further work on the effect of low tempe-
ratures and low urease activity, on the crystalline quality of CaCO3
crystals.

e The output mineral at precipitation is suggested to be affected by the
concentration of ions at superstauration, where high concentrations
generate metastable vaterite, whereas low concentrations generate the
more stable calcite.

e The findings do not provide any certainty on determining factors for the
generated shape of the crystal, nor on any direct correlation between
bacterial concentration and crystal growth. However, less space be-
tween cells during precipitation is suggested to generate spherical crys-
tals, wile larger space generate cubic shape.

e The research further indicate that concentration as well as share of urea
and CaCl in the cementation solution, have an effect on crystal growth,
where increasing shear of urea is favorable compared to increased sha-
re of CaCl.. High concentrations of Mg?* is found to adversely alter the

morphology.
Effect of particle characteristics

e The research indicate that particle shape and size, affect the acheived
cementation with MICP.

e Findings indicate that angular particles in the range coarse silt to med-
ium sand are favorable, while a higher number of contact points per
soil volume and increasing density prior to treatment, increases the
acheived shear strength post-treatment in granular soils.

e Uniform soils of angular particles acheive a higher increment in increa-
sed shear strength post-treatment, compared to uniform soils of round

particles.
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Cementation pattern

e The research indicate that different cementation patterns can be gen-
erated during precipitation, where type of pattern may affect the deg-
ree of acheived shear strength, residual permeability or reduction of
porosity in MICP-treated soils.

e Findings indicate that cementation at the particle contacts are pre-
dominant at lower precipitation rates, while higher precipitation rates
generate further crystal growth around the contact points, leading to
reduced void size and lower residual permeability.

e Fully saturated pores are indicated to lead to more precipitation in the
center of the voids reducing the residual permeability, whereas parti-
ally saturated pores lead to cementation at particle contacts and high-
er residual permeability.

e Control of cementation pattern through control of urease activity and
precipitation rate, is indicated to be feasable. However, further work is
needed on the predictability of the control as well as the effect of satu-
ration wich is indicated to have en effect on the cementation pattern,

independent from controlling factors for the precipitation rate.

Flow and bacterial retention

e A reduction of bacterial and substrate density along flowpath should
be expected during injections in situ, hence strategies adressing this
issue, should be integrated into potential injection methods in situ.

e High salinity solutions drive flocculation of bacteria, which could cause
stagnation in flow paths due to accumulated CaCOs. However, such
solutions increases attractive forces on the bacteria, which increases
retention of bacteria within the target area.

e Flocculation from high salinity solutions, could possibly be reduced by
utilizing low pH solutions that delay precipitation.

e Stagnation in flow could possibly be adressed with the use of constant

pressure instead of constant flow rate during injections.
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Injection strategies and spatial distribution of CaCOs binder

e The research show that several strategies have been applied in order to
optimize the acheived spatial distribution of binder /;ost-treatment.

e The surface percolation method could possibly be a suitable method for
increasing the erosion resistance of surface layers in slopes, reducing
permeability in porous deposits or strengthen the base layers of sha-
llow foundations.

e The research indicate that low pressure injections are viable in granular
soils and that distribution of CaCOs binder within target area is acheiv-
able, where the one-phase low pH solution proposed by (Cheng et al.,
2019), is evaluated to have the greatest potential for acheiving increa-

sed uniformity in the spatial distribution of CaCOs in granular soils.

e The research indicate that low pressure injections are not viable in fine
silt and clay due to low permeability, where acheiving distribution of
CaCOs across low permeability layers within stratified soil deposits with
varying permeability, is unlikely.

e The utilization of injection and extraction wells in a grid pattern, have
been demonstrated as effective in large scale MICP-treatment of gran-
ular soils and is evaluated as the most suitable injection method for

MICP in granular soils.

5.1.1 Cell growth

e S. pasteurii as a causative agent for MICP in soils.
e Challenges for the implementation of MICP in situ
e Factors affecting the MICP process

Ureolytic bacteria utilized in MICP, should among other factors stated in chapter
3.4, have capacity for exponential growth under cost effective cultivation, have
high urease capacity under oxic as well as anoxic conditions under a broad range
of temperatures, tolerate harsh and alkaline environments and have a highly

negatively charged and robust cell surface.
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The viability of MICP is dependent on cost efficient large scale batch cultivation,
where (Griffiths, 1986) reported that for scale up of cell cultivation, the cost of
cultivation medium increases proportionally with the decline in total product and
labour cost. To adress this issue, (Whiffin, 2004) managed to reduce costs of
cultivation medium by 95% by replacing the most expensive components, where
the cells still obtained a high urease activity. This indicate that the urease capaci-

ty of cultivated bacteria could be sustained, even under large scale cultivation.

Work by (Nayanthara et al., 2019, Stocks-Fischer et al., 1999, Whiffin, 2004),
demonstrated that S.pasteurii show an exponential increase in growth up to a
maximum and then a stationary phase followed by a gradual fall. This is impor-
tant for securing a rapid growth during cultivation, but could also impact further

growth in the sub-surface, if the ground conditions would allow for such growth.

(Van Paassen, 2009a) reported that batch cultivation of bacteria stored at late
exponential growth state or early stationary growth, obtained maximum growth
yield and that the degree of growth could be influenced by the composition of
nutrients, temperature and pH. (Ng et al. 2012 ; Nayanthara et Al. 2019) found
favorable growth conditions between 20-30°C, whereas (Kim et al., 2018) found

optimal pH (pHopt ) 7-9 for cell growth.

To store the batch at high bacterial density before lysis and depletion of nutrients
can initiate at the late stationary stage, seems reasonable. The suggested influ-
ence on degree of growth, could possibly suggest that the rate of growth could
be controlled by adjusting factors in the suspension. This is important for balan-
cing the bacterial density and the available nutrients and oxygen at a given time,
to delay depletion and the consequent lysis and decline in urease activity as

observed in work by (Stocks-Fischer et al., 1999).

Work by (Harkes et al., 2010b) reported that S.pasteurii can be grown under
limited oxygen levels, while increased levels of oxygen during growth were more
favorable, whereas (Martin et al., 2012) found that S. pasteurii was not capable
of anarobic growth. The aspect of capacity for anaerobic growth is relevant for
applications of MICP in soils below the water table, where the research is contra-
dicting on S. pasteuriis capacity for such growth. However, the findings indicate
that degree of available oxygen do have an effect on the growth. Further growth
in the sub-surface post-injection where oxygen levels are low or none, suggest

the need for high bacterial density in the injected suspension, which could cause
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an earlier depletion and lysis or repeated injection cycles of fresh bacteria or

oxygenated fluids.

(Mitchell et al., 2019) state that under anoxic conditions, facultatitive anaerob
bacteria such as S. pasteurii, use other compounds besides O, as terminal elec-
tron acceptors. They reported lower growth under anoxic conditions than under
aerobic growth, where the anaerobic growth did not sustain over time, regard-
less of added ETAs. However, the growth did show a rapid increase when oxygen
(02) was allowed to enter the system. This could indicate that S. pasteurii have
capacity for low initial anaerobic growth, where the bacteria can survive for a
short time by using ETAs, but can not further grow in to high densities utilizing
ETAs as a substitute for O,. This is supported by the observation of the rapid and

exponential growth occuring at the introduction of O; in the system.

In their work, (Williams et al., 2017) found that S. pasteurii could sustain nega-
tive cell charge during exposure to stressors such as heat, nutrient depletion and
high pH, where the highest negative zeta potential was registred in the culture
with the highest urease activity. However, no trend of increase in potential with
increasing level of urease activity, could be registred for the rest of the cultures.
Work by (Ma et al., 2020b) reported that an increased negative surface charge is
favorable for binding positively charged ions such as Ca?* and Mg?*, where S.
pasteurii showed higher negative potential than other comparable ureolytic bac-
teria and where adding urea to the culture increased the cell surface charge,
while (Keykha et al., 2017) found an increase in negative potential of S. pasteurii

with increasing pH.

The findings indicate that S. pasteurii seem to have a robust cell structure with
high negative surface charge even when subjected to stressors, suggesting it to
be an effective nucleation site for precipitation, even under challenging ground
conditions. The lack of correlation between urease activity and magnitude of
negative cell charge could however suggest that other factors than urease activi-
ty, govern the magnitude of the cell charge. However, the addition of urea to the

culture which would increase the urease activity, seem to boost the potential.

The results do not give a clear indication on governing factors for magnitude of
cell charge. The findings on rising negative potential with increasing pH, seem

reasonable given that low pH increase the voltage at opposite polarity.
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(Ma et al., 2020b) further reported that S.pasteurii, remained in good physical
shape, despite being surrounded by compact CaCOs crystals, as opposed to B.
subtilis that was damaged and lysed. These findings are in line with those of
(Williams et al., 2017) and suggest that S. pasteurii could have the capacity to
sustain precipitation during early stages of CaCOs encapsulation. Lysis due to
restricted access to oxygen or nutrients, would however most likely occur at

complete encapsulation.

5.1.2 Urease activity

e S. pasteurii as a causative agent for MICP in soils.
e Factors affecting the MICP process

e Challenges for the implementation of MICP in situ

The level of urease activity is related to the end product in MICP, which is preci-
pitation of CaCOs. The bacteria utilized in MICP, should be able to initiate and
sustain high urease activity over time under conditions with limited access to
oxygen or dissolved oxygen as well as under a broad range of temperature and
pH. For MICP to be viable as method for ground improvement it is necessary to
identify the factors that affect the urease activity, so that regulation of these
factors can be utilized to steer the process towards the desired outcome, which

for example could be amount, rate or pattern of precipitation.

Work by (Bhadur et al., 2016), found that S. pasteurii can secrete large amounts
of the urease enzyme, where Duraisamy (2016) reported that S. pasteurii show
a high urease activity, compared to other ureolytic bacteria. This suggests that
S. pasteurii could sustain the capacity to produce urease enzyme in sufficient

quantity, which is essential to the following precipitation of CaCOs.

(Okwadha and Li, 2010, Teng et al., 2020) reported on results that indicated that
rate of ureolysis increased with bacterial concentration. However, (Teng et al.,
2020) found that the increased urease activity with increasing bacterial concen-
tration, was just initial and hence temporarily and a limiting factor for sustained
urease activity. (Whiffin, 2004) found no correlation between bacterial concen-
tration and urease activity and (Stocks-Fischer et al., 1999) reported on a reduc-

tion in the precipitation when bacterial concentrations exceeded 108 cells/ml.
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(Okwadha and Li, 2010) found that bacterial concentration had greater influence
on the rate of ureolysis than the initial concentrations of urea, while (Stocks-
Fischer et al., 1999) note that the rate of ureolysis depend on the concentration

of urea.

The litterature is contradicting on whether the number of cells in suspension
affect the specific urease activity. It is reasonable to think that the specific urea-
se activity per cell is dependent on the concentration of urea and nutrition avai-
lable per cell, which could possibly explain the findings of (Teng et al., 2020,
Stocks-Fischer et al., 1999). It is further possible that the rate of ureolysis have
an upper limit where abundance of urea would not increase the rate beyond its
maximum, while a reduction in urea would reduce the rate. However, given that
the degradation of urea is dependent on the availability of urea, the concen-

tration of urea would most likely affect the urease activty.

Work by (ElI Mountassir et al., 2018) found that the rate of ureolysis is strongly
influenced by the urease activity, which in turn is suggested to be governed by
the amount of urea in the solution. (Moyo et al., 1989) observed a rapid initial
increase in urease activity at increasing concentration of urea from 0 to 0,02 M,
where the activity then stagnated when concentration of urea was further in-
creased from 0,02 to 0,06 M. It is not clear whether an increasing number of
cells would have a collective effect on the urease activity or whether amount of
urea available per cell, is the determinig factor. Initially, concentration of urea do
seem to have an effect on the urease activity, but above a certain treshold, the
activity do not seem to be influenced by a further increase in concentrations of
urea. This could possibly suggest that as previously discussed, there is a limit to
the rate of ureolysis and that the available urea and oxygen per cell is a limiting
factor for the urease activity. One could however assume that amount of urea in

the suspension, could contribute to increase the duration of the urease activity.

For geotechnical applications of MICP, it will often be the case that the target soil
is located below the groundwater table, where (Inglett et al., 2005) note that
once a soil is saturated, the availability of oxygen is reduced due to the displace-
ment of oxygen in the pore space. Saturated soil below the water table, will

generally have a limited availability of dissolved oxygen decreasing with depth
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from the water table. MICP needs to be operational under such conditions, in

order to be a viable solution for ground improvement.

In their work, (Hamdan et al., 2011) state that S. pasteurii uses aerobic respi-
ration during ureolysis which would restrict urease activity at low levels of oxy-
gen. (Jain and Arnepalli, 2019) found that the urease activity of S. pasteurii
under anoxic conditions was very low, where (Teng et al., 2020, Delong et al.,
2010) stated that S. pasteurii can survive in anoxic environments, but the capa-
city to produce urease in the absence of oxygen, is time limited. On the contra-
ry, (Tobler et al., 2011, Mortensen et al., 2011b, Mitchell et al., 2019) reported
that anoxic conditions did not significantly inhibit the urease activity of S. pas-

teurii.

The findings on S. pasteuriis capacity for sustaining urease activity under anoxic
conditions are inconsistent. The findings suggesting that oxygen levels have a
minor effect on the urease activity, could be due to the cells already having de-
veloped urease enzyme during aerobic growth, as noted in work by (Martin et
al., 2012). This is in line with findings of (Teng et al., 2020, DeJong et al., 2010)
and could suggest that initial urease activity could be sufficient with limited avai-
lable oxygen, whereas no new urease enzyme would be produced, thus shorte-
ning the duration of the urease activity. Further studies on the duration of urease
activity under anoxic conditions could clarify. One of the studies that found no
negative effect of anoxic conditions on the urease activity, based their assump-
tion on a rising pH which according to (Jain and Arnepalli, 2019), could be due to
the breakdown of complex proteines in the stationary growth phase, rather than

an indication of urease activity.

Work by (Mitchell et al., 2019), suggested resuscitation and re-stimulation of the
injected bacteria, through cyclic injections of oxygenated fluids, while (Chen et
al., 2012) developed an injectable solution, with high initial oxygen retention and
a slowly declining oxygen release rate, to adress these challenges. A solution to
the uncertainty tied to anaerobic cell growth as well as sustainability of urease
activity under anoxic conditions, could be to either supply the target soil with
multiple injections of fresh bacteria, injecting oxygenated fluids as proposed by

(Mitchell et al., 2019) or by injecting compounds with delayed oxygen release as

153



suggested by (Chen et al., 2012). To verify the effect of such solutions, further

studies should be conducted below the watertable in situ.

The sub-surface temperature in cold climate regions are often low (4-8°C) and
for MICP to be a viable method for ground improvement in such areas, the bac-
teria needs to be able to initiate and sustain urease activity under such condit-
ions. In work by (Gillman et al., 1995), it was reported on 3,1-12,4 times higher
natural occuring urease activity at 37°C than at 5°C, from indegenous ureolytic
bacteria in different type of soils. All soil types showed an increase in urease acti-
vity with increasing carbon content at 37°C, but none at 6 °C, where (Vahed et
al., 2011) observed a positive correlation between carbon content and urease

activity at higher temperatures, but not at lower temperatures.

The findings show that urease activity occur by indegenous bacteria in soils with
temperatures down to 6°C. However, the urease activity is much lower at 6°C
than at higher temperature. Increased carbon content only correlated with in-
creased urease activity at higher temperatures, suggesting a much slower ureo-
lysis at low temperatures. This could indicate that temperature have a strong in-
fluence on naturally occuring urease activity in soil, while organic content in the
soil have less influence on the urease activity. This assumption is further suppor-
ted by the findings of (Vahed et al., 2011), where the natural occuring urease
activity in soils at 24°C was higher than at 16°C, while (Moyo et al., 1989) obser-
ved an exponential increase in urease activity of indegenous bacteria with increa-

sing temperature in the range 5-50°C.

(Cacchio et al., 2003) reported on slow initiation of ureolysis at low temperatures
and a faster initiation with increasing temperature. (Ng et al., 2012b) reported
on marginally higher rate of ureolysis at 30°C compared to 20°C, while (Gillman
et al., 1995) observed a significant increase (1800%) in rate of ureolysis when
temperature was increased from 5 to 20°C, whereas further increase above 30°

C, did not increase the rate.

The findings indicate that temperature have an influence on how fast ureolysis is
initiated, which could possibly be due to low bacterial metabolism at low tempe-
ratures, which is in line with findings of (Peng and Liu, 2019a, Nayanthara et al.,

2019), where a faster initiation of ureolysis between 20-30°C compared to 10°C
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was observed. The limited range (5 to 20°C) where temperature seem to have
an impact on the rate in the findings of (Gillman et al., 1995), could suggest an
optimal rate of ureolysis at a certain temperature, as suggested in work by
(Stocks-Fischer et al., 1999).

(Whiffin, 2004) reported high urease activity for S. pasteurii in the range 30-
70°C and no activity under 5°C, while (Cheng et al., 2016) found that S. pasteurii
showed low urease activity at 4°C which generated effective cementation, while
(Nayanthara et al., 2019) found optimal urease activity for S. pasteurii at 25°C
and (Kim et al., 2018) at 30°C and lowest at 50°C. Work by (Peng and Liu,
2019a) reported on increased urease activity within the range 10-30°C, where

increasing temprature decreased the duration of sustained urease activity.

Precipitation of effective CaCOs crystals by S. pasteurii, occured at temperatures
down to 4°C, where the urease activity also was lower than at higher tempera-
tures. However, the lower urease activity observed by (Cheng et al., 2016) at
4°C was demonstrated to generate effective cementation, which contradict the
reports of no urease activity at 5°C by (Whiffin, 2004). This suggests a need for
further studies on MICP at low temperatures to verify the reproducability of the
results acheived at 4°C. However, the findings of sustained urease activity and

actual precipitation at low temperature, are significant.

The research suggests high urease activity for S. pasteurii at 20-30°C. However,
the duration of the urease activity is also of great importance, where the findings
of (Peng and Liu, 2019a) suggest a faster initiation and higher peak between 20-
30°C, while (Nayanthara et al., 2019) found a slower initiation, lower peak and
longer duration at 10°C. This observation is in line with work of (Whiffin, 2004),
who found that cell lysis (death) is slow around 10°C and where increased tem-

perature will accelerate the cell lysis.

These results together with the demonstrated sustained urease activity and
consequent precipitation at 4°C, excluding other factors affecting the process,
support an evaluation of MICP with S. pasteurii as viable in cold climate ground
conditions. However, further studies on the effect of low temperatures on the

metabolism and urease activity, are needed.
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The pH can vary in different sub-surface environments depending on soil mine-
rals and groundwater. In their work, (Tang et al., 2020, Stocks-Fischer et al.,
1999) state that the pH value can affect urease activity through the metabolism
of ureolytic bacteria, where (Stocks-Fischer et al., 1999) state that level of pH
will govern the bacterias ability to decompose urea. This could suggest that too
alkaline or too acidic ground conditions, may have an inhibitory effect on initiat-

ion of ureolysis.

S. pasteurii is according to the litterature alkaphile and resistant too high pH
(Wiffin, 2004, Hsu et al., 2017, Rahman et al., 2020b). However, this is related
to its ability to survive and does not exclude adverse affects on the metabolism
and capacity for ureolysis under such conditions, where (Stocks-Fischer et al.,
1999) found that the rate of ureolysis is low at both acidic (pH < 6) and alkaline

(pH > 10) environments.

As noted by (Ng et al., 2012a), ammonium (NH4") generated during ureolysis
will increase the pH of the medium, while the generated carbon dioxide (CO.)
from ureolysis and microbial respiration, slows or counteract the rapid increase in
pH. This could possibly mean that high bacterial density in suspension could slow
the rise of pH through increased release of CO; during ureolysis. However, it is
not clear how large the contribution of CO; is from the process, compared to the

released NH4* from the degraded urea.

A study by (Gillman et al., 1995) observed that urease activity occured naturally
in soils, at pH ranging from 5,3 to 7,1, while (Vahed et al., 2011) reported on
moderate correlation between pH and urease activity in indegenous ureolytic
bacteria, whith optimal pH around 7. These observations suggest that naturally
occuring ureolysis in situ is affected by the level of pH, where optimal pH for in-
degenous bacteria seem to be in the lower range of that found for S. pasteurii

during lab studies.

Work by (Kim et al., 2018) suggest that S. pasteurii is sensitive to change in pH
and have an optimal urease activity at pH 7, while (Nayanthara et al., 2019) ob-
served a rapid increase in urease activity between pH 6,0-9,0 and an optimum at

9,0 for S. pasteurii. Further, work by (Stocks-Fischer et al., 1999) reported an
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optimum rate of ureolysis for S. pasteurii at pH 8,5, while (Whiffin et al., 2007)

found that S. pasteurii reached peak rate of ureolysis after 5 hours at pH 7-8.

The research indicate that the optimal pH for urease activity for S. pasteurii,
ranges between 7 and 9. The reason for this variation could be variations in tem-
perature, concentration of urea or availability of oxygen, among others. The re-
search further describe cases of natural occuring urease activity in soils with pH
down to 5,3, which suggest sustained urease activity under a broad range in pH,
but a rise and decline in level of urease activity within this range, as suggested
in work by (Stocks-Fischer et al., 1999).

However, the pH of the target soil in situ could be lowered or increased with
solutions prior to treatment. However, very acidic ground conditions may not be
a good candidate for MICP due to the long-term adverse effects of corrosion on
the CaCOs binder, while the long-term effects of highly alkaline ground conditions

on the CaCOs binder, is unclear.

Soils rich in organic matter and soft clays and clayey soils with high watercon-
tent, can cause larger settlements and have low bearing capacity for foundations,
while leached marine clays are unstable and could cause large landslides if locat-
ed on inclined ground and they are disturbed. Ground improvement is often app-
lied when stabilizing or building on such conditions. Clarifying the effect of orga-

nic matter and clay minerals on the urease activity, is for this reason important.

Studies indicate that soil properties such as organic content and clay minerals,
can affect the levels of urease activity (Makboul and Ottow, 1979, Sun et al.,
2019b, Vahed et al., 2011). In their work, (Makboul and Ottow, 1979) found that
illite clay minerals have a greater adverse impact on urease activity than mont-
morillonite and kaolinite. (Sun et al., 2019c¢) found that inhibitory effect on the
urease activity of S. pasteurii increased with increasing share of added clay.
When added individually, FeCls showed a higher reduction in urease activity than
Al;Os, while (Montoya, 2012) reported on a much lower precipitation rate for
MICP-treated sand rich in Fe,O3, compared to sand rich in quartz, feldspar or

calcite.

The research suggest that some clay minerals may have an inhibitory effect on

the urease activity of S. pasteurii with a varying effect depending on the mineral.
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Minerals containing iron (Fe) seem to have a more adverse effect on the urease

activity and consequently the rate of precipitation, than others.

(Gillman et al., 1995, Vahed et al., 2011) found a strong correlation between
level of nitrogen in the soil and urease activity. (Gillman et al., 1995) reported on
a weak correlation between share of clay and urease activity and (Vahed et al.,
2011) found a moderate correlation, while the correlation for share of silt or sand

was found to be weak.

Limited pore space in fine soils could possibly affect the metabolism of the bac-
teria, thus reducing the urease activity. The findings of (Makboul and Ottow,
1979, Sun et al., 2019¢, Montoya, 2012) may however suggest that certain clay
minerals have an adverse effect on the urease activity, independent of potential
effects from small pore space in clays. The findings of (Gillman et al., 1995,
Vahed et al., 2011) are not consistent and do not differentiate between effect
from minerals and effects from limited pore space, where one or both could have
an adverse effect on the urease activity. The findings suggest a need for further

studies.

The findings of (Vahed et al., 2011) do not suggest any correlation between silt
or sand particles and urease activity, while (Montoya, 2012) reported on an effe-
ct from predominant minerals in sands on precipitation rate and hence the urea-
se activity. The strong correlation between nitrogen or organic content and urea-
se activity observed by (Vahed et al., 2011, Gillman et al., 1995), was however
not independent of temperature, which makes it difficult to isolate nitrogen as

the reason for the correlation.

(Sidik et al., 2014) found that urease activity was sustained over time and CaCOs
was precipitated in organic soil (60% OC), where the amount of CaCOs was much
smaller than that of similar studies in sandy soils. They suggest a possible inhibi-
tory effect on the crystal growth from organic matter, but not the urease activity
itself, while (O'Toole and Morgan, 1984) note that variations in organic content
will have an impact on the urease capacity. The findings are inconsistent, where
the low amount of precipitated CaCOs could be due to low urease acticty or as a
consequence of the organic content interfering in the crystal growth. The availab-
le research on these topics is limited and further studies should be conducted to

clarify the effect of organic content on urease avtivity and crystal growth.
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Work by (Van Paassen, 2009b), note that precipitaion during MICP narrows the
flow channels, which increase the flow velocity and reduce the residence time of
injected substrates within the target area. This would likely reduce the urease
activity per soil volume, which could indicate a need for a delay in the precipi-
tation, where both bacterial suspension and cementation solution is distributed

within the target area, before precipitation is initiated.

The CaCl; in the cementation solution (CaCly/urea) most commonly used in
MICP, provide calcium ions and buffer the pH, whereas the urea increases the pH
through the byproducts generated during ureolysis. In their work, (Tang et al.,
2020) state that the concentration and proportion of cementation solution have a
significant influence on the urease activity. (Whiffin, 2004) reported that concen-
trations of CaCl, exceeding 0,5M had an inhibitory effect on the urease activity of
S. pasteurii, whereas concentrations < 0,5M did not adversely affect the urease

activity.

If a direct or undirect relation between urease activity and precipitation rate is
assumed, the findings of (Whiffin, 2004) are consistent with studies that found
optimal precipitation with concentrations of CaCl,/urea below 0,5 M (Cheng et
al., 2016, Nemati and Voordouw, 2003, QABANY and Soga, 2014). The assump-
tion of a relation between urease activity and precipitation, is in line with findings
of (Nemati and Voordouw, 2003, Hammad et al., 2013), where the results show

increased precipitation rate with increasing urease activity.

However, (Shahrokhi-Shahraki et al., 2015) acheived highest UCS at concen-
trations above 0,5 M, where share of urea had greater impact than share of
CaCl,. This contradiction could be because the study used 85% and 100 % high-
er share of urea than CaCl; for those results. The high share of urea could gene-
rate a prolonged urease activity and a higher CCC. Grain size distribution and
relative density of sample prior to treatment, could also be factors affecting the
acheived UCS. However, a major part of the studies find that concentration < 0,5

M, is favorable.

The urease of S. pasteurii is according to (Gorospe et al., 2013) sensitive to
environmental stresses, where specific conditions promote optimal urease per-
formance. However, the affecting factors have a limit where if exeeded, the

enzyme performance is reduced. This suggests that knowledge of the limits of
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affecting factors, could possibly be utilized to optimize cost of solution to acheiv-

able gain as well as sustaining optimal performance over time during treatment.

In their work (Shahrokhi-Shahraki et al., 2015), found that for same concen-
trations of urea/CaCl;, increasing concentration of bacteria reduced the UCS.
However, the levels of urease activity were not registered. The research prev-
iously discussed in this chapter is not conclusive on whether bacterial concen-
tration can be directly correlated with level of urease activity. However, it is
possible that increased density of bacteria could lead to a shorter duration of the

urease activity, due to depletion of urea, oxygen or nutrients.

Work by (Gorospe et al., 2013) observed a decrease in urease activity, relative
to pure urease enzyme when 0,5 mM of varying types of salts (incl. CaCl;) were
added to the urease, whereas (Hammes et al., 2003) found that adding 30 mM
CaCl; to solution of urease enzyme increased the urease activity by 10 times.
Given the data available from the studies, it is difficult to see an obvious reason
for this contradiction. The extreme increase in urease activity due to CaCl, obser-
ved by (Hammes et al., 2003) is particularly surprising, given that CaCl, would

lower the pH, which in turn would reduce the urease activity.

5.1.3 Ammonium as a byproduct

e Challenges for the implementation of MICP in situ

e Factors affecting the MICP process

For MICP to be a viable method for ground improvement, the dissolved ammoni-
um (NH4") needs to be removed from the treated soil, while the volatile ammo-

nia (NHs3) needs to be reduced or eliminated from the process.

(Lee et al., 2019a) state that high concentrations of NH4* in surface waters, de-
creases the pH and could stimulate growth of toxic algae and decrease amount

of dissolved oxygen, produce toxins, and contribute to bacterial growth. The ad-
verse effects of NH4* and NHs which in gas form is condidered toxic under long-

term exposure, emphasize the importance of developing a capacity for removal

of these by-products post-treatment. The capacity and predictability of such a

removal, is crucial for the viability of MICP as method for ground improvement.
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In a large scale (1000 m3) MICP-treatment of sandy gravel, (Van der Star et al.,
2011) managed to successfully remove the released NH4+* with a high pH and
high ionic strength rinse solution, while (Lee et al., 2019b) acheived over 90,6%
removal of NH4*, in MICP-treated sand colums (3,7m x 0,2 m x 0,2m). However,
some residual adsorbed NH4" was found in the treated sand, where concentration
(< 10%) of both sorbed and remaining aqueous NH4*, increased with distance

from injection point of rinse solution.

The findings suggest that removal of NHs*can be acheived in sand and gravel.
However, further work is needed on 100% removal, residual sorbed NH4+* and
the decline in removal by distance from injection point. Low degree of remaining
NH4* could possibly be acceptable, however the extended effect of low concen-

trations on the environment and ground water, is not clear.

(Van der Star et al., 2011, Van Paassen, 2009a) used sets of injection and ex-
traction wells, creating a strong artificial flow to transport the rinse solution
through the treated soil. It is possible that given a strong enough flow and shor-
ter distances between injection and extraction, an acceptable degree of NH4*
removal could be acheived. This suggestion is in line with findings of (Lee et al.,
2019b), where treated soil less than 2,8 m from injection point acheived more

than 98% final NHs*removal..

In their work, (Cheng et al., 2019) demonstrated with the one-phase low pH in-
jection method, that the NHs released in the MICP process, can be significantly
reduced. The findings of (Van der Star et al., 2011, Van Paassen, 2009a, Cheng
et al., 2019) demonstrate that removal of NH4+* can be acheived in both sand and
gravel on larger scale in situ, where the demonstration of reduction in NHs by
(Cheng et al., 2019) could possibly be directly transferable to viability in the
field, due to the reduction being tied to the injected solution itself and not rinsing
of mass. However, due to few field studies on NH4* removal, further work on in
situ removal in granular soils, fine grained soils and granular soils with fines, is

needed.
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5.1.4 Geometric compatibility

e S. pasteurii as a causative agent for MICP in soils.
e Factors affecting the MICP process

e Challenges for the implementation of MICP in situ

Understanding the compatibility between bacteria and a given soils pore size
distribution, is important when evaluating the suitability of MICP as a method for
ground improvement in different types of soil. Decreasing particle size and in-
creasing density, lowers the compatibility i.e restrict the mobility of the bacteria

within the soil.

Work by (Ingham, 2021) state that bacteria are 1 ym wide and somewhat longer
in length, whereas (Mitchell and Santamarina, 2005a) note that they have a cell
diameter in the range of 0.5-3 ym, where S. pasteurii usually is between 0,5-1,2
in diameter and 1,3-4 um in length. (Ng et al., 2012a, Lin, 2016, Rebata-Landa,
2007) note that bacteria move through the soil via the pore throats between soil
particles, either by self-induced movement or by passive diffusion, where they
according to (El Mountassir et al., 2018) can attach themselves to particle con-

tacts, pore throats or particle surfaces due to electrostatic net attractive forces.

(Rebata-Landa, 2007) note that habitable and traversable pores are found in
coarse soils and in some clayey soils at shallow depth,where (Yang and van
Elsas, 2018) note that they can find shelter inside pores in the range 0,2-6 um,
whereas porethroats with size equal to or lower than the cells size, will restrict
any movement. The lower part of the range (0,2-6 um) described by (Yang and
van Elsas, 2018) could possibly include bacteria that are smaller than S. pasteurii

(0,5-1,2 pm) in size.

In their work, (Ng et al., 2012a) state that bacteria up to 2 um in size, can move
freely within coarse silt to coarse sand (d=0.05-2.0 mm), where increasing share
of fines in the soil, would limit or block the movement of bacteria within the soil.
This is in line with several studies acheiving increased shear strength or reduc-
tion of porosity due to precipitated CaCOs in MICP-treated fine sands to coarse
sands (Choi et al., 2020a, Rahman et al., 2020a, Cheng et al., 2013, Shahrokhi-
Shahraki et al., 2015, Cheng et al., 2016). However, these result do not confirm
self induced bacterial movement within the soil, where some studies applied

drying of the cohesive soil before mixing, while mode of mixing is unclear in
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others. It should be noted that most of these samples do not acheive uniform
distribution of CaCOs within the sample despite the manual mixing of fluid into
the soil. This underscores the challenge of injection and distribution of fluids in

and within cohesive soils.

Bacteria that are manually mixed into a fine grained soil, could possibly be plac-
ed in a small pore (habitable pore space), but not be able to relocate from that
space. It is not clear whether bacteria have the capacity to push on pore walls to
expand the pore space, but it is unlikely. It is reasonable to assume that ureoly-
tic bacteria such as S. pasteurii, will have difficulty in finding shelter within pores
that are smaller than its own size. This would exclude a large share of pores in
cohesive soils such as clays, where (Zaffar and Sheng-Gao, 2015) found 50% of
pores in tested clay to be < 0,01 um and (Yang and van Elsas, 2018)
64,6-80,8% to be < 2,5 uym.

Work by (Lin, 2016) state that lack of habitable pore space and limited mobility
between pores lead to a decrease in microbial presence with decreasing particle
size and soil density, where (Mitchell and Santamarina, 2005a, Lin, 2016) sug-
gest that limiting effective particle size (dio) for bacterial mobility at 5 m depth
is 1,03 um, 1,22 ym at 10 m and 1,5 ym at 20 m. The findings suggest that the
cells would be trapped or inactive if placed in smaller pores, where increasing

depth and content of fines would reduce the microbial activity.

The research further suggest that dio of soil suitable for mobility, increases with
depth. This could be due to higher overburden stress with depth, resulting in
increased density with depth. The increased density with depth could suggest
that the application of MICP in deeper sediments with increasing content of
fines, could be a challenge. However, the increase in dio (Ad10=0,47um) from 5
to 20m due to increased overburden stress or increased density, could possibly
indicate a smaller effect on the geometric compatibility for the intended depth

range for MICP.

(Rebata-Landa, 2007) note that bacteria in the soil are considered “active and
motile” when the size of pores and pore throats are large enough to allow for

cell movement, “trapped " when pore throats are too small to move within and
“dead” when confining pressure due to depth in the soil profile, exceeds the re-

sistance of the cell structure.
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In the diagram for geometric compatability proposed by (Mitchell and
Santamarina, 2005a), very fine or very coarse soils fall outside the range of
compatibility. However, successfull dispersion of bacteria and precipitation in
coarse gravel through MICP have been demonstrated by (Van der Star et al.,
2011), while MICP in fine soils for the most part have been aceived with manual
mixing i.e the fluid containg bacteria could not be dispersed by flow (Xiao et al.,
2020, Cheng and Shahin, 2015, Kannan et al., 2020, Bing, 2015, Teng et al.,
2020, Godavarthi Rajani, 2020).

The effect of constricted pore space on the bacterias metabolic activity is an im-
portant aspect within the evaluation of the suitability of MICP in fine soils. Stud-
ies where clay is treated by manually mixing and where precipitated CaCOs is
observed and increased strength is acheived, suggest that metabolic activity can
be sustained in small pores (Xiao et al., 2020, Kannan et al., 2020, Islam et al.,
2020, Bing, 2015). However, the issue of sustained metabolic activity within lim-

ited pore space, should be investigated further.

In their work, (Schijven et al., 2017) note that the macropores have more influ-
ence on the transport of bacteria within soil than the soil texture, where (Yang
and van Elsas, 2018) state that pore to pore movement is easier for bacteria in
fully saturated pores, compared to partially saturated pores, where the air in the
pores hinder or reduces ability for microbial transfer. (Lamka et al., 1980, Zyman
and Sorber, 1988) found that bacterial transport through soil is accelerated by
heavy rainfall where the ionic strength of the pore water is reduced, thus reduc-

ing attracting forces from particles upon bacteria.

The research show that macropores connected to the pore channels as well as
saturated ground conditions, enhance the mobility of the bacteria within a pore
system, where reduced attachment of bacteria as well as water flow caused by
hydraulic boundaries, can increase the transport distance. The findings suggest
that grain size distribution, depth and flow rate and salinity of injected suspens-
ion during MICP, could have a significant impact on the attachment and distri-

bution of injected bacteria during MICP.

In work by (Lin, 2016), it is stated that pore and porethroat sizes correlate with
particle size in silts and sands, whereas (Nimmo, 2004) state that the pores in
clayey soils can be several times larger than the particles themselves and still be

relatively enclosed. Through their work, (Zaffar and Sheng-Gao, 2015) found
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that in three different clays with high (43-50,7%) clay content, 58% of the pores
were below 5 um and 24,3% below 0,1 pm, while (Chen et al., 2019) reported
that in three different clays, 64,6-80,8% of the pores were below 2,5 uym, 11,6 -
21,3% between 2,5-10 um and 4,2-13,6% above 10 uym.

The research indicate that a large part of the pores in cohesive soils such as
clays, generally are too small to allow for microbial movement, whereas entrap-
ment of cells within pores might be possible, where viability of precipitation in
such conditions is unclear, but according to results from (Xiao et al., 2020,
Kannan et al., 2020, Islam et al., 2020, Bing, 2015), it could be viable. This
could suggest that excluding other factors such as the bacterias resistance to
high shear forces and pressure, the ureolytic activity could be sustained if bac-

teria are mechanically mixed into the clay under high pressure.
5.1.5 Precipitation of CaCO3

e S. pasteurii as a causative agent for MICP in soils.
e Factors affecting the MICP process

e Challenges for the implementation of MICP in situ

The ureolytic bacteria produce urease enzyme that degrade urea through ureo-
lysis, which generate dissolved ammonium and increases the pH of the solution,
where the generated COs? together with supplied Ca?* feeds the concentration

until it reaches supersaturation and CaCOs is precipitated.

The concentration at supersaturation is suggested to affect the precipitation rate,
which in turn is suggested to affect the cementation pattern and crystal morpho-
logy. Knowledge of how these and other factors such as temperature, concentra-
tion of cementation solution, bacterial density, level of saturation and particle
size distribution affect the precipitation, is important for evaluating the choice of
parameters during application of MICP, such that desired outcome post-treat-

ment can be obtained.

In work by (Zhang et al., 2016a), it is noted that the Bacillus species, which S.
pasteurii is a part of, displayed the most effective precipitation, whereas (Oliveira
et al., 2015) reported that the |. insulsalsae bacteria generated more CaCOs than
S.pasteurii. Work by (Liu et al., 2019) reported that S.pasteurii had more effec-
tive precipitation in an artificial soil than in a natural soil containing indigenous

bacteria, while (Tobler et al., 2014) observed that S. pasteurii was capable of
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consistent calcite precipitation, even if the indegenous environment lacked prior

urease activity.

The research indicate that S. pasteurii have a high capacity for precipitation and
that ureolysis is viable in soils without pre-existing CaCOs. Regarding the higher
precipitation for I. insulsalsae, it is unclear if other factors such as concentration
of cementation solution, temperature or pH was more favorable for |. insulsalsae,
compared to S. pasteurii and if this affected the outcome. The more effective
precipitation in artificial soil for S. pasteurii could be due to competing indege-
nous bacteria in the natural soil. This is important when considering MICP-treat-
ment in a given soil, where high densities of indegenous populations could shor-

ten the time before depletion of nutrients is reached.

The temperature have an effect on the urease activity, which in turn affect preci-
pitation (Nemati and Voordouw, 2003, Hammad et al., 2013, Cheng et al., 2016,
Konstantinou et al., 2021). In their work, (Nayanthara et al., 2019) found that
S. pasteurii precipitated much higher amounts of CaCOs3 than several other ureo-
lytic bacteria at 25 °C, while (Peng and Liu, 2019a) reported that S. pasteurii
demonstrated effective precipitation in the range 10-30°C, where the amount of
precipitated CaCOs decreased with increasing temperature. (Cheng et al., 2016)
reported that crystals at 25°C and 4°C generated more effective bonding, com-
pared to those at 50°C. The effective crystals (4°C and 25°C) were precipitated
at and around particle contacts, whereas the crystals at 50°C, mostly covered the

grain surface.

The research show that S. pasteurii is capable of precipitation in the range 4°C-
50°C. However, the amount and quality of precipitated CaCOs varies within that
range. Results indicate a more effective bonding or higher effect per unit of
CaCOs3, at lower (4-25°C) temperatures. The findings suggest that the amount of
precipitation is directly or more likely undirectly through level of urease activty,
affected by the temperature. The decrease in amount of precipitated CaCOs with
increasing temperature within the range 10-30°C, could suggest a decline in pre-
Cipitation rate with increasing temperature. However this is not in line with find-
ings of (Cheng et al., 2016), where precipitation at 50°C generated larger amou-
nts of small crystals covering the particle surfaces. Increased amounts of small
CaCOs crystals would most likely be due to increased precipitation rate or pro-

longed urease activity and precipitation. The findings are however not
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conclusive and further work on the direct or undirect effect of temperature on
precipitation rate and effect of precipitation rate on cementation pattern, are

needed.

(Montoya, 2012) found that in MICP-treated (S. pasteurii) sands differentiated as
rich in quartz, calcite, feldspar and iron oxide, the sand rich in calcite (CaCO3)
showed the fastest precipitation rate, whereas the sand rich in Iron (Fe) obtained
the lowest rate. The findings indicate an effect from minerals on either urease
activity and consequent precipitation or an interference from the minerals on the
crystal growth, where (Sun et al., 2019c¢) found that clay minerals containing
have an adverse effect on the urease activity. High concentrations of calcite
could suggest that previous precipitation have taken place in the sand and that
the mineral conditions are favorable. However, the calcite could also have its

origin from weathered bedrock in limestone or from corals or shells.

Studies indicate that the degree of precipitation is affected by the level of urease
activity, where an increase in urease activity leads to increased precipitation rate
(Nemati and Voordouw, 2003, Hammad et al., 2013, Cheng et al., 2016,
Konstantinou et al., 2021). The correlation between temperature and urease
activity (Stocks-Fischer et al., 1999, Nayanthara et al., 2019, Gillman et al.,
1995, Cacchio et al., 2003) could in extencion most likely be transfered to corre-
lation between urease activity and precipitation rate. Lower temperatures are
associated with lower urease activity, slower precipitation rate and fewer but
larger crystals, while higher temperatures with higher precipitation rate and a

higher number of smaller crystals.

The fewer but larger crystals yields more effective cementation than the larger
amount of smaller crystals. Effective in this context would be the acheived in-
crease in effective bonding between particles per unit CaCOs, i.e precipitation at
and around particle contacts and less in centre of the voids. However, one could
argue that precipitation in the centre of the voids is favorable for geotechnical
applications, where reduction of porosity or permeability is the only objective. On
the other hand, increased effective strength through particle to particle cemen-
tation, would be favorable for applications where increased effective strength and

residual permeability post-treatment, is the objective.
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(Stocks-Fischer et al., 1999) found that the degree of precipitation was reduced
for bacterial concentrations above 108 cells/ml. This suggest that the cell density
might need to be balanced with available urea, oxygen and nutrients, so that the
demand for nutrients do not exceed the availability, which could cause a decline
in urease activity due to cell lysis and consequently a decline in precipitation. Ba-
lancing the demand (cell density) and availability could provide a prolonged and

sustained urease activity and precipitation during MICP-treatment.

In their work, (Stocks-Fischer et al., 1999) further state that the higher the con-
centration at critical saturation, the higher the precipitation rate. It would be rea-
sonable to think that the concentrations of COs?" at supersaturation could be affe-
cted by the urease activity, given that it is the ureolysis that generate COs%,

whereas Ca?" is supplied through calcium in the soil or injected CaCl..

The grain size distribution in a given soil could possibly affect the ease of flow for
injected solutions, where work by (Kim et al., 2014) found that S. pasteurii gen-
erated about two times more CaCOs in sand than silt. The findings could possib-
ly be due to the smaller sized pores in the silts affecting the metabolism or
movement of the bacteria or clay minerals affecting the urease activity of the

bacteria.

Precipitation occur when critical supersaturation driven by increasing pH, is
reached (Paassen, 2009, Al-Thawadi and Cord-Ruwisch, 2012). In work by (EI
Mountassir et al., 2018), it is noted that due to reduced solubility of CaCOs with
increasing pH, precipitation of CaCOs increases with rising pH, where (Kim et al.,
2018) found optimal pH for precipitation by S. pasteurii to be between 7-9. The
reason for the variation in optimal pH could possibly be due to variations in con-
centrations of Ca?*, given that point of precipitation is a function of concentration
of Ca?* and pH, where (Stocks-Fischer et al., 1999) note that pH at critical sup-
ersaturation or equlibrium, is higher for water with lower calcium content such as

soft water and lower for water with higher calcium content such as hard water.

The concentration of cementation solution (CaCly/urea) can affect the precipitat-
ion, where (Stocks-Fischer et al., 1999) found an inhibitory effect on the urease
activity from concentrations of CaCl,/urea above 0,5 M. (Cheng et al., 2016)
observed peak amount of precipitated CaCOs with 0,4 M CaCly/urea, whereas
(Nemati and Voordouw, 2003) reported higher amounts of precipitated CaCOs by
increasing the share of CaCl, from 0,045 to 0,27 M.
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Major part of the studies described in this thesis, found concentrations < 0,5 M
CaCly/urea, to be favorable for precipitation (Whiffin, 2004, Cheng et al., 2016,
Nemati and Voordouw, 2003, QABANY and Soga, 2014, Stocks-Fischer et al.,
1999). However, (Shahrokhi-Shahraki et al., 2015) acheived highest UCS with
concentrations above 0,5 M, where the share of urea was larger than share of
CaCl,. The reason for these results could possibly be due to the increased share
of urea prolonging the duration of the urease activity, thus increasing the precipi-
tation. However, variations in density in the samples prior to treatment or fluid
distribution within the sample during treatment, could also have affected the
acheived UCS.

Precipitation of CaCOs by ureolysis can utilize Mg?*, in the same way as Ca?*. It
is noted by (Aamodt and Dahl, 2016) that Norway has lower concentrations of
Mg?* in the groundwater due to less soluble sedimentary rockbed in the subsur-
face. However, other regions can have groundwater which is rich in Mg?*, and

the effect of Mg?* on the MICP process, is for that reason important to adress.

Work by (Sun et al., 2019a) found that Mg?* yielded a lower amount of precipi-
tated CaCOs than Ca?* under similar conditions, while work by (Nayanthara et
al., 2019) found that optimal ratio (Mg 2*: Ca?") for precipitated amount of
CaCO:s for S. pasteurii, was 0,5:1 followed by 1:1, where 1:1 showed adverse
effects on the morphology (long needle shaped) of the crystals. A high share of
Mg?*, could possibly be effective for reduction of permeability due to the larger
amount of precipitated CaCOs and the larger size of the crysta-Is, whereas they

would most likely not contribute much to the effective bonding of the particles.

Soils rich in organic matter have high compressibility and are in general not suit-
able construction ground. In most cases where the organic deposits are shallow,
they are removed and replaced by soil of better quality before construction. Re-
placement of soil masses is however expensive and contribute to increased hea-
vy transport along the roads, depending on location of the replacing soil. How-
ever, organic content can be present in smaller amounts in sands, silts and clays.
In their work (Sidik et al., 2014) found that urease activity was sustained over
time and CaCOs was precipitated in organic soil (60%), where the amount of
precipitated CaCOs was small, compared to similar studies in sandy soils. This is
suggested to be due to an inhibitory effect of organic matter on continuous crys-

tal growth.
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The findings suggest that organic matter could disturb the crystal growth when
adsorbed to the crystal surface, which could result in smaller crystals of poor
structural quality. Further work is needed on the effects of lower organic content

in granular and cohesive soils on the urease activity as well as crystal growth.
5.1.6 Calcium carbonate crystals

e S. pasteurii as a causative agent for MICP in soils.
e Factors affecting the MICP process.

e Challenges for the implementation of MICP in situ

The quality, size and shape of the precipitated crystal can affect the cementation
pattern, which govern the acheived alteration or improvement of the soils prope-
rties. Several factors such as cementation solution, organic matter, concentration
at supersaturation and precipitation rate, can affect the morpholgy and crystalli-
ne qualities of the precipitated CaCOs. Knowledge of the factors affecting the
crystal growth, is important for evaluating choice of parameters during MICP,
such that adverse effects on crystal quality can be avoided and favorable or des-

ired qualities, can be obtained.

The durability of the calcium carbonate (CaCOs) binder is important when con-
sidering the intended service life of a geotechnical design, where (Bindu J, 2017)
note that CaCOs crystals, will dissolve very slowly, either when continuously
flushed by buffered acidic groundwater or as a result of acidifying processes in
the pores. In that regard, (Gowthaman et al., 2020) found that the corrosion
rate of CaCOs due to acidic rainfall, depend on the intensity and pH of the flush-
ing rain, where the loss of shear strength is governed by CCC of the MICP-treat-
ed soil. They further found that loss of mass due to cyclic (up to 50 cycles) wet-
ting and drying (WD), induced greater erosion in samples with the lowest CCC,
where initial cycles and cycles above the 30 cycle, generated the greatest loss

of mass per WD cycle.

The findings suggest that higher degrees of CCC in MICP-treated soils, could re-
duce loss of mass or shear strength due to corrosion or erosion. There is little
that can be done with the occurance of acidic rain or rain in general, but acidic
ground conditions could be stabilized with lime. However, one of the objectives
for developing MICP is to reduce the use of such products. Testing of pH in local

groundwater, could possibly be required when evaluating the suitability of MICP
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in a given area. The findings of (Gowthaman et al., 2021), suggest that a higher
degree of erosion occur in the CaCOs mass at initial cycles and after 30 WD cyc-
les, which could possibly be due to poorer crytallization of the outer mass and

more cycles needed to wear down the mass, once this layer is eroded. However,

the rate of erosion and the affecting factors are unclear.

(Delong et al., 2009) suggest that pre-existing stable CaCOs in the target soil,
could indicate favorable ground conditions for durability of CaCOs which have an

expected design life above 50 years, under favorable soil conditions.

The findings indicate that in favorable ground condition, the expected design life
of the CaCOs binder is comparable to cement and lime based binders. The com-
parability of the CaCOs binders durability with that of other cement based bin-
ders, is an important finding in respect to the competetiveness of MICP as an

alternative method for ground improvement.

The effect of curing time on acheived shear strength in MICP-treated soil, is im-
portant for the determination of time for sampling for comparison of acheived
shear strength up against the geotechnical design criteria, during quality control

post-treatment.

Work by (Teng et al., 2020),reported on an increase in UCS with increasing cur-
ing time (1 to 7 days) in MICP-treated silty clay, while (Godavarthi Rajani,
2020) found a greater increment of increase in UCS for MICP-treated high plasti-
city clay from 14 to 28 days of curing than from 3-14 days of curing. (Oyediran
and Ayeni, 2020) found that CCC determined the initial and final shear strength
(1-7 days) in MICP-treated sandy silt, while the rate of increase in shear streng-
th with curing time, was similar for different CCC i.e independent of degree of

cementation.

The findings indicate that significant increase in shear strength can occur bet-
ween 14-28 days of curing in cohesive soils, whereas curing time in granular
soils is unclear. This could suggest the need for up to a 4 week time span before
final tested shear strength is compared up against design criteria. However, due
to lack of findings on curing time in sands, the effect of curing on shear strength

in such soils is unclear and should be investigated.
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In their work, (Tang et al., 2020) notes that due to different ureolytic bacteria
depositing different extracellular polymeric substances (EPS) on the cell surface,
precipitated crystal type (CaCOs) and morphology will vary, depending on type of
bacteria strain. (Zehner et al., 2020) state that CaCOs can crystallize in different
polymorphs such as calcite, vaterite and aragonite, where calcite is the most
common, due to its low solubility in water (Stocks-Fischer et al., 1999, Okwadha
and Li, 2010). (Paassen, 2009) found that high rates of ureolysis produced sphe-

rical vaterite, while lower rates generated mostly rhomboidal calcite crystals.

The vaterite being predominant at high rates of ureolysis, could be due to an ex-
tended period of superstauration, as noted in work by (Paassen, 2009). Higher
rates of ureolysis is likely to increase the concentration of supersaturation in the
solution, which is prolonged due to a continuous generation of COs 27, as long as
urea is available. Consequently, precipitation of metastable precursors such as
vaterite, is the most likely outcome, whereas a decline in rate of ureolysis with
reduced availability of urea (depletion), would lower the concentration of super-

saturation, resulting in kinetically favoured precipitation of calcite over vaterite

Work by (Cheng et al., 2016) found that high temperature and high urease acti-
vity (S.pasteurii) formed small crystals, whereas low temperature and low urea-
se activity formed clusters of larger crystals. In their work, (Xu et al., 2017)
observed increasing crystal size and change in crystal shape with increasing con-
centrations of Ca?*, while (Nayanthara et al., 2019) found that increasing the
Mg?*/Ca?* ratio from 0.43 to 1 in the cementation solution, generated long nee-

dle shaped crystals, which filled the voids.

The findings of (Xu et al., 2017) suggest that Ca2* concentration have a signifi-

cant effect on crystal growth, which is plausible given that Ca?* is a main compo-
nent of the precipitated mineral. Increased concentrations of Mg?* seem to gene-
rate a crystal morphology, which most likely willl have a lower resistance to com-

pressive forces than square or spherical crystals.

(Al-Thawadi and Cord-Ruwisch, 2012) found that increasing bacterial density in-
creased the size of precipitated crystals, while (Xu et al., 2017) suggested that
the bacterial density was related to the surface structure and less to the crystal
size. (Cheng et al., 2007) found that low bacterial concentrations generate cubic
crystals, whereas high cell concentration lead to the formation of spherical crys-

tals.
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The findings suggest an effect from bacterial density on crystal growth, but is not
converging on what aspect of the crystal growth it affects. As noted by (Cheng et
al., 2007), the available space between nucleation sites (cells) could affect the
crystal shape. It is possible that lower bacterial density would provide greater
space between nucleation sites (cell surfaces), while higher density would lead to
less space, where cubical crystals would aquire more space than spherical. This
could possibly explain the changes in shape occuring due to change in bacterial

density.

In work by Whiffin (2004), a lower precipitation rate and larger crystals at pH
below 8 was observed, while (Cheng et al., 2007) found that precipitation by S.
pasteurii generated spherical shaped crystals at pH 8.0 and square shaped crys-

tals at pH 9, where both generated calcite as output mineral.

The findings indicate that pH may affect the size and shape of precipitated crys-
tals. The temperature and amount of available urea will affect the rate of ureo-
lysis, which in turn will affect pH and concentration at supersaturation. It is for

this reason, difficult to isolate the effect of pH on the crystal morphology.

Work by (Jianyun, 2005) reported on precipitated calcite at 5°C and 25°C, while
calcite and vaterite was precipitated at 50 °C, where the crystals at 5°C and 50°C
were amorphous, while crystalline at 25°C. The reason for the amorphous mine-
ral structure observed by (Jianyun, 2005) at 5°C and 50°C, is not clear. It would
be reasonable to expect similar mineral structure for crystals at 5°C and 25°C
and possibly a deviation from that at 50°C, given the similar larger crystal size of
good quality reported by (Cheng et al., 2016) at 4°C and 25°C and smaller crys-
tals of poorer quality at 50°C. The urease activity was most likely higher at 25°C
than at 5°C, which could have generated higher concentrations at supersaturat-
ion and affect the mineral structure of the precipitated CaCOs. An amorphous
structure would likely translate to ductile properties in the cementation bond,
while the crystalline structure could be assumed to be harder but generate a

more brittle behaviour in the bond during applied stress.

(Wang et al., 2019) reported that longer intervals between injection cycles of
cementation solution (CaCly/urea), generated larger crystals, compared to shor-
ter intervalls. (Al-Thawadi and Cord-Ruwisch, 2012) found a sharp rise in crystal

size when concentration of cementation solution (CaCl/urea [1:1]) was raised
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from 0,055 M to 0,258 M and a flattening in crystal size, when further increased
from 0,258 M to 1,255 M.

The findings indicate that cementation solution may have an effect on the crystal
growth. This is a reasonable assumption, given that urea would increase the level
of urease activity and concentrations of generated CO3s?", while CaCl, would in-
crease concentrations of Ca?*, leading to increased concentrations at supersatu-
ration and consequently increased precipitation rate. Increased rates would most
likely generate smaller crystals, while lower rates would generate larger crystals.
The flattening of crystal growth (size) observed when a certain concentration was
exceeded, is in line with findings of (Stocks-Fischer et al., 1999, Al-Thawadi and
Cord-Ruwisch, 2012), where concentrations of CaCl,/urea above 0,5 M was found
to have an inhibitory effect which is tied to increasing concentrations of CaCl;
and not urea. The larger size of crystals observed at longer intervalls between
injection cycles (CaCly/urea), could possibly be due to the crystals having suffi-

cient time to grow before new supply of Ca?* is introduced.
5.1.7 Effect of particle characteristics

e S. pasteurii as a causative agent for MICP in soils.
e Factors affecting the MICP process.

e Challenges for the implementation of MICP in situ

Particle shape, size and surface roughness have an effect on the mechanical pro-
perties of untreated granular soils. It is important to evaluate any transferability
of such characteristics onto cementation post-treatment, or if the characteristics
themselves, affect the level of increment in shear strength acheived in the soil

post-treatment.

As noted by (Sandven et al., 2017, Alshibli and Alsaleh, 2004), the mineral type,
particle shape and surface roughness effect the effective shear strength of gran-
ular soils, due to the internal friction caused during shear. In their work, (Alshibli
and Alsaleh, 2003) note that angular particles yield greater internal friction than
rounded particles, where the internal friction angle increases with increasing ang-
ularity. The findings are reasonable. Surface roughness and particle angularity
would cause higher friction and resistance than smooth particles, when they slide
against eachother under pressure, thus a higher friction angle with increasing

angularity and surface roughness, is as expected. However, increased friction in
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granular soils can be affected by the state of density prior to and during shear,
where (Mitchell and Santamarina, 2005a) note that soils with angular shaped

particles, tend to be less dense than soils with more rounded particles.

Work by (Rebata-Landa, 2007) reported that particle sizes between 0,01-0,1 mm
acheive the most effective cementation, while (Mortensen et al., 2011b) sugges-
ted that the high number of contact points in well graded and compacted soils,
are favorable for acheiving effective cementation. In their work, (Ismail et al.,
2002) reported on better particle bonding through cementation in fine rounded

particles, than in coarse round particles.

The findings by (Rebata-Landa, 2007) suggest effective cementation for particles
in the range medium silt to fine sand. It is possible that the number of contact
points per soil volume i.e particle size and degree of compaction, have more im-
pact than the particle size itself. However, one could argue that increased degree
of compaction would reduce the voids, thus reducing the flow and distribution of
injected liquids in the soil, which would lead to lower degree of spatial distribu-
tion of CaCOs binder within the soil.

Uniform fine particled granular soils will have more particle contacts per volume
than coarser uniform granular soil. In well graded soils the finer particles would
fill the voids between larger particles, which also would increase number of con-
tact points per volume. At similar particle size, a loose uniform fine sand could be
expected to acheive lower degree of cementation or shear strength post-treat-

ment than a dense uniform fine sand.

It is not clear whether the effect of particle characteristics on shear strength in
untreated granular soil, can be directly transfered onto the increased acheived
shear strength in treated soils. However, if the increment in increased shear
strength post-treatment is greater for some particular particle characteristics,
they would likely have an infuence on the degree of cementation or pattern of

cementation.

In their work, (Nafisi et al., 2018) found that MICP-treated coarse angular sand,
acheived a higher degree (50%) of improvement in shear strength than treated
coarse round sand (35%). They further found that the interparticle cementation
was more effective in the angular coarse particles, than in round coarse particles.

The findings suggest that the particle shape have an infuence on the acheived
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effect in shear strength post-treatment, in granular soils. It would be reasonable
to assume that cementation at and around particle contacts would be favorable
for increased shear strength. It is not clear whether increased particle angularity
would provide more contactpoints, where (Mitchell and Santamarina, 2005a)
found round particles to provide a higher density than angular particles. How-
ever, cementation on rough surfaces such as in angular particles, could possibly
yield higher friction during shear than cementation on smoother surfaces such as

in round particles.

In their work, (Nafisi et al., 2018) further used numerical modelling (Discrete
Element modelling) to investigate the effect of particle shape on cementation, in
triaxial shear. The results showed that angular particles are favorable and that
degree of improved shear strength in cemented soil is determined by the bond-
ing radius of the particle contacts. The findings suggest that increased radius of
the parallell bond in cemented particles, increases the strength of the bond. The
findings can be considered as reasonable, due to a wider bond being more stable

and more resistant to shear or tensile forces acting upon the bond.
5.1.8 Cementation pattern

e Factors affecting the MICP process.
e Challenges for the implementation of MICP in situ

The cementation pattern may infuence the strength and hydraulic properties of
the soil post-treatment. Different geotechnical applications will have different
requirements in properties and for this reason it is important to identify factors
affecting the cementation pattern, so that these factors can be concidered when
utilizing MICP in a given soil. For the evaluation of the viability of MICP as a met-
hod for ground improvement, it is also important to investigate if the research
indicate that cementation pattern and residual permeability can be controlled

with a degree of predictability.

In their work, (Cheng et al., 2016, Al Qabany et al., 2012) note that the cemen-
tation pattern influence the flow properties of porous media, where (Al Qabany et
al., 2012) state that it also affects the stress or load transfer between particles.
(Rong and Qian, 2012) state that cementation patterns can occur as crystal gro-
wth on particle surfaces, at or near particle contacts, in voids with bridging of

particles or in voids without bridging of particles.
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The findings suggest that several cementation patterns can occur as a result of
precipitation during MICP in soils. It would be reasonable to assume that the
patterns acceptable for geotechnical applications, would be crystal growth in
voids with or without bridging for reduction of porosity, crystal growth in voids
with bridging for improvement of compressibility with no concerns regarding
residual permeability and particle contact cementation for improvement of shear

strength and stiffness, where residual permeability post-treatment is critical.

(Cui et al., 2017a) note that the crystal growth can be classified as either effec-
tive or non-effective crystals, where effective crystals can be further classified as
particle-contact cementation and crystal-crystal cementation, where parts of the
areas around the particle contacts as well as the particle contacts themselves,
are cemented. They further note that, at lower cementation level, the effective
crystals are mainly precipitated as particle-contact cementation, while at increas-
ed cementation level, effective crystals are precipitated as crystal-crystal cem-

entation.

The findings suggest that cementation of the particle contacts are predominant
at lower precipitation rates, whereas higher rates generate crystal to crystal ce-
mentation, i.e particle contact cementation with further growth ocurring. This

kind of precipitation pattern would likely also fill into the void space around the

contact points, reducing the residual permeability.

In work by (Cheng et al., 2013), they found that lower degree of saturation in
fine and coarse MICP-treated sand, was favorable for obtaining residual permea-
bility post-treatment. It is reasonable to assume that level of saturation in the
soil could also affect the cementation pattern, where air in partially saturated
pores would push injected solutions against the particle contacts, whereas the
injected solution in saturated pores would be ditributed evenly in the pore, re-

sulting in a higher degree of reduction of the pore space.

Given that the generated cementation pattern could affect the acheived particle
bonding and residual permeability post-treatment, the ability to control the preci-
pitation rate through regulation of affecting factors, might be required to acheive
a cementation pattern which is suitable for a given geotechnical application of
MICP. The findings indicate potential for control of cementation pattern through

the control of precipitation rate. However, the reproducability and predictability
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of the results behind this indication, suggest further work on the matter, where

the effect of saturation on the cementation pattern, should be included.
5.1.9 Flow and bacterial retention

e Factors affecting the MICP process.

e Challenges for the implementation of MICP in situ

To ensure an adequate spatial distribution of CaCOs binder within the target area
during MICP-treatment, the flow velocity need to be compatible with the objecti-
ves of long reach and sufficient attachment of bacteria within the target area. A
too low velocity could result in clogging around the injection point and a short
reach, while too high velocity could flush the bacteria past the target area. High
salinity solutions could lead to flocculation of bacteria and accumulation of CaCOs
which reduce the flow, but enhance the bacterial attachment by increasing the
attractive forces from particle surfaces acting upon the bacteria. The evaluation
of proposed strategies for fluid flow and bacterial attachment or retention, is
important in order to ensure an approach adapted towards obtaining adquate
spatial distribution of the alteration or enhancement of the soils properties, ac-

ross the target area.

High salinity fluids such as CaCl, causes due to attractive forces, the bacteria to
attach to the soil particles, whereas low salinity fluids such as rainwater will re-
duce these forces. (Cheng et al., 2016) found that flushing MICP-treated sand
with fresh water (simulation of heavy rain fall), decreased the efficiency of urea
conversion down to less than 5%, which consequently yielded a very low precipi-
tation (CCC< 0,3%), whereas the control sample acheived 10 times higher CCC.
The low CCC for flushed samples is suggested to be due to washing out of bac-
teria and substrates during flushing, where (Cheng et al., 2016) state that un-
sufficient bacteria retention could lead to the bacteria being flushed away or de-

tached by cyclic injections.

The attachment of bacteria along the flow paths post-injection is of great im-

portance for the consequent distribution of CaCOs binder in the soil. The findings
could suggest that MICP-treatment during heavy rainfall in permeable soils shou-
Id be avoided, or could possibly require an increase in the concentration of fixat-

ion fluids, so that the attractive forces acting upon the bacteria from the particle
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surfaces are intensified. However, it is unclear if this would have any effect on

the retention of injected substrates.

(Ng et al., 2012a, Harkes et al., 2010b) note that high salinity solution drives
bacterial flocculation, which supports the adsorption and retention of bacteria,
where (Ng et al., 2012a) adds that low salinity solutions such as fresh water,
reduce the degree of bacterial attachment along a flowpath, while (Harkes et al.,
2010b) suggest that both adsorption (high salinity) and increased transport dis-

tance (low salinity), can be acheived by controlling salinity in fixation fluids.

It is reasonable to think that flocculation of bacteria could result in points with
accumulated CaCOs crystals along the flow paths, causing stagnation in the flow.
This could possibly be avoided by using low pH solutions that delay the precipi-
tation. However, the findings of (Cheng et al., 2016) suggest a very low attach-

ment of bacteria during flow of solutions with low pH.

The retention of bacteria along the flow path is crucial and the use of low salinity
solutions might be problematic in acheiving this objective, while increased inject-
ion pressure in combination with high salinity fixation fluids could possibly enable
the fluids to reach far enough into the target area with sufficient bacteria retent-
ion along the flowpath. However, a reduction of bacterial and substrate density
along flowpath should be expected at any flow rate and strategies that adress

this issue, should be integrated into potential injection methods in situ.

(El Mountassir et al., 2018) note that high flow velocity can reduce bacterial
attachment, while (Minto et al., 2019, Van Paassen, 2009a) suggest that flow
velocity can be used to control the location of precipitation. (Minto et al., 2019)
suggest that constant pressure rather than constant flow rate, or sequentially
decreasing the flow rate for each injection cycle, may enhance the spatial distri-

bution of bacteria within the target area.

Controlling the distribution by regulating the flow velocity is a plausible approach
to ensure adequate spatial distribution of liquids. The use of constant pressure
during injection instead of constant flow rate, could possibly counteract stagnat-
ion in flow due to narrowing of flow paths by precipitated CaCOs. The reasoning
behind a sequential decrease in flow rate per injection cycle, is not clear. How-
ever, if one assumes a decline in density of both bacteria and cementation solut-

ion with distance from injection point, such an approach could lead to a higher
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density close to injection points, compared to further away from the injection

points.

In their work, (Cuthbert et al., 2013) proposed to mix CaCl:urea (0,2 M:0,4M)
into the bacterial suspension before injection, to acheive adequate retention of
bacteria in a desired area. This approach would most likely create problems with

clogging around the injection point due to early initiation of precipitation.

5.1.10 Injection strategies and spatial distribution of CaCO3 binder

e Factors affecting the MICP process.

e Challenges for the implementation of MICP in situ

When designing geotechnical solutions, the engineer needs to rely on a given
shear strength or parameter, being well distributed throughout the treated soil
volume. For MICP to be a competetive and viable method for ground improve-
ment, it is necessary to acheive a satisfactory spatial distribution of the precipi-
tated CaCOs binder within the target soil. To acheive this, injection strategies
need to be adapted such that both concentration of bacteria and cementation

solution are approximately equally distributed within the target area.

(Knappett and Craig, 2012) note that in stratified soil deposits, the permeability
for flow parallell to to the direction of stratification, is higher than for flow per-

pendicular to the direction of stratification. This could suggest a need for shorter
vertical distance between injection points on injection wells with multiple inject-

ion valves with depth.

In their work, (Whiffin et al., 2007) developed the two-phase injection method,
where an injection of bacterial culture is followed by an injection of cementation
solution, while (Cheng and Cord-Ruwisch, 2012) proposed a modified two-phase
method, integrating a retention period between the injection of bacteria suspen-
sion and the following injection of cementation solution. (Harkes et al., 2010a)
introduced a multi-phased procedure, where first a bacterial suspension is injec-
ted, then a fixation solution is injected followed by injection of cementation solut-

ion.

The strategies proposed by (Whiffin et al., 2007, Cheng and Cord-Ruwisch,
2012) applied the same injection direction for both bacterial suspension and ce-

mentation solution, where the acheived spatial distribution was non-uniform.
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However, the strategy proposed by (Harkes et al., 2010a), using fixation fluids
during a retention period, could possibly be beneficial to enhance the uniformity
of the distribution by reducing the number of bacteria that are flushed past the
target area in porous soils, during injection cycles of cementation solution. The
retention period would most likely give time for bacteria to disperse and attach
within the soil structure before precipitation is initiated upon supply of cemen-
tation solution. However, these procedures are extensive and would increase the

cost of the treatment.

Due to rapid precipitation causing clogging around the injection point (Harkes et
al., 2010a), work by (Al Qabany et al., 2012) modified the approach by slowing
the flow rate of injected bacterial solution, whereas (Whiffin et al., 2007) sugges-

ted increasing the flow rate of injected cementation solution.

It is reasonable to assume that higher flow rate, if applied to both injection of
bacteria as well as injection of cementation solution, could increase the distance
of liquid into the target area. However, it could also reduce bacterial attachment
along flow path, where an increase in the concentration of the fixation solution to
increase attractive forces acting upon the bacteria from the particles, could be

required.

Even in porous soil, the movement of bacteria is slow. Distribution of bacteria in
the target area would be dependent on transportation through the flow of the in-
jected liquid or assisted flow through hydraulic gradients in the sub-surface.
However, minor movement locally in macropores could possibly occur within the
time frame of the treatment. The approach of slowing the injection rate of the
bacterial solution could possibly be favorable for a more even distribution of bac-
teria along the flowpath. However, the bacterial density will most likely decline

with distance from injection point at any flow rate.

In their work, (Cheng et al., 2014) applied surface percolation in coarse and

highly permeable soil by trickling bacterial suspension and cementation solution
alternately on the soil surface. This approach could possibly be viable for appli-
cations targeting surface erosions in slopes with granular surface layers, reduc-
tion of porosity at shallow depths or strengthening base layers for foundations.
The approach would be particularly dependent on adequate permeability in the

surface layer, due to the fluid flow not being controlled or regulated, as in the
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case of injections. Surface percolation would most likely not be applicable in low

permeability soils.

(Zhao et al., 2014, Xiao et al., 2020) used mechanically mixing of bacteria and
cementation into sand and clay in small scale samples, while (Gomez et al.,
2018) used stimulation of existing ureolytic bacteria in the sub-surface (biostim-
ulation), where nutrients and cementation solution is injected. The method show-
ed varying results, but did successfully induce precipitation in samples of granu-
lar soil extracted from up to 12 m depth. (Kannan et al., 2020, Islam et al.,
2020) used bio-stimulation in marine clay and clayey soil to clay, where (Kannan
et al., 2020) reported on unsuccessful bio-stimulation but successful bioaugmen-
tation in marine clay, while (Islam et al., 2020) reported on varying degree of

cementation for different shares of fines in clayey soil to clay.

The approach of stimulating pre-existing ureolytic bacteria in the sub-surface
could be considered a more economically viable method compared to other in-
jection methods, given the cost of cultivating bacteria. However, it is dependent
upon on sufficient amounts and distribution of bacteria in the soil volume. Fur-
ther, it is also dependent on an exponential growth ocurring in the soil when nu-
trients are introduced, where capacity for anoxic growth below the watertable is
unclear, but unlikely. It is difficult to see this approach as a dependable, consis-

tent and reproducable method for ground improvement.

When considering bio-stimulation in the context of ground improvement in cohe-
sive soils, one could entertain the idea of stimulating trapped bacteria within the
small pores. However, the injection of nutrients or cementation solution would
meet the same challenges as the other strategies such as low permeabilty caus-
ing the intrusion and flow to be very difficult and time consuming. Further, the
work by (Kannan et al., 2020) suggest few or no bacteria in the clay. This could
of course vary with location and depth, but it underscores the uncertainty and

lack of predictability of this approach.

Work by (Cheng and Shahin, 2015) found that low pressure injection was only
suitable for sand with less than 5% clay, whereas manually mixing of bacterial
suspension followed by injection of cementation solution in sand with up to 10%
clay, resulted in good distribution of cementation. The findings might indicate
that the flow of injected fluid is restricted before the bacterial metabolism, during

an increase in fines. However, due to lack of findings of any effects of limited
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pore space on the bacterias metabolism, such a correlation is still unclear. Intro-
duction of fluids through injections in low permability soils, would most likely re-
quire simultaneously applied, high injection pressure and mechanical mixing in

situ.

In their work, (Cheng et al., 2019) developed a low pH one-phased integrated
solution, where bacteria and urea/CaCl, was injected simultaneously, while (Van
Paassen, 2009a, Van der Star et al., 2011) applied injection and extraction wells
in a grid pattern, creating an artificial gradient transporting the injected solutions
through a designated area. The strategy proposed by (Cheng et al., 2019), en-
sures a delay in the precipitation due to the initial low pH in the solution, where it
should be mentioned that (El Mountassir et al., 2018) previously had suggested

delaying precipitation by adding hydrochloric acid to solution for lowering the pH.

The low pH one-phase solution demonstrated by (Cheng et al., 2019), enables
the injected solutions to reach further into the soil, before precipitation which
could reduce the void size and limit the flowpaths, is initiated. The combination
of injection and extraction wells, could enable better control of flow throughout
the target area and particularly in areas where natural hydraulic boundaries are

not sufficient to create a steady flow.

In their work, (Ginn et al., 2001) suggest that bacteria injected through the pore
space of soils, most likely are filtered through the sand with a long-linear reduct-
ion of microbe concentration along the flow path. Work by (DeJong et al., 2009),
suggested a reversed injection direction of cementation solution, relative to the
direction of injected bacterial suspension. As noted by (Ginn et al., 2001), con-
centration of injected fluid is likely to decline with distance from injection point,
where the reversed injection of cementation solution proposed by (Delong et al.,
2009), could possibly adress the problem with poor spatial distribution of precipi-
tated CaCOs. This strategy could possibly ensure that the higher number of bac-
teria located at one injection point receive less cementation solution and the low-
er number of bacteria at opposite injection point, receive high concentrations of

cementation solution.

It would further be reasonable to evaluate the possibility of applying injections of
the low pH one-phase method proposed by (Cheng et al., 2019) in both direct-
ions, where the integrated solution (Bacteria + CaCl,/urea) could be injected as a

single injection first in one direction and then followed by an injection in the
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opposite direction through injection and extraction wells in a grid pattern as de-
monstrated by (Van Paassen, 2009a, Van der Star et al., 2011). The injection
and extraction wells would need pumps that can switch from push to pull in an
easy and rapid manner. The low pH would delay precipitation and enable a prop-
er dispersion of both bacteria and cementation solution in the target area, while
the reversed injection would provide more uniform distribution of both bacteria

and cementation solution along the flowpath.

The different injection methods discussed in this chapter show a compatibility
with granular soils. However, when considering injection strategies for fine grain-
ed cohesive soils with high share of small pores, the different proposed methods
for introducing bacterial and cementation fluids are due to the low permeability,
most likely not applicable. Most research conducted on such soils in the context

of MICP, have applied some form of mechanical dry mixing in the lab.

Simultaneously applied, high injection pressure and mechanical mixing is an
appealing technique in regards to geotechnical design, due to the reliability in
spatial distribution and possibilty for reaching deeper layers in the sub-surface.
Such an approach, would however require a better knowledge on the particular
ureolytic bacterias ability to endure high pressures and shear forces as well as
the effect of clay minerals and small voids on the metabolic activity of the bac-
teria. This approach would eliminate the dependency on flow and bacterial trans-

port, given a sustained urease activity of trapped bacteria.

The available research describes manually mixing of the solutions into the cohe-
sive soil, hence it is not applicable for evaluating the approach of simultaneously
applied, high injection pressure and mechanical mixing in situ. This approach
could most likely use the one-phase low pH solution proposed by (Cheng et al.,
2019). However, it is unclear if strategies such as injections of retarded oxygen

releasers due to anoxic conditions, is compatible with this approach.

Two of the drivers for developing MICP as an alternative grund improvement me-
thod, is to reduce the footprint of heavy machinery on the ground surface, reduc-
ing the disturbance to the soil due to high injection pressures and reducing noise
pollution. The high pressure mixing approach would most likely require the use of
loud and heavy machinery and definetely high injection pressure, which would

counteract three of the objectives with developing the method. However, this
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approach is only suggested for MICP in cohesive soils and it would reduce the use

of cement, which is a very important incentive and objective.

5.1.11 Comparison of methods

The competetiveness of MICP in respect to other methods utilizing cement, lime
and ash products will have an effect on whether MICP will be adopted as a new
method for ground improvement in the industry. Work by (Umar et al., 2019)
compared MICP-treatment with lime treatment in residual soil, where the sample
treated with only MICP, acheived lower UCS than sample treated with lime and
sample treated with MICP and lime. The samples treated with only lime and lime
and MICP, increased the UCS significantly over time, whereas the sample treated

with only MICP, lost shear strength over time.

The findings suggest both an initially higher shear strength post-treatment as
well as higher rate of increase in shear strength with curing time, for samples
treated with lime and MICP and lime compared to sample treated with only MICP,
where the productive curing time for this sample was significantly shorter. How-
ever, the residual soil used in the study contained high share of fines as well as
high share of very coarse soil (gravel), which both have been assosciated with
lower cementation effect during MICP. Due to lack of findings on such a compari-
son in sand, it is unclear whether the gap between MICP treated sample and
samples treated with lime would have beeen smaller, given the higher acheived

shear strength in MICP-treated sands, demonstrated in the litterature.

(Oyediran and Ayeni, 2020) compared the use of Portland cement, Ash and MICP
in highly plastic weathered soil consisting of 55,8% fines, 35,9 % sand and 8,3%
gravel. The results showed slightly higher UCS for samples treated with cement
compared to samples treated with MICP or ash, but the UCS is higher for sampl-
es treated with ash or MICP after 3 days of curing, but higher at 7 and 28 days of
curing. The rate of increase in shear strength is similar for cement and MICP in
the range of 5-10% in additives, whereas the rate of increase is significantly
higher for samples treated with cement when percentage additives, is increased
from 10 to 15%.

Contrary to findings by (Umar et al., 2019), the gap between initial shear streng-
th post-treatment for samples treated with MICP and cement is smaller. This

could possibly be due to the smaller share of gravel in this study compared to
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that of (Umar et al., 2019), where the share of fines and sand are similar for the

two studies. The reason for the difference in effect of additives above 10 %, is

unclear, but could possibly be due to longer hydration process in cement, com-

pared to convertion of urea during MICP.

5.2 MICP-treated granular soils

Part of the objectives of this thesis is to research the factors affecting the MICP

process. The findings are:

Unconfined compression strength

The research show that UCS increases exponentially with increasing
CCC for CCC = 5%.

Findings are not conclusive regarding the effect of urease activity on
acheived UCS, but lower levels of urease activity and temperatures (4
and 25°C) are indicated to generate effective particle bonding i.e increas-
ed effective shear strength.

Findings indicate that fine sand with lower porosity have greater resis-
tance to FT cycles, compared to coarse sand with higher porosity, whe-
re findings suggest a 1% reduction in UCS per FT cycle up to 10 FT
cycles. It is not clear whether the rate of reduction is linear with num-
ber of FT cycles, where further research using a higher number of FT
cycles, is needed to evaluate the effect of long-term exposure on the
binder.

The findings indicate that concentrations < 0,5 M of cementation solut-
ion (CaClx/urea), are favorable for acheived UCS post-treatment, where
increased share of urea is indicated to have a positive effect, while in-

creased share of CaCl- is indicated to have an adverse effect.

Triaxial shear strength and volumetric response

The research show that the shear strength of MICP-treated sands, in-
crease with increasing CCC, where increasing initial D- and P’ is indi-

cated to be favorable for acheived shear strength post-treatment.
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The main contribution to the increased shear strength in granular soils,
is indicated to be due to increased cohesion generated by the cemen-
tation of the particles. A contribution to a higher friction angle in smoo-
th round particles, could however be possible due to increased surface
roughness of cemented particles post-treatment.

The findings further suggest that MICP-treatment of sands lead to an
increase in brittleness, an increase in dilatancy under drained shear, an
increase in peak and critical shear strength and a reduction in gene-
rated excess pore pressure during undrained shear.

Low levels of cementation (CCC < 3%) in MICP-treated sands, are indi-
cated to not provide any significant change in drained volumetric re-
sponse from untreated to treated state.

MICP-treated silty sand (25-35%) showed an increase in peak and criti-
cal shear strength with increasing silt content, improved resistance to
liqguefaction and a reduction in excess pore pressure generated during
undrained shear. However, the increment in reduction of excess pore

pressure was lower for silty sand than sand.

Reduction of porosity and residual permeability

The findings show that reduction of permeability due to precipitated
CaCoOs in granular soils, is closely related to CCC, where MICP-treated
coarse sand is indicated to acheive a greater degree of reduction in per-
meability with increasing CCC, compared to fine sand.

The residual permeability in MICP-treated fine to coarse sand is compar-
able to that of untreated coarse silt to fine sand.

Partial pore saturation and coarser sands is indicated to be favorable for
acheiving enhanced strength, while sustaining residual permeability
post-treatment. Further research on the effect of saturation level on
precipitation pattern, is needed.

The findings suggest an increased precipitation rate, increased CCC and
and increasing increment in reduction of permeability with increasing
concentration of cementation solution (CaCl>/urea), where increased
share of urea is found to be favorable for longer and faster precipitation,
resulting in higher CCC.

Grain size and density prior to treatment can affect the magnitude of

the increment in reduction of permeability.
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e Findings regarding the effect of urease activity on reduction of permea-
bility in MICP-treated sand, are inconsistent. However, findings indicate
that high urease activity lead to higher precipitation rate and CCC, whe-
re higher precipitation rate can lead to more precipitation in the voids

and consequently a greater reduction of permeability.

e The control of residual permeability is indicated to be feasable through
control of precipitation rate, which affect the cementation pattern. How-
ever, degree of saturation could have an effect on the cementation
pattern, independent of the controlling factors on precipitation rate.
This suggest a need for further research for a proper evalution of con-

trollability and predictability of residual permeability during MICP-treat-

ment.

5.2.1 Unconfined compression strength

e Acheived enhancement of shear strength in MICP-treated
granular soils

e Challenges for the implementation of MICP in situ
Through their own research or through reviews of previous studies, (Choi et al.,

2020a, Rahman et al., 2020a, Cheng et al., 2013) found exponentially increasing
UCS with increasing CCC in MICP-treated sands. However, (Rahman et al.,
2020a) reported on high variability in the exponential trend for CCC less than
5%.

The findings show that CCC is closely related to acheived UCS in MICP-treated
sands. It is not clear whether the variation in the findings for CCC< 5%, are due
to the lower CCC or poor spatial distribution of the CCC. The CCC adresses the
amount of CaCOs per volume and not the spatial distribution, crystal quality,
crystal size, cementation pattern or the morpholgy of the precipitated crystals.
However, the increase in UCS can give an indication of the quality, distribution
and pattern of the cementation. Long and needle shaped crystals would most
likely offer little resistance to compression, whereas shorter cubical or spherical
crystals cemented in a contact-contact or crystal-crystal pattern, would likely
offer significantly higher resistance. Unconfined compression induces shear in the

sample and it would be reasonable to assume that cementation in the form of
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filled voids without particle bridging, would display less shear resistance com-

pared to bridged particle cementation.

In a review on MICP by (Choi et al., 2020b), it is noted that some studies repor-
ted higher effect on UCS from lower urease activity, while others reported higher
effect from higher urease activity. The findings regarding the effect of urease
activity on UCS, are contradictory. It would, given the previously discussed
findings on urease activity and precipitation in chapter 5.1.2 and 5.1.5, be rea-
sonable to assume that lower urease activity would lead to a lower precipitation
rate. This in turn would generate fewer but larger crystals, resulting in precipi--
tation at and around the particle contacts i.e higher resistance to induced shear.
However, it is not clear if the studies described by (Choi et al., 2020b), applied
urease activity as the only variable through their research. Variation in affecting

factors could possibly be the reason for the diverging results.

In their work, (Shahrokhi-Shahraki et al., 2015) found increased brittleness and
UCS with increasing concentrations of (CaCl./urea) in the cementation solution

for MICP-treated (S. pasteurii) sands, where increased share of CaCl, showed an
adverse effect, while increased share of urea had a positive effect on the acheiv-
ed UCS. They further report that for similar concentrations of urea/CacCl,, increa-

sed bacterial concentration resulted in decreased brittleness.

The reason for the increase in UCS with increasing concentrations of CaCl,/urea,
could be due to (Shahrokhi-Shahraki et al., 2015) using 100% higher share of
urea than CaCl; in the solution. Higher share of urea would possibly prolong the
urease activity and the following supersaturation, resulting in higher total amo-
unts of precipitated CaCOs. However, higher amounts of CaCOs do not necessar-

ily correlate directly with higher UCS.

Increased brittleness is due to cohesion or cementation. The decrease in brittle-
ness with increasing bacterial density, could indicate as previously discussed in
chapter 5.1.2, that bacterial density becomes adverse to the urease activity
when exceeding a certain density, due to depletion of oxygen, nutrients or urea.
An other factor could be as previously discussed in chapter 5.1.6, that high bac-

terial density do not provide enough space between the nucleation sites (cells)
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for cubic crystal growth. Spherical or elongated crystals grown under limited

space between cells, may result in poorer cementation at the particle contacts.

Work by (Cheng et al., 2016, Sharma et al., 2021), found a decrease in the UCS
with increasing freeze and thaw (FT) cycles for MICP-treated sand, where (Cheng
et al., 2016) found that fine uniform sand with lower porosity showed more dura-
bility during FT cycles, compared to coarse sand with higher porosity, whereas FT
cycles had a minor impact on well graded sand. The findings of (Cheng et al.,
2016) suggest that the porosity of the soil prior to treatment, affects the resist-
ance of the particle bonding to FT cycles. One would assume that small voids
(low porosity) rather than large voids particularly if saturated, would be more
vulnerable to volume expansion during freeze. However, at the same level of sa-
turation the magnitude of expansion would most likely be proportional. It could
be due to a more effective cementation in denser soils due to a higher number of
contact points between particles per soil volume, yielding higher resistance in the

particle bonding.

Cold climate regions can experience a high number of FT cycles in the span of a
winter season and the long-term resistance of the CaCOs binder is of great im-
portance when considering MICP in cold climate ground conditions. Work by
(Sharma et al., 2021), reported on 5% reduction in UCS for 5 FT cycles and 10%
reduction in UCS for 10 FT cycles. The results suggests a 1% reduction in UCS
per cycle, which indicate a vulnerability of CaCOs binder to FT cycles long-term.
However, it is not clear if this rate of reduction is linear with humber of cycles or
if the outer material is more sensitive to erosion than inner parts of the CaCO3

mass.

In cold climate regions the temperature can fluctuate above and below zero
multiple times per season. However, it is the upper 0-3 m below the ground
surface, depending on the particle size and porosity, that will experience freez-
ing. It would be reasonable to think that the upper layer close to the surface
would experience more frequent FT cycles than the soil deeper down. This sug-
gests that the use of MICP at shallow depth and applications such as increase of
the surface resistance to erosion in slopes and increasing stiffness of base layers

below shallow foundations, could be particularly affected by frequent FT cycles
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long-term. Further studies should be conducted on the effect of a higher number
of FT cycles on the CaCOs binder.

In their work, (Cheng et al., 2013) found that in MICP-treated coarse sand with
the same CCC, UCS increased with decreasing soil saturation. However, satu-

ration above 80% was found to have little impact on UCS in the coarse sand.

The findings suggest that level of saturation have an affect on the particle cem-
entation. The sample with 20% saturation acheived the same UCS as sample at
100% saturation, which acheived higher amounts of CaCOs than that at 20%.
This could possibly be due to the cementation solution in partiallly saturated soils
being pushed into the particle contacts by the air in the pores, thus effective
cementation occur at and around the particle contacts. In fully saturated soils the
solution is all around the grains and precipitated amount of CaCOs could be grea-

ter, but concentrated as void fill with less effective bonding.

5.2.2 Triaxial shear strength and volumetric response

e Acheived enhancement of shear strength in MICP-treated
granular soils

In their work, (Cui et al., 2017b, Rahman et al., 2020b) note that the shear
behaviour of MICP-treated soils, is generally affected by the relative density (D:),
initial confining pressure (p’s) and CCC, where several studies found that for
similar P’,, the shear strength in MICP-treated sands, increased with increasing
CCC (Cui et al., 2017b, Cheng et al., 2013, Rahman et al., 2020a, Bing, 2015,
Choi et al., 2020a).

The elimination of Dr and P’, as variables in the studies, strengthen the signifi-
cance of the findings. However, it is reasonable to asume that the cementation
pattern and distribution of the CaCOs binder within the sample, would be more
correlated to an increase in shear strength, than the amount of CaCOs precipi-

tated per volume soil.

Work by (Nafisi et al., 2018), found a higher increment in shear strength and
more pronounced change in drained triaxial volumetric response post-treatment

for MICP-treated uniform coarse angular sand (AQdev =+50%), than in uniform
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coarse round sand (AQdev=+35%) of similar particle size. The treatment increas-
ed the brittleness and dilitancy in all samples, but induced a more pronounced
strain-softening at low strain for the fine round sand, which also acheived the
highest increment in peak shear strength and most pronounced change in volu-

metric response of the three sands.

The results could possibly suggest a higher degree of particle cementation in the
fine sand i.e a larger increase in cohesion, which would cause increased brittle-
ness at low strains during shear. The results for higher increment in shear
strength for the sand with angular particles, could as previously discussed in
chapter 5.1.7, be due to higher friction during shear for cemented particles with
a more angular shape and rougher surface, compared to particles with a more

round shape and smoother surface.

Work by (Bing, 2015), observed that the effective stress failure envelope in
drained triaxial shear of MICP-treated sand, moved upward parallell to the
untreated failure envelope, with increasing CCC. (Cheng et al., 2013, Cui et al.,
2017a) reported that both cohesion (c) and friction angle (¢) increased with
increasing CCC, in fine and coarse sand, where (Cheng et al., 2013) add that c
and ¢ increased with increasing CCC at all degrees of saturation, for both fine
and coarse sand. However, at the same saturation and CCC, the coarse sand
acheived higher ¢ compared to the fine sand, which showed significantly higher
values of c than the coarse sand. (Cui et al., 2017a) reported on an approximate
linear relation between increased ¢ and increasing CCC and an exponential in-
crease in cohesion with increasing CCC in the fine sand. Similar ¢ for untreated
dense sand and sand with CCC of 6%, suggest that degree of compaction prior to

treatment, could affect the acheived shear strength post-treatment.

The higher ¢ acheived in the coarse sand compared to fine sand in work by
(Cheng et al., 2013), could possibly be due to coarse sand generally having
higher ¢, than fine sand in untreated state, where the study is not clear on the
magnitude of increment in ¢ for the two sands. The higher cohesion in treated
fine sand compared to coarse sand, could possibly be due to a higher number

particle contacts in the fine sand, compared to the coarse sand.

The findings of (Bing, 2015), suggest that increased cohesion is the major contri-

bution to the increase in shear strength, rather than an increased internal frict-

192



ion. However, findings of (Cheng et al., 2013, Cui et al., 2017a) suggest that
there is a contribution from the cementation to the friction angle. This could pos-
sibly be true in round and smooth surfaced particles, which could acheive an
increased roughness and angularity due to the cementation, where the friction
during shear would increase. However, increased brittleness at low strain in find-
ings of (Rahman et al., 2020a, Nafisi et al., 2018) suggest an increase in cohes-
ion due to cementation, where (Cui et al., 2017a) observed a much higher incre-

ment in cohesion per unit CaCOs than the increment in friction.

(Rahman et al., 2020a) found that drained triaxial shear in MICP-treated medium
and coarse sand at similar p’s and Dr, showed an increase in brittleness as well as
peak and critical shear strength with increasing CCC. The treated samples displa-
yed less initial contraction at small strains before dilatiing at larger strains. The
reduction in initial contraction at low strains could possibly be due to the particles
having less room to rearrange due to the added cementation, thus the drained

volumetric response is more rapidly forced towards expansion (dilation).

Work by (Cui et al., 2017a) reported that CCC< 3% in MICP-treated medium to
coarse sand, lead to a bulging of sample under shear, while samples with higher
level of cementation, showed a more defined failure plane during shear. The find-
ings could suggest that lower levels of cementation do not alter the behaviour of
the treated sand. The bulging sample with an undefined failure plane during
shear, observed at both untreated and treated state with CCC< 3%, supports

this assumption.

In their work (Zamani and Montoya, 2015) added 0, 10, 25 and 35% of silt to
fine sand prior to MICP treatment (S. pasteurii), where increased shear strength
with increasing share of silt under undrained direct shear was observed, except
for a sample with 10% silt. The excess pore pressures (Au) generated during
shear, decreased due to the cementation. However, the decrease post-treat-
ment, was lower in the silty soil than in the sand, which in untreated state gene-

rated significant negative porepressure during shear.

The findings suggest that shear strength can be improved in silty soils by MICP
and that excess pore pressure (Au) during shear is reduced. The undrained resp-

onse of the pure sand changed from a tendency towards contraction and positive
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(Au), which is typical for loose sands, into a tendency towards dilation and

negative (Au) similar to that of a dense sand, post-treatment.

The undrained response of the silty soil showed tendency towards contraction
and positive (Au) both pre- and post-treatment. The increase in shear strength
with increasing share (20-35%) of silt could be due to the finer particles (silt)
filling the voids between the sand particles. This could have generated more
contact points per soil volume available for cementation. However, the reason for

the deviation in the trend for sample with 10% silt is not clear.

5.2.3 Permeability

e Residual permeability in MICP-treated granular
soils

e Challenges for the implementation of MICP in situ

Depending on the intended geotechnical function of the MICP-treated soil, a
greater reduction of permeability post-treatment could either be a desired out-
come or critical to avoid. For applications where the objectives are reduction of
water flow through constructions or blockage of fluid dispersion from polluted
deposits, a greater reduction in permeability would be desirable. However, for
applications where maintaining adequate residual permeability in the soil while
aheiving increased shear strength and stiffness is the objective, the degree of
reduction in permeability need to be controllable and predictable for MICP to be
available as a method for ground improvement. It is for this reason important to
investigate the factors that affect the degree of reduction in permeability in
MICP-treated soils

The research show that reduction of permeability due to precipitated CaCOs in
granular soils, is closely related to CCC, where the residual permeability in
MICP-treated fine to coarse sand is comparable to that of untreated coarse silts

to fine sand.

Findings further show an increased reduction of permeability with increasing
CCC (Choi et al., 2020a, Rahman et al., 2020a, QABANY and Soga, 2014,
Cheng et al., 2016, Shahrokhi-Shahraki et al., 2015, Cheng et al., 2013). In
their work, (Rahman et al., 2020a) note that acheived permeability in MICP-
treated sands ranged from 0.01x107° to 66x 10~> m/s with CCC ranging from
2-14.8%, while Choi et al., 2020b) found that CCC > 10%, was needed for a
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reduction in permeability by two orders of magnitude. In their work, (Cheng et
al., 2013) found a smaller range in reduction of permeability with increasing CCC
in MICP-treated fine sand, than in coarse sand. The larger increment in reduction
with increasing CCC for the coarse sand, could be due to larger initial pore voids
in the coarse sand, where smaller initial void space in the fine sand, leave less
pore volume that is available for reduction by precipitation. The final permeabili-

ty post-treatment was still lower in the fine sand, compared to the coarse sand.

They (Cheng et al., 2013) further observed that lower degree of saturation in the
sample yielded a smaller reduction of permeability post-treatment, compared to
samples with a higher degree of saturation. It is not clear whether the effect of
saturation is related to the increment, or if initial larger pores in the coarse sand

is the reason for the greater increment.

Increasing degree of saturation in partially saturated pores, could increase the
distribution of injected solutions within the pore. Fully saturated pores would
cause the injected fluids to be evenly dispersed within the pore, generating pre-
cipitation in the whole pore and significantly reduce the fluid flow. Low degree of
saturation would cause the injected fluids to be pushed by the air towards the
walls of the pores, thus resulting in less precipitation in the middle of the pore
and more at the particle contacs leading to higher residual permeability while in-
creasing the shear strength and stiffness of the treated soil. This could suggest
that low degree of saturation and particle size in the range fine to coarse sand,
are favorable for applications of MICP, where residual permeability post-treat-

ment is critical for the geotechnical design or purpose.

In their work, (Choi et al., 2020b) note that the degree of urease activity have
less influence on the reduction of permeability in MICP-treated sand, whereas
(Cheng et al., 2016) found that the high urease activity resulted in the largest

reduction of permeability.

The findings on the effect of urease activity are inconsistent. It would be reaso-
nable to assume that the main factors controlling the degree of reduction would
be the initial porosity, degree of saturation, grain size distribution, cementation

pattern, CCC and the distribution of CCC within the soil. The cementation pattern
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and CCC could be more directly affected by the level of urease activity through

concentration at supersaturation and hence precipitation rate.

Work by (Shahrokhi-Shahraki et al., 2015) found that increased concentrations
of cementation solution (CaCly/urea) led to greater reduction of permeability,
while (QABANY and Soga, 2014) found that using 1 M cementation solution
(CaCly/urea) in MICP treatment of sand, caused a more rapid reduction of per-
meability than 0,25 M. (Cui et al., 2017a) reported on a linear relationship be-
tween increasing treatment cycles (urea+CacCl;) and an increase in dry density of
MICP-treated sand.

The findings might suggest an increased precipitation rate with increasing con-
centration of cementation solution. However, the share of urea compared to
CaCl; and vice versa within the solution, might according to previously discussed
findings in chapter 5.1.2 and 5.1.5, have a greater effect on the intensity and
duration of the urease activity and consequently the precipitation rate and amou-
nt of precipitated CaCOs. It is further reasonable that an increased number of
treatment cycles would provide either added growth on previously precipitated
crystals or new crystal growth, depending on the cell density i.e availability of

nucleation sites as discussed in chapter 5.1.6.
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5.3 MICP-treated cohesive soils

Part of the objectives of this thesis is to research previous findings on acheiv-

ed shear strength in MICP-treated cohesive soils. The findings are:

e Far more studies on MICP have been conducted on granular soils,

compared to cohesive soils.

e Most studies on MICP-treated cohesive soils apply manual mixing of
bacteria and cementation solution into the soil, rather than injection

under low pressure frequently applied for MICP studies on sand.

Unconfined compression strength

e The findings are not conclusive on whether increased share of fines are

favorable or unfavorable for acheived UCS in clays and clayey soils.

e The research indicate that UCS of different types of clays can be signifi-
cantly increased (up to 400%).

Triaxial shear strength and volumetric response

e The basis for an evaluation on triaxial shear and volumetric response in

MICP-treated cohesive soils, is limted due to only one study.

e The study show increased strain-hardening rather than increased brittle-
ness in MICP-treated clay, where UCS stress-strain curves also show in-
creased strain-hardening for treated clay, while increased brittleness and
strain-softening in treated silty clay. This could possibly suggest a diffe-
rent effect on cemented behaviour with variations in share of coarse par-
ticles in cohesive soils. Further research is needed to clarify the differen-
ce in stress induced behaviour, which is of great geotechnical importan-

ce.
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5.3.1 Unconfined compression strength

e Acheived shear strength in MICP-treated cohesive soils.

In their work, (Islam et al., 2020) used bio-stimulation in soils with different
share of clay (10-40%) and acheived 3-96% increase in UCS from untreated to
treated state. No correlation between share of fines and increase in UCS was
observed and the CCC post-treatment, was relatively low for all samples. There
was some success with bio-stimulation for soils with 10 and 40% clay, but not
for samples with 20 and 30% clay. It is difficult to find a reasonable explanation
for this discrepancy, where both low and high share of fines seem to be favorab-
le, while shares in between, seem to be highly unfavorable. Different density of

indegenous bacteria populations in the samples, could possibly be the reason.

In their work, (Sharma and Ramkrishnan, 2016, Behzadipour et al., 2019) found
decreasing UCS with increasing share of fines in the soil, where (Sharma and
Ramkrishnan, 2016) observed a larger increase in UCS for sample with 53,6%
fines (silt+clay) compared to sample with 82,3% fines. (Behzadipour et al.,
2019) observed that increased share of fines in MICP-treated sandy soil reduced
the UCS, compared to lower share of fines. Results on MICP-treated soft clay re-
ported by (Xiao et al., 2020), showed a 242% increase in UCS from untreated to
treated state, while (Cheng and Shahin, 2015) acheived a 150% increase in UCS
for MICP-treated clayey soil (10% clay).

Work by (Kannan et al., 2020) reported a 148% increase in undrained shear
strength (S.) of MICP-treated marine clay, while (Bing, 2015) reported on up to
400% increase in UCS for MICP-treated marine clay and 150% increase in Kaolin
clay. In work by (Godavarthi Rajani, 2020), a 150-250% increase in UCS for
MICP-treated high plasticity clay cured up to 28 days, was registred.

The findings of (Sharma and Ramkrishnan, 2016, Behzadipour et al., 2019),
where increased share of fines is suggested to have an adverse affect on acheiv-
ed UCS, are not in line with findings of (Xiao et al., 2020, Cheng and Shahin,
2015, Kannan et al., 2020, Bing, 2015, Godavarthi Rajani, 2020) which suggest

a high increase of UCS in clays with a high share of fines.

The results suggesting an adverse effect on cementation by increasing share of

fines, could be due to declining permeability with increasing share of fines lead-
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ing to poorer distribution of fluids or due to adverse effects of clay minerals on
the urease activty and hence the precipitation. The samples are manually mixed,
which would suggest a degree of control on the distribution of fluids within the
sample, compared to injection methods. However, the results showing high UCS
in soils with high share of fines, do not include samples with lower share of fines

for comparison.

(Teng et al., 2020) reported on increased UCS with increasing bacterial concen-
tration up to 0,8 ODego in MICP-treated silty clay, where a decrease in UCS was
observed when ODego, was further increased. In their work, (Keykha et al., 2017)
found that the highest UCS in MICP-treated kaolin clay (50% clay+ 50% silt) was
acheived with 50 ml bacterial suspension at pH equal to 9, compared to 30 ml,
70 ml.

The findings of (Keykha et al., 2017) could possibly be due to competition for
nutrients between the bacteria at high volumes (> 50 ml ) of bacteria suspens-
ion. When depletion of nutrients, urea or oxygen initiate the urease activity will
possibly decline as previously discussed in chapter 5.1.2. However, this reason-
ing would be more applicable to the density of bacteria such as in the case of
(Teng et al., 2020) and not necessarily the volume of suspension. (Keykha et al.,
2017) did however vary the bacterial density between 107 to 108 cells ml!, which

could possibly have affected the results.
5.3.2 Triaxial shear strength and volumetric response
e Acheived shear strength in MICP-treated cohesive soils.

In work by (Bing, 2015), a higher shear strength for similar P’;, was found for
MICP-treated Kaolin clay in drained triaxial shear, compared to sample treated
with only cementation solution (CaCl;/urea). However, both the MICP-treated
samples and samples treated with only CaCl,/urea, showed increased strain-har-
dening behaviour post-treatment. All samples showed increasing shear strength
with increasing P’; , while the MICP-treated samples acheived a slightly higher
friction angle compared to samples only treated with CaCl,/urea. All samples

showed increasing shear strength with increasing P’.

199



The findings indicate that the inclusion of ureolytic bacteria (MICP) in the treat-
ment, have a significant effect compared to the effect of treatment with only ce-
mentation solution (CaCly/urea). The increased shear strength in samples treated
with only cementation solution, could possibly be due to indegenous bacteria in
the sample or increase in magnitude of electrostatic forces acting between the

clay particles, due to increased salinity.

The increasing shear strength with increasing P’,, could be expected from increa-
sed consolidation prior to shear. However, the increased strain-hardening and
lack of increase in brittleness in the cemented clay, could possibly suggest a diff-
erent effect of cementation in cohesive soils compared to granular soils, where
most will show an increased brittleness post-treatment. The observed strain res-
ponse is typical for a normally consolidated clay, whereas the observed drained
volumetric response (dilative), is typical of an overconsolidated clay. However,
the treated clay did initially contract as the strain-hardening would suggest, be-

fore dilating.

The higher friction angle (¢) in the MICP-treated clay and same volumetric res-
ponse for both types of treatment, could suggest that the higher effective shear
strength in the MICP-treated clay, is due to increased cohesion. However, increa-
sed cohesion would suggest an increase in brittleness. An other possible cause,
could be increased rougness of particle surfaces due to cementation, creating in-

creased friction at shear.

The effect of increased strain-hardening during triaxial shear in the cemented
clay rather than increased brittleness such as observed in MICP-treated sands,
was compared to UCS stress-strain curves for cohesive soils in results from (Xiao
et al., 2020, Soon et al., 2013, Teng et al., 2020, Godavarthi Rajani, 2020). The
UCS curves for MICP-treated silty clay from (Teng et al., 2020, Soon et al.,
2013) showed increased brittleness, while curves for MICP-treated clay from

(Xiao et al., 2020, Godavarthi Rajani, 2020) show increased strain-hardening.

This could suggest that the share of coarser particles in the clay, could possibly
affect the strain response in cemented cohesive soils. Further research is needed

for a more informed evaluation.
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5.4 S.pasteurii as a causative agent for MICP in soils

Part of the objectives for this thesis is to research and evaluate S. pasteu-

riis suitability as a causative agent for MICP in soils. The findings are:

S. pasteurii in MICP:

S.pasteurii follows an exponential growth curve and can be cultivat-
ed on large scale with exponential growth and intact ureolytic capa-
city at lower cost.

S.pasteurii is non-pathogenic, have high negative cell charge and can
tolerate highly alkaline environments as well as harsh conditions
when situated in between precipitating CaCOsz minerals.

Findings indicate that S. pasteurii can not sustain growth or urease
activity over time under conditions with limited or no dissolved oxy-
gen. However, due to findings suggesting the contrary, further re-
search is needed.

S. pasteurii can sustain a sufficient urease activity both under high
(up to 50°C) as well as low temperatures (down to 4°C) in oxic con-
ditions with pH in the range 6-9.

S. pasteurii is 0,5-1,2 um in width and can move freely within sandy
soils with particles in the range 0.05 to 2.0 mm, whereas movement
into or through a large share of the pores in clay, is not possible. In
coarser silts and silty to clayey sands, movement could perhaps be
possible, whereas free movement within pores in fine silts and clay-
ey silts, is less likely.

S. pasteurii have a high capacity for precipitation in sand, but indi-
cate a lower capacity for precipitation in fine grained soils.

The use of S. pasteurii for MICP-treatment in cohesive soils under
oxic conditions and through manual mixing, have been demonstrated
to significantly increase the shear strength of silt and clays.

S. pasteurii have been demonstrated to increase shear strength and

reduce the porosity and permeability in MICP-treated sands.
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The topics that are described in this chapter are discussed in detail in chapters

5.1.1-5.1.2 and 5.1.4-5.1.5. The suitability of a bacteria as a causative agent for

MICP, should be evaluated on its performance or capacity regarding the deciding

factors for the desired outcome of the MICP process. For ureolytic bacteria utiliz-

ed in MICP, the following factors are important:

Cost effective and exponential growth
Non-repressive response to ammonium
High urease capacity sustained under:
- oxic and anoxic conditions
- presence of ammonium

- a broad range in temperatures
- alkaline conditions

Robust cell surface with high negative charge

Compatibility of bacterias size and pore size distribution in target
soil

Be non-pathogenic and have no transferable elements

The research show that S.pasteurii is non-pathogenic, have high negative cell

charge and can tolerate highly alkaline environments as well as harsh conditions

when situated in between precipitating CaCOs minerals. Findings demonstrate

that S.pasteurii can be cultivated on large scale with exponential growth and

intact ureolytic capacity at lower cost, by replacing expensive components with

cheaper ones. The bacteria follows an exponential growth curve, where the grow-

th is affected by nutrients, temperature, oxygen and pH. The cultivated batches,

should be stored at late exponential or early stationary stage of growth.

The findings indicate that S. pasteurii cells cultivated under oxic conditions, dev-

elop a robust nucleation site for precipitation of CaCOs, while it is uncertain whe-

ther it can obtain healthy growth under under oxic conditions, but unlikely. How-

ever, high bacterial density in the injected suspension or repeated injections of

fresh bacteria, could possibly exclude reliance on further anaerobic cell growth

during treatment below the water table.

S. pasteuriis ability to sustain urease activity under conditions with limited oxy-

gen is unclear, while the research indicate that S. pasteurii can sustain a suffic-

ient urease activity both under high (up to 50°C) as well as low temperatures
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(down to 4°C) in oxic conditions, while precipitation is found to be efficient be-
tween 4°C and 30°C and pH between 7 and 9. Concentrations < 0,5 M of cemen-
tation solution (CaCly/urea), is indicated to be most favorable for precipitation
with S. pasteurii. The findings further indicate a possible prolonged duration of
urease activity with increased concentrations of urea in suspension, whereas a
clear correlation between bacterial concentration and level of urease activity, can

not be observed.

Bacteria with size ranging from 0.3 to 2 ym can move freely within sandy soils
with particles in the range 0.05 to 2.0 mm. Increased share of fine particles in a
soil would limit or block the bacteria’s movement within the soil matrix, where
clays can have more than 50% of pores < 0,01 pm, while S. pasteurii is 0,5-1,2
Mm in width. This makes bacterial movement into or through a large share of the
clays pores impossible for S. pasteurii. In coarser silts and silty to clayey sands,
movement could perhaps be possible, whereas free movement within pores in
fine silts and clayey silts, is less likely. The findings further indicate that bacterial
movement from pore to pore is facilitated in fully saturated pores and reduced
between partially saturated pores, whereas bacteria located in pores of size close

to its own, are suggested to be trapped or inactive.

The research show that S. pasteurii have a high capacity for precipitation in
sand, but indicate a lower capacity in fine grained soils. The reason for the diffe-
rence is not clear, but could possibly be due to effects of clay minerals on urease
activity, uneven distribution of injected fluids and consequently precipitated

CaCOs or variation in affecting variables in the different studies.

The use of S. pasteuriii in sand have acheived significant increase in shear stren-
gth as well as reduction in porosity and permeability. Allthough to a lesser deg-
ree than in sands, treatment with S. pasteurii and cementation solution have

acheived significant increase in shear strength of silt and clay.
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5.5 Viability and challenges for MICP as a method for ground improvement

The research aim of this thesis, is to evaluate through the research objectives

discussed in chapters 5.1-5.4, the viability and challenges of MICP with S. pas-

teurii as a method for ground improvement. Requirements for viability are des-

cribed in chapter 3.14. The findings are:

The research show that S. pasteurii can be cultivated under oxic conditions
on a large scale and at low cost, while sustaining exponential growth and
ureolytic capacity. Cell growth, sustained ureolytic capacity over time and
precipitation under anoxic conditions for S. pasteurii are uncertain, but un-

likely.

MICP is demonstrated as viable in granular soils under oxic conditions,
where ureolysis and consequent precipitation of CaCOs is found to be effec-

tive for temperatures in the range 4-30°C and pH in the range 6-9.

The research indicate that cementation pattern which affect acheived shear
strength as well as the residual permeability post-treatment, could be influ-
enced through control of the precipitation rate. However, the indicated in-
dependent effect of saturation on cementation pattern, need to be further
investigated for a proper evaluation on controllability and predictability of

the residual permeability of treated during MICP.

MICP is found to significantly increase the shear strength and reduce per-

meability with increasing CCC under oxic conditions in sands.

Effective particle bonding and higher residual permeability, have been
demonstrated at 4 and 25°C, lower urease activity and lower consequent
precipitation rate. However, further studies are needed to determine the

reproducability of these results.

The research demonstrate that low pressure injections using injection and
extraction wells in a grid pattern are viable and distribution of CaCO3 bin-
der within the target area is acheivable, in granular soils. The one-phase
low pH solution proposed by (Cheng et al., 2019), is evaluated to have the

greatest potential for acheiving increased uniformity in spatial distribution.
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Findings indicate a greater reduction of void size in MICP-treated
granular soils with fully saturated pores, while partially saturated pores

are indicated to yield a higher residual permeability.

The research indicate that low pressure injections are not viable in fine
silt and clay due to low permeability, where acheiving spatial distribut-
ion of binder across low permeability layers within stratified soil depo-

sits with varying permeability, is unlikely.

Manual or mechanical mixing is found to be necessary to acheive distri-

bution of bacteria and cementation solution within clay and fine silt.

Sustained urease activity and consequent precipitation is demonstrated
as possible in cohesive soils. However, amount of precipitated CaCOs in

cohesive soils is found to be smaller than in granular soils.

The removal of ammonium post-treatment using injection and extract-
ion of rinse solutions is demonstrated as viable in granular soil, while
assumed to not be acheivable in cohesive soils due to the low permea-
bility. This affects the viability of MICP in cohesive soils and suggest the

need for a different approach for removal in such soils.

The one-phase low pH solution is found to significantly reduce the

generated ammonia (NH3) during ureolysis.

The findings suggest possible adverse effects of some clay minerals on
the urease activity, while organic matter could possibly have an inhibi-
tory effect on crystal growth. Further research is needed on these as-

pects.
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Findings suggest lower acheived shear strength post-treatment for
MICP-treated fine grained soil with high share of gravel, compared to
lime or cement treatment, but similar to ash treatment. The gap in
acheived shear strength between cement and MICP, is significantly

reduced when share of gravel in fine grained soil is reduced.

Bio-augmentation is found to be a more predictable implementation of
MICP than bio-stimulation.

Increase in shear strength throughout curing period of up to 28 days
post-treatment is demonstrated in fine grained soils, while the effect of

curing time on shear strength in granular soils, is unclear.

Durability of CaCOs binder is found to be affected by acidic rain, where
intensity and pH, determine the degree of corrosion of mass and CCC

determine the loss of shear strength due to corrosion.

The estimated service life of the CaCOs binder, is estimated to be

above 50 years,under favorable ground conditions.
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The topics described in this chapter are based on the detailed discussions in
chapters 5.1.1 to 5.3.2 and are a summary of the findings related to the viability
of MICP as well as the challenges facing the implementation of the method in

situ.

There have been conducted a much higher number of lab studies on MICP treat-
ment of granular soils than cohesive soils. Controlled lab experiments can how-
ever never fully simulate in situ conditions, where a high number of combinations
in variables affecting the MICP process, can be expected. In nature, most soil de-
posits are heterogenous, where varying permeabilty and pore size distribution
across soil layers as well as hydraulic boundary conditions, could affect the tran-
sport of injected solutions and consequently the spatial distribution of CaCOs3

within the target area.

A few large scale field studies have been conducted on sand and gravel, whereas
none large scale studies conducted in cohesive soils, have been found during the
work on this thesis. For the MICP method to be viable as an alternative ground
improvement method applied in the industry, certain requirements need to be

met:
e Provide a uniform distribution of CaCOs binder in the target area

e CaCOs binder needs to be resistant to erosion and corrosion, where the
service life of binder should be equal to or exceed common designlife for
geotechnical design.

e Be applicable in stratified soils with layers of different permeability and
pore size distribution or grain size distribution

e Be applicable under conditions with limited dissolved oxygen and under a
broad range of ground temperatures

e Provide means for control of crystal morphology, crystal size and
cementation pattern

¢ Provide method for obtaining residual permeability, while increasing
strength and stiffness of soil

e Provide a method for reducing NHs and removal of aqueous and adsorbed
NH4*

Main challenges facing the implementation of MICP in granular and cohesive
soils, are:

e Uniform spatial distribution of CaCOs binder in granular soils and injection
and distribution of fluids in cohesive soils
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e Geometric compatibility in low permeability cohesive soils
e Cell growth and urease activity under anoxic conditions
e Controllability and predictability of cementation pattern and residual

permeability

MICP is found to be a viable method in sands under oxic conditions under a
broad range of temperature, where sustained urease activity and consequent
precipitation have been demonstrated. The results show a significant increase in
shear strength as well as significant reduction in porosity with increasing CCC
(Choi et al., 2020a, Rahman et al., 2020a, Cheng et al., 2013, Shahrokhi-
Shahraki et al., 2015, Cheng et al., 2016).

The viability of MICP in fine silt and clay is uncertain, where some studies sugge-
st an inhibitory effect from some clay minerals on the urease activtiy, while the
low permability renders injections of fluids in situ, ineffective. The large share of
pores smaller than the bacterias size, renders entrance into or transport through
such pores, not feasable. However, sustained urease activity and consequent
precipitation with 150-400% increase in shear strength is demonstrated in MICP-
treatment of clays and silts under oxic conditions, when bacteria and cementat-
ion solution is manually mixed into the soil. (Xiao et al., 2020, Cheng and
Shahin, 2015, Kannan et al., 2020, Bing, 2015, Teng et al., 2020, Godavarthi
Rajani, 2020). The viability of MICP in organic soils is uncertain, where findings

suggest that organic matter can have an adverse effect on crystal growth.

Methods such as surface percolation are cost-effective and could be suitable for
increasing resistance to surface erosion in slopes, reducing permeability in por-
ous shallow deposits or strengthen the base layers of shallow foundations. For
low permeability soils such as clays and fine silts, the research conducted in this
thesis have not found any findings that suggest that current strategies such as
low pressure injections, can be viable. Further, uniform spatial distribution of
CaCOs across impermeable layers within stratified granular soil deposits, would

be difficult and unlikely to acheive, with the strategies suggested up until now.

The utilization of injection and extraction wells in a grid pattern have proven to
be effective in large scale field studies in granular soils (Van Paassen, 2009a,

Van der Star et al., 2011), and is found to be the most suitable approach for
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injection with MICP in permeable soils. The one-phase low pH solution proposed
by (Cheng et al., 2019) and < 0,5 M CaCly/urea, is found to be the most suit-
able injection solution, due to delayed precipitation which enables properly dis-
tribution of injected fluids within the target area, before precipitation is initiated.
This approach also significantly reduce the generation of NH3 (g). Given an ex-
pected decline in density of injected solution with distance from injection point,
applying a strategy of injections with the one-phase solution in both opposite
directions of the target area could ensure a better distribution of bacteria and
reactants along the flow path. However, any adverse effect on bacterial attach-

ment from the low pH solution needs to be investigated.

This thesis proposes two different approaches to be evaluated through further
research as potential strategies for implementing MICP in granular soils and co-
hesive soils. The suggested approach for granular soils consist of combining in-
dependent methods proposed individually and demonstrated to be viable by
other researchers into one integrated approach:

e For MICP in granular soils, the integrated one-phase low pH solution pro-
posed by (Cheng et al., 2019) described in chapter 5.1.10, applied through
grids of injection and extraction wells with < 2,8 m spacing utilized by
(Van Paassen, 2009a, Van der Star et al., 2011) and described in 5.1.10,
should be tested with the use of one-phase low pH injection solution in
both directions of the flowfield. The injection and extraction wells would
need pumps that can switch from injection to extraction in an easy and
rapid manner. Effects of low pH on bacterial attachment would need to be
investigated, but injections in both directions could ensure adequate
distribution along flow path.

e Removal of NH4* can be acheived with the extraction wells as demonstrat-
ed in granular soil by (Van Paassen, 2009a, Van der Star et al., 2011)

The suggested approach for cohesive soils is based on the same principles as

implementation of MSM or DSM:

e For MICP in fine silt and clay, mechanical mixing in situ under high
injection pressure with a low pH one-phase solution should be
evaluated.

e This approach would require investigations on the ureolytic bacterias

capacity to endure high pressures, where (grouting, 2021) suggest that
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100-600 bar in injection pressure is applied during jet grouting in co-
hesive soils, while (Mitchell and Santamarina, 2005a) note that bac-
teria can tolerate > 100 bar of pressure, whereas the bacterias tole-

rance for high shear forces, is unclear.

e The approach suggests a need for further studies on urease capacity in
the presence of clay minerals and the effect of small voids on metabolic
activity.

e The removal of NH4* post-treatment in cohesive soils will due to the low
permeability, likely encounter the same challenges as injections. This

suggest a need for a different approach for removal in cohesive soils.

Studies showing effective particle bonding as well as adequate residual permea-
bility post-treatment at 4°C in sands, indicate that lower temperature and conse-
quently a lower urease activity, is favorable for obtaining residual permeability
while improving shear strength. However, MICP-treatment of soil with fully satu-
rated pores are indicated to promote a greater reduction of void size, whereas
partially saturated pores are indicated to lead to higher residual permeability and

more effective cementation at and around particle contacts.

Allthough temperature dependent, the research demonstrate that urease activity
can be sustained and precipitation of CaCOs at supersaturation occur, in tempe-
ratures from 4°C to 50°C. Effective precipitation is found to occur in the range 4-
30°C, where the urease activity increases with increasing temperature and 25°C
is considered optimal. The sub-surface temperature of most climatic regions, falls
within this range. However, due to a result that showed no urease activity below
5°C, further studies on the effect of low temperatures on urease activity are

needed.

Findings indicate that lower temperatures and consequently lower urease activity
and precipitation rate, generate less amounts of CaCOs, larger crystals but more
effective particle bonding, whereas temperatures above 30°C are indicated to in-
crease the urease activity and hence the precipitation rate, generate larger amo-

unts of CaCOsz and smaller crystals with less effective particle bonding.

Higher rates of ureolysis are indicated to lead to higher concentrations at super-
saturation and increased rate of precipitation, which would favor precipitation of
meta stable output mineral (vaterite), whereas lower precipitation rates are indi-

cated to favor precipitation of more stable mineral (calcite). Further research on
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the effect of temperature on the mineral structure of the CaCOs crystals as well
as the effect of ductile or brittle crystal properties on shear strength in MICP-

treated soil, are needed.

The research is not clear, but findings suggest that cell growth, urease activity
and ureolysis can not be sustained over time under conditions with limited avai-
lability of dissolved oxygen, such as below the water table. However, there are
studies which indicate that this issue could be adressed with repeated injections
of higly oxygenated fluids or injections of oxygen releasing compounds with a

declining rate of release.

The research show that ureolysis and precipitation is effective and sustained at

pH between 7 and 9, where pH 8,5 is optimal for S. pasteurii. Soils in wet areas

would generally have a pH in the range 5-7, while soils in drier areas would gene-
rally have a pH in the range 6,5-9, whereas most groundwater systems would
have pH within the range 6-8,5.

(Stocks-Fischer et al., 1999) found that pH causes significant changes in the bac-
terial metabolism and will govern the capacity for ureolysis. The research is not
clear on the bacterias capacity to initiate ureolysis under highly alkaline or very
acidic conditions, but highly alkaline ground conditions could possibly be adress-

ed with low pH solutions injected pre-treatment, to buffer the pH.

However, acidic ground conditions would most likely not be a good candidate for
MICP treatment, particularly due to the adverse effect of corrosion on the CaCOs
binder, where the research indicate that loss of shear strength due to corrosion
on the CaCOs binder, is determined by the CCC in the MICP-treated soil volume.
The loss of CaCOs mass due to erosion, can occur due to cyclic wetting and drying
of CaCOs binder in the unsaturated zone. The design life of the CaCOs binder is

estimated to be above 50 years, under favorable ground conditions

Ground water rich in calcium or magnesium could possibly increase concentration
at supersaturation, where high concentrations in magnesium ions at supersatu-
ration is suggested to generate CaCOs crystals of poor compressive strength,
while organic content is indicated to adversly interfere with the crystal growth

during precipitation.

The findings do not provide any certainty on determening factors for the

generated shape of the crystal, nor on any direct correlation between bacterial
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concentration and crystal growth. However, findings indicate that concentration
as well as share of urea and CaCl; in the cementation solution have an effect on
crystal growth, where increasing shear of urea is favorable compared to increas-

ed share of CaCl..

MICP leads to the release of both ammonium (NH4*) and ammonia (NH3), which
needs to be removed from the MICP-treated soil post-treatment. The research
demonstrate that removal of NH4" in granular soils is feasable using a high pH
and high ionic strength rinse solutions. However, the results show small amounts
of residual sorbed ammonium in the treated soil, which needs to be adressed.
Research indicate that a significant reduction of NHs may be acheived using the
one phase low pH injection method. The removal of NH4+* post-treatment in cohe-
sive soils will likely encounter the same challenges as injections, due to the low
permeability. This suggest that the approach applied in granular soils, where
injection and extraction of rinsing fluids are utilized, would most likely be unsuc-
cessful in cohesive soils. Further work on new approaches for removal of NH4* in

cohesive soils as well as removal of residual NH4* in granular soils, is needed.

The competetiveness of MICP in respect to methods utilizing cement and lime
products, will have an effect on whether MICP will be adopted as a new method
for ground improvement in the industry. MICP-treatment of fine grained soil with
gravel acheive lower shear strength than treatment with cement or lime, but
similar to that of treatment with ash. The gap in acheived shear strength be-
tween cement and MICP is significantly reduced when share of gravel in fine
grained soil is reduced. Comparison of methods for acheived shear strength in

sand, is unclear due to lack of findings in the littertaure.

MICP would require a system for performance monitoring before, during and
after treatment. Before treatment, an integration of pH measurement of ground-
water and testing for pre-existing CaCOs during laboratory investigations, could
possibly be required. During treatment, field tracers could possibly be used to
verify the reach of injected fluids by depth or width from induced flow field. How-
ever the use of equally distanced injection and extraction well in a grid with mul-
tiple injection and extraction points with depth should provide adequate spatial

coverage of fluid flow.
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Short-term after treatment, the binder distribution and magnitude of desired
properties needs to be verified through sampling and geophysical tests and com-
pared up against the design criteria, where findings indicate that significant in-
crease in shear strength can occur between 14-28 days of curing in cohesive
soils, whereas curing time in granular soils is unclear. This could suggest a period
of up to 4 weeks before final comparison of shear strength up against the set

design criteria in cohesive soils.

Long-term after treatment, the owner of the project should conduct periodical
controls of the binder (CaCOs) quality in the soil throughout the service life as
well as pH measurements of groundwater if treated soil is located below the

watertable. In areas with frequent and heavy rainfalls and areas which experi-
ence cyclic freeze and thaw, the control intervalls should be shorter to assure

early detection of erosion in the binder material.

The performance monitoring can be acheived through rigorous and standarised
schematic quality control conducted by the contractor and later the owner. The
testing scheme could specifiy the minimal number of samples to be obtained,

tests to be conducted on samples etc.
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5.6 Viability of MICP in cold climate ground conditions

Part of the research goal of this thesis is to evaluate the viability of MICP with
S. pasteurii as a method for ground improvement in cold climate ground con-
ditions. Requirements for viability specific to cold climate ground conditions are
adressed in this chapter, while general requirements for viability are ad-ressed

in chapter 5.5. The findings are:

Further work is needed on the effect of long-term cyclic FT for a proper

evaluation on the viability of MICP in cold climate ground conditions.

The work on this thesis have not obtained any results on the effect of FT

cycles on cohesive soils.

The research indicate that crushing of particles during cyclic FT, is asso-

sciated with granular soil and not clays.

Sustained urease activity and consequent precipitation have been demon-

strated under oxic conditions at temperatures down to 4°C in sand.

Findings indicate effective particle bonding and higher residual permeabili-
ty post-treatment at 4°C and low urease activity in sand, where UCS in-

creased exponentially with increasing CCC.

The findings suggest that CaCOs binder at shallow depths, could be vulne-

rable for long-term cyclic FT.

The findings show a derease in shear strength with increasing FT cycles
(up to 10 cycles) in MICP-treated sand. It is unclear whether the erosion
of CaCO:s is linear with increasing FT cycles or if the porous material in the
periphery of the crystal mass have a higher rate of erosion than the rest

of the mass.
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The topics that are described in this chapter are discussed in detail in chapters
5.2.1. The findings and evaluation in 6.5 cover most of the requirements for via-
bility of MICP as a method for ground improvement in cold climate regions. In
this chapter additional requirements that are specific to cold climate regions and

listed below, are evaluated:

e Bacteria must be able to initiate hydrolysis of urea (urolysis) and sustain
urease activity in temperatures down to 4°C.

e Ability to generate CaCOs crystals of quality and size that promote effec-
tive particle to particle bonding and sufficient residual permeability in
temperatures down to 4°C.

e Sufficient erosion resistance in CaCOs binder when exposed to long-term

cyclic freeze and thaw.

Sub-surface temperatures in cold climate regions such as Norway range between
4-8°C. The temperatures during the cold season can fluctuate above and below
zero, where the frost depth is 0-3 m, where coarse surface layer would lead to

deeper frost and finer layers would experience a more shallow freeze.

Findings indicate that precipitation is acheived at temperatures down to 4°C,
where lower temperatures lead to lower urease activity and precipitation rate,
which generate fewer but larger CaCOs larger crystals that provide efficient par-
ticle to particle bonding and higher residual permeability. However, due to a re-
sult that showed no urease activity below 5°C, further studies on the effect of low
temperatures on urease activity should be conducted. The capacity for further

cell growth post-injection under low temperatures is not clear.

There is a study, where the results suggest that the mineral structure of the pre-
cipitated crystal could be affected by temperature, where crystals at 5°C were
charecterized as amorphous. Such mineral structure would likely translate to duc-
tile properties. The effect of temperature on crystal properties as well as the effe-
ct of crystal properties onto the shear resistance during shear, should be investi-

gated further.

Findings indicate that fine sand with lower porosity have greater resistance to FT
cycles, compared to coarse sand with higher porosity, where findings suggest a

1% reduction in UCS per FT cycle up to 10 FT cycles. However, it is not clear
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whether the rate of reduction is linear. It is reasonable to assume that the high-
est frequency in FT cycles within the range of frost depth, would occur in the soil
close (0-0,5m) to the surface. The findings suggest that MICP applications at
shallow depths, for increasing erosion resistance of slope surfaces and strength-
ening base layers below shallow foundations, might be particularly vulnerable for
FT cycles in the long term. Further research is needed to evaluate the effect of
long-term exposure (multiple FT cycles) on the CaCOs binder in both granular

and cohesive soils.

6. Conclusions
6.1 Research objectives

MICP have the potential to be an alternative and sustainable method for ground
improvement. The method can reduce the use of cement products during ground
improvement, is less intrusive to the soil and have a lighter footprint on the ter-
rain. For the past 13 years, the number of publications on MICP have according
to (Rahman et al., 2020b), increased exponentially. This reflects a strong inte-
rest for more sustainable methods for ground improvement, where MICP is eva-
luated by researchers to have potential. The research aim of this thesis is to
evaluate the viability of and challenges for MICP with S. pasteurii as a method
for ground improvement in granular and cohesive soils, including its viability in
cold climate ground conditions. The evaluation is conducted on the basis of the

results from the following research objectives:

e Factors affecting the MICP process

A high number of studies adressing the core factors affecting MICP such as pH,
temperature, urease activity and precipitation, have provided a sufficient basis
for the evaluation of most of the affecting factors. However, inconsistent findings
on ureolytic capacity under anoxic conditions as well as few findings on the effect
of low temperature, clay minerals, organic matter and restricted pore space on
the ureolytic activity, have limited the evaluation. Further research on cell grow-
th and ureolysis under anoxic conditions, is needed for a proper evaluation on

the viability of MICP-treatment below the watertable.
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The research show that the factors listed in chapter 5.1, all affect the MICP pro-
cess, where factors such as pH, urease activity, precipitation rate and cemen-
tation pattern are indicated to be controllable. The spatial distribution of CaCOs3
binder post-treatment is determined by the permeability of the soil, but can be
enhanced in granular soils, through proper strategies for injections in situ. How-
ever, residual permeability which is determined by the generated precipitation
pattern, is indicated to be affected by degree of saturation, independent of the
other factors that are indicated to control the cementation pattern. This suggest

a need for further research on the effect of saturation.

Ureolysis and consequent precipitation of CaCOs binder, is demonstrated to be
viable for a range in temperature that cover the sub-surface temperatures in
most climatic regions without permafrost. This thesis find that factors affecting
the MICP process such as pH, urease activity, precipitation rate and cementation
pattern, most likely can be controlled, while others such as spatial distribution
and bacterial retention can be affected, whereas varying pore size distribution,
saturation, varying permeability in stratified soil deposits or low permeability in
cohesive soils, can not be controlled nor affected and hence need to be adressed

through trial and error in larger scale field studies.

e S. pasteurii as a causative agent for MICP in soils

A high number of studies on MICP-treatment of granular soils using S. pasteurii,
have provided a sufficient basis for the evaluation of it as a causative agent with
MICP. S. pasteurii is found to meet most of the requirements set in chapter 3.4
and 5.4 for viability of ureolytic bacteria used in MICP. However, contradictive
findings on ureolytic capacity under anoxic conditions and few findings on the
effects of low temperature, clay minerals, organic matter or restricted pore spa-
ce on the ureolytic capacity of S. pasteurii, have limited the evaluation. Relative-
ly few studies on MICP in fine silt and clays, have limited the basis for the evalu-

ation of the suitability of S. pasteurii in such soils.

As presented in chapter 5.4, the ureolytic capacity of S. pasteurii and conse-

quent precipitation at 4 -50°C under oxic conditions, have been demonstrated as
effective. S. pasteurii is found to precipitate under oxic conditions in both granu-
lar and cohesive soils. However, its size (width) is larger than a major part of the

pores in clays, thus restricting its movement within such soils or soils with incre-
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asing share of fines. S. pasteuriis cell growth and capacity for producing urease
enzyme over time in anoxic conditions is found to be uncertain, but unlikely. Fur-

ther research on ureolytic capacity under anoxic conditions is needed.

e Acheived enhancement of shear strength and reduction of
permeability in MICP-treated granular soils.

A high number of studies on MICP in sand, have provided the work conducted on
this thesis, with a strong basis for a conclusive evaluation of acheived improve-
ment in shear strength as well as reduction in permeability of MICP-treated

sands.

As presented in chapter 5.2, the research demonstrate that the shear strength
increase and the permeability decrease, exponentially with increasing CCC for
higher levels of cementation (CCC > 3%). Lower (CCC< 3%) levels of cemen-
tation is indicated to not alter the drained volumetric response or failure mode
from untreated to treated state, in sands. The research further indicate that
maintaining residual permeability in sands while acheiving increased shear stren-
gth during MICP treatment, is feasable. This thesis find that these results, sup-

port the evaluation of MICP as viable in granular soils under oxic conditions.

e Acheived enhancement of shear strength in MICP-treated cohesive
soils.

Limited results for triaxial shear strength and volumetric response in MICP-treat-
ed fine silt and clay, have limited the basis for the evaluation. However an ade-
guate number of studies adressing UCS in cohesive soils have been obtained
during the work on this thesis. The research demonstrate viable urease activity
and consequent precipitation under oxic conditions in cohesive soils, where the
findings converge on increased shear strength in MICP-treated silt and clay,
while diverge on the effect of increasing share of fines in the soil. The findings
suggest a possible different effect of cementation on the stress-strain response
during shear in clays with high share of clay particles (fat clay), compared to
silty clays with higher share of more coarse particles. This is of significant geo-

technical importance and need to be further studied.
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6.2 Viability of MICP with S. pasteurii

The evaluation of MICPs viability as a method for ground improvement, have
been restricted by unsufficient number of studies on MICP in cohesive soils as
well as bacterias ureolytic capacity under anoxic conditions. However, the work
conducted in this thesis have provided sufficient basis for evaluation of some of
the requirements for viability set in chapter 3.14 and 5.5, while unsufficient for
others. Further work is needed on the long-term effect of corrosion due to acidic
conditions, erosion due to cyclic FT and cyclic WD on the CaCOs binder, the
effect of low temperatures on urease activity, crystal quality and cementation
pattern, the effect of saturation on cementation pattern and residual permeability

as well as the effect of clay minerals or small pore space on urease activity.

Ureolytic capacity is found to be functional under a broad range of temperature,
while such capacity over time in anoxic conditions is uncertain, but unlikely. Ure-
olysis under low temperatures in cohesive soils have not been demonstrated, but
indications are that other factors specific to the cohesive soil could affect the

ureolysis, independent of the temperature.

MICP is found to reduce permeability in granular soils, increase shear strength in
both granular and cohesive soils, where control of residual permeability in granu-
lar soils post-treatment, is found to be feasable by adjusting the factors gover-
ning the precipitation rate and hence the cementation pattern. However, a pos-
sible independent effect from saturation on the cementation pattern and hence

the residual permeability suggest a need for further research.

The removal of the byproducts such as ammoinium and ammonia have been
considered a problematic issue for the viability of MICP, where this thesis finds
that removal of ammonium post-treatment in granular soils have been demon-
strated as viable in the field and that generated ammonia can be reduced by the
use of a proper solution. Such removal in cohesive soil have not been evaluated
in the research and would probably encounter the same challenges as injections
in such soils, due to the low permeability. This means that the approach with
injection and extraction of rinsing solution applied for NHs* removal in granular

soils, most likely will be ineffective in cohesive soils.

Acheiving a degree of spatial distribution of CaCOs and control of crystal size and

cementation pattern is found to be feasable in granular soils by adjusting affec-
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ting factors during treatment, whereas uniform spatial distribution in granular
soils could possibly be acheived by the approach proposed in this thesis and pre-
sented in chapter 5.5. Acheiving distribution by using low pressure injections in
cohesive soil or distribution across low permeability layers within stratified soil
deposits with varying permeability, is found to be unlikely. However, this thesis
proposes the evaluation of an approach for MICP-treatment in cohesive soils as

presented in chapter 5.5.

The current uncertainty regarding sustained ureolytic activity under anoxic con-
ditions limits the application of MICP to the unsaturated zone or in soils close to
the phreatic line or watertable. However, solutions for supplying oxygen to the
saturated zone have been proposed, but still not demonstrated on larger scale in
the field. Due to the heterogeneity of physical, environmental and chemical pro-
perties of ground conditions in situ, more studies implemented as large scale
field studies should be conducted. Such studies in varying ground conditions
would encounter a variation in affecting variables, where the gained data and
experience can be utilized to adapt strategies which can enable MICP to be more

adaptive and predictable in the presence of different ground conditions.

The studies used as basis for an evaluation of the effect of FT cycles on the
CaCOs binder, only applied up to 10 cycles. Given an estimated service life of 50
years and a high number of FT cycles per year, studies with a much higher num-
ber of FT cycles are needed for an proper evaluation of MICP in cold climate

ground conditions.

This thesis finds that the greatest challenges facing MICP as a method for grou-
nd improvement are uniform distribution of CaCOs3, predictability and controlla-
bility of residual permeability in granular soils, injection and distribution of fluids
and removal of byproducts in cohesive soils, deep soil treatment and distribution
of CaCOs binder across layers of low permeability in stratified soils with varying
permeability. The findings of this thesis supports viability of MICP with S. pas-
teurii in areas without cyclic FT under oxic conditions in granular soils. It further
finds that ureolysis and consequent precipitation under oxic conditions is viable
in cohesive soils. However, MICP is at the current stage of development evalu-
ated to not be viable in cohesive soils due to the lack of strategies that can en-
able injection and distribution of fluids in and within low permeability soils as
well as the challenge in removing the byproducts from cohesive soils through

injection and extraction of rinsing solutions.
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6.3 Further work

This thesis proposes two different approaches to be evaluated through further
research as potential strategies for implementing MICP in granular soils and fine
grained soils. The approach for granular soils consist of combining independent
methods demonstrated to be viable by other researchers into one integrated
approach, while the proposal for injection in fine soils is based on the same
principals as MSM or DSM, replacing cement and lime products with bacteria

and cementation solution in one integrated solution.

Suggested approach for MICP-treatment in granular soils:

> For field application of MICP in granular soils, the one-phase low pH solut-
ion proposed by (Cheng et al., 2019) containing both CaCl,/urea and bac-
teria, applied through grids of injection and extraction wells with spacing
< 2,8 m utilized by (Van Paassen, 2009a, Van der Star et al., 2011) with
injections in both directions of the flowfield, should be evaluated as an
integrated solution. The injection and extraction wells would need pumps

that can switch from injection to extraction in an easy and rapid manner.

» The individual methods have been proposed and tested individually with
promising results, but not all together as a combined approach. The low
pH of the solution, delay the precipitation, enabling the solution to reach
further into the soil before precipitation is initiated and the reversed
injections enhances distribution with distance from injection point in both

directions.

Suggested approach for MICP-treatment in fine silt and clay:

» For field application of MICP in fine silt and clay, mechanical mixing in situ
under high injection pressure with a low pH one-phase solution should be
evaluated. This would require a study on the ureolytic bacterias resistance
to lysis when exposed to high pressures and shear forces as well as the

effect of clay minerals and small pore space on urease activity.

» NH4* removal post-treatment in cohesive soils with this approach, will

likely encounter the same challenges as injections in low permeability soils
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and need to be adressed with a different approach than the approach with

injection and extraction of rinsing solution, applied in granular soils.

Further research is needed on:

YV V. .V VYV VY VY

Urease activity under anoxic conditions

Bacterial metabolism when located in small pore space

Effect of saturation on cementation pattern and residual permeability
Urease activity in the presence of clay minerals

Crystal growth in the presence of organic matter

Effect from share of coarse particles on stress-strain behaviour of

MICP-treated cohesive soils
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