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Abstract

The bio-cementation of sands (microbially induced carbonate precipitation) is an emerging
technique that could broaden the horizons in the sectors of hydraulics, hydrology and geo-
environmental engineering. It has been used extensively to increase the strength of sands
and for controlled permeability reduction. This study focuses on the choice of base mate-
rials and presents an extensive program to generate materials with various combinations
of properties and assess the effects of grain shape, size and spread of particle size dis-
tributions on permeability, unconfined compressive strength and porosity. Better strength
enhancement and more controlled permeability reduction is achieved for bio-treated speci-
mens with a moderate number of particle-to-particle contacts (Ds,=180-890 pm). Results
showed that the grain size has the greatest impact on both strength and permeability with
very small (Ds,=110 pm) or very large grains (D5,= 1810 pm) not being effective in terms
of strength enhancement and permeability control. The higher the uniformity coefficient
of the base material is (Dgo/D,, from 1.4 to 5.6), the greater the effects on the mechanical
properties are because of the narrower pore space and the higher number of contact points
between particles. Materials with higher uniformity coefficients and larger grain sizes (i.e.,
D¢y/D,9=5.6, Dsy=2454 pm) provide more controlled strength enhancement and permea-
bility reduction. The particle shape either angular, subrounded, or spherical does not affect
much the resulting mechanical properties as long as the grain sizes fall within a region
compatible to the bacterial size (Ds,=180 and 890 pm).

Article Highlights

MICP was applied successfully using a wide range of base granular materials.
The grain size has the greatest impact on strength and permeability in bio-treatment
against grain shape and PSD.

e Wider particle size distribution and larger grain size leads to controlled alteration of
strength and permeability.
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1 Introduction

Many applications in the field of civil, geo-environmental, hydraulics and hydrological
engineering take place in weakly cemented granular materials in which the underlying
principle is the flow of fluid in porous media. Some examples include soil stabilisation,
grouting, liquefaction and erosion control, solidification of heavy metals, groundwater
decontamination, hydraulic barriers, oil and gas storage, but also CO, or H, storage, trans-
portation of various fluids in ground, sand control in natural gas production, etc.

Soft sands or weakly cemented and poorly consolidated sandstones represent tran-
sitional materials between soils and rocks and share common characteristics with both.
ISRM (1981) classified rocks according to their strength based on UCS and soft sandstones
fall in the categories of ‘very weak’ and ‘extremely weak sandstones’. The quantification
of the engineering properties of these materials (pore volume and network, permeability,
strength) which are essential to many geophysical problems, although studied extensively,
remains a challenge and imposes further restrictions in understanding processes that take
place in weakly cemented porous media (Liu et al. 2022; Rubol et al. 2018; Wang and
Kulatilake 2008; Zhao et al. 2021). This is because coring of soft sandstones is a challeng-
ing procedure. Traditional sampling methods frequently degrade cementation, resulting in
poor recoveries making it difficult and expensive to obtain enough high-quality samples for
laboratory testing.

Artificial rock specimens, on the other hand, can provide almost endless quantities and
a wide range of features, allowing for the independent control of the required structural
properties and the isolation of the effects of those variations. The reconstitution of a certain
geological material usually requires the characterization and laboratory replication of the
geological processes that occurred in nature, even if the impossibility of reproducing the
effects of geological time must be recognised. There exist two fundamental requirements
for samples, the uniformity of behaviour and the degree of similarity with average natural
behaviour.

This research presents a parametric study to create artificial specimens via microbially
induced carbonate precipitation (MICP), a bio-cementation method used to increase the
amount of cementation within a granular network, to be used as a proxy in more complex
laboratory testing and for designing MICP field experiments related to the listed applica-
tions. The study isolates and examines influence of the granular media characteristics on
hydraulic and mechanical performance of the MICP-treated porous media by keeping the
characteristics (size and type) of the precipitating carbonate crystals fixed as the MICP
parameters remain the same (the protocol remains fixed). The conjugate changes and com-
binations of strength, permeability and porosity are also evaluated for which little work
has been conducted previously. Previous research on MICP-treated granular media cannot
be combined as the choice of the MICP parameters significantly affects the type and size
of the precipitating calcium carbonate crystals which in turn affects the resulting medium
properties. The study also explores further the capabilities of the MICP method on base
materials with various grain sizes, shapes, and widths of particle size distributions (PSDs)
which have not been considered as good candidates for bio-cementation.
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2 Background

Amongst its numerous applications in civil, geo-environmental and hydraulics engineer-
ing, microbially induced carbonate precipitation (MICP) has been proposed as a technique
to generate artificial sandstones by cementing a granular matrix (Konstantinou et al. 2021a;
Konstantinou and Biscontin 2021; Marzin et al. 2020) and to seal fractured rocks (Tobler
et al. 2018; Weinhardt et al. 2021). Along the same direction, MICP can be used to study
the transition from soil to rock and the effects of progressively increasing cohesion. The
bio-treated specimens allow to examine independently the effects of cementation character-
istics and amount, as well as the impact of the intrinsic properties of the constituents on the
resulting material properties, such us permeability, porosity and strength. At the same time,
the developed weakly cemented bio-treated media could be used as a substitute of natural
sandstones in laboratory testing to study fluid flows in both soils and rocks which are of
great interest in the research community (Algahtani et al. 2022; Gao et al. 2020; Hussain
et al. 2014; Konstantinou and Biscontin 2022; Lima et al. 2020; Saxena et al. 2019a, b;
Scott et al. 2019; Torskaya et al. 2014; Wang et al. 2022a; Yu et al. 2018). Many studies
have assessed the strength of MICP products; however very few studies consider porosity
and permeability usually through modelling (Wang and Nackenhorst 2020).

It is widely recognised that the effectiveness of MICP depends on a successful recipe
formulation which relies on the selection of a combination of bio-chemical parameters
based on the required application. Such parameters include bacterial population and ure-
ase activity, chemical solution concentration, injecting method, retention time (duration
between two subsequent injections), urea to calcium chloride ratio, etc. (Barkouki et al.
2011; Cheng et al. 2017; DeJong et al. 2010; Konstantinou et al. 2021c; Mortensen et al.
2011; Al Qabany et al. 2012; Wang et al. 2022b, 2021, 2019; van Wijngaarden et al. 2016).

In recent years, apart from the bio-chemical parameters, the material’s intrinsic proper-
ties have been recognised as part of the design process of an effective formulation (Dadda
et al. 2019; Terzis and Laloui 2019, 2018; Xiao et al. 2019). Although the importance of
material’s intrinsic characteristics is often highlighted, very few studies concerning the role
of granular medium characteristic factors on the MICP engineering response exist. The
effect of relative density of the base material has been extensively investigated in relation
to the mechanical properties of the MICP-treated specimens (Al Qabany et al. 2012; Gao
et al. 2019; van Paassen 2009) but only recently, factors like grain size, percentage of fines
and grain shapes have been investigated (Mahawish et al. 2018a; Terzis and Laloui 2019,
2018; Xiao et al. 2019).

The engineering properties of the cemented specimens depend on the initial configura-
tion of the base material (particle shape, size, spread of particle size distribution-PSD) and
the morphology and distribution of the carbonate crystals relative to the grains (Burbank
et al. 2013; Cheng et al. 2017; DeJong et al. 2010; Konstantinou et al. 2021b; Mujah et al.
2017; Al Qabany et al. 2012). The mechanical properties though, vary from study to study
depending on the selection of the bio-chemical parameters and overall, on the experimental
protocol which makes it difficult to combine the findings. The key to assessing the effects
of each parameter (both biological or grain-related) is to isolate the rest of the effects and
follow a consistent recipe.

While several procedures have been developed to optimise MICP using a single type
of sand, limited research has been conducted to assess the effectiveness of the pro-
cess for a wide range of particle sizes. The vast majority of previous research utilises
uniform sands with average particle diameters of 0.15-0.7 mm (Cheng et al. 2017;
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Cui et al. 2017; Feng and Montoya 2015; Al Qabany and Soga 2013). Only few stud-
ies are based on very fine or very coarse sand for bio-treatment (Konstantinou et al.
2021a; Mahawish et al. 2018b) mainly because of the difficulties experienced when
small or large pores exist (D, in the range between 80 and 110 um) (Mitchell and
Santamarina 2005; Rebata-Landa 2007). Cheng et al. (2013) compared the strength
gain for sands with Dy, of 0.25 and 0.7 mm and concluded that fine sands exhibited
significantly higher cohesion compared to coarse sands, while coarse sands had higher
gains in friction angles. Terzis and Laloui (2018) used fine and medium grained sands
(average grain size 0.19 and 0.39 mm, respectively) and showed a more pronounced
improvement in stiffness of the medium-grained material because larger calcium car-
bonate crystals were formed. The use of base materials with a wider range of grain
sizes would enable a broader variety of combinations of strength, permeability, and
porosity.

The particle size is just one of the grain characteristics that could significantly affect
the achievable engineering properties of the bio-treated specimens. The grain shape
and spread of the particle size distribution (PSD) also affect the strength even without
the addition of cementation. Angular particles can form more open, less dense struc-
tures compared to spherical grains providing a lower number of contact points between
the particles compared thus a lower number of grain-to-grain contacts which are effec-
tive locations for cementation to occur (Ismail et al. 2002). However, Xiao et al. (2019)
investigated the role of shape geometry on strength gain, demonstrating that the secant
modulus Es, decreased with increasing roundness of the particles for a given cementa-
tion level. Further work needs to be carried out to assess the effects of shape geometry
in relation to the grain size and the precipitating carbonate crystals.

A well graded sand is characterised by a small-sized pore network configuration and
has more particle-to-particle contact points. The degree of sorting, i.e. the uniform-
ity coefficient (Dgy/D)), is another important parameter that needs to be taken into
account when assessing strength enhancement and permeability reduction. The rela-
tionship between width of particle size curves, the properties of the bio-treated speci-
mens and the overall MICP engineering response needs to be assessed systematically
as the literature lacks such studies.

This paper presents a comprehensive study of the effects of grain shape, size and
width of PSDs on the resulting mechanical and physical properties, in particular per-
meability, unconfined compressive strength (UCS) and porosity, which are the basic
properties of interest in groundwater investigations, by cementing twelve different base
materials at various cementation levels. The study pushes the typical boundaries of the
MICP method by cementing base materials that are not considered as optimum candi-
dates for bio-treatment and therefore have not been used previously providing success-
fully uniformity in behaviour. A consistent recipe/formulation was followed across the
testing program, only altering the amount of injected cementation solution to achieve
the targeted cementation levels. The study presents a wide range of achievable combi-
nations of UCS, permeability, porosity and pore network distribution in bio-cemented
sands which could be used as a proxy for natural granular media (in shallow and inter-
mediate depths) ensuring sufficient similarity with average natural behaviour. The
findings are also applicable to designing MICP field applications. Based on the ini-
tial properties of the granular medium, a resulting strength, permeability, and porosity
could be targeted prior to implementing the method in the field.
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3 Methods
3.1 Granular Materials

Twelve types of sands were used to investigate the effects of grain size on the result-
ing properties of bio-cemented specimens via MICP: very fine sand, fine sand, medium
grained sand, coarse sand, very coarse sand and gravel. The PSDs are shown in Fig. 1
and the grain characteristics and initial porosity are shown in Table 1. Sands 1-6 were
utilised to study the effects of the grain size. All were uniform with very similar coeffi-
cients of uniformity (defined as the ratio of Dy, to D ;) and had sub-rounded grains with
medium sphericity, whilst gravel had a larger uniformity coefficient.

Three mixtures of sands (10-12) were used to vary the uniformity coefficient
(Dgy/Dp). A poorly graded soil has a uniformity coefficient of less than 4. Mixture 1
had a low uniformity coefficient (C,=2.22) while mixtures 2 and 3 had roughly the
same uniformity coefficients (around 5).

The effects of the particle shapes on the engineering properties of the treated prod-
ucts were examined with three materials: fine and coarse glass beads, and Hostun sand.
The glass beads had a spherical shape with average particle size of approximately
180 pm and 1770 pm, whilst Hostun sand was sub-angular, with average grain size
371 pm as shown in Fig. 1 and Table 1. The three types of grains were compared to
subrounded sands with similar grain sizes. Fine glass beads were compared to fine sand,
coarse glass beads to coarse sand and Hostun sand to medium-grained sand.
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Fig.1 PSD curves for the granular material used in this study
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Table 1 The various base materials used in this study and their characteristics (average particle diameter,
grain shape, uniformity coefficient and initial porosity)

Type of sand Average Particle shape  Uniformity Initial porosity (4 =+ o)

particle coefficient

diameter (Cu)
1 Very fine-Fraction E 110 pm Sub-rounded  1.51 0.431+0.023
2 Fine-Fraction D 180 pm Sub-rounded  1.38 0.423 +0.009
3 Medium grained-Fraction C 450 pm Sub-rounded  1.63 0.406 +0.006
4 Coarse —Fraction B 890 pm Sub-rounded  1.60 0.384+0.009
5 Very coarse-Fraction A 1810 pm Sub-rounded  1.33 0.375+0.021
6 Gravel 6100 pm - 2.33 0.367+0.024
7 Fine Glass beads 240 pm Spherical 1.32 0.414+0.019
8 Hostun sand 372 pm Sub-angular 1.30 0.464 +0.009
9 Coarse Glass beads 1772 pm Spherical 1.29 0.349+0.008
10 Mixture 1 371 pm Sub-rounded ~ 2.22 0.345+0.008
11 Mixture 2 1180 pm Sub-rounded  5.60 0.331+0.015
12 Mixture 3 2454 pm Sub-rounded  4.62 0.335+0.024

3.2 Generation of Artificial Specimens

The MICP formulation is described in detail in Konstantinou et al. (2021a, b, ¢) and
summarised here. The sand was placed in cylindrical molds of 35.4 mm in diameter and
110 mm in height and vibrated to reach a targeted porosity. The final height of the speci-
mens was 71 mm. The injection direction of the bacterial suspension and cementation
solution was from top to bottom via gravity (see a schematic of the experimental setup in
Fig. 2). The bacterial solution (Sporosarcina pasteurii, OD600 between 1.5 and 2.0, aver-
age urease activity of 0.8 mM urea/h/OD) was only injected once at the beginning of the

Fig.2 Experimental setup—
stepwise injection via gravity:
Phase A—injection; and Phase
B—retention period

w

Phase A: Bacterial Suspension or ~ Phase B: Retention period of
chemical solution injection event 24 hours
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process. Before each new chemical solution injection (0.375 M urea, 0.25 M calcium chlo-
ride, 3 g/L nutrient broth), the excess solution was allowed to freely drain out and then
the new chemical solution was introduced (phase A—injection event in Fig. 2). The time
between two subsequent injections was 24 h for both bacteria and cementation injections
(phase B—retention period in Fig. 2). In both phases (injection and retention period), the
granular samples remained saturated. The level of cementation was controlled by the num-
ber of cementation solution injections. Higher number of cementation solution injections
resulted in higher amount of carbonate in the final product. After the end of the last reten-
tion period specimens were extracted from the molds with care to minimise disturbance.

3.3 Carbonate Content

Carbonate content was measured according to the procedure in ASTM (2014). A 30 g
dried and ground sample was treated with 30 mL of hydrochloric acid (HCI) in a chamber
(calcimeter). The pressure reading from as resealed into the chamber by the reaction was
correlated to the amount of calcium carbonate in the specimen. In this study, the degree of
cementation is expressed as weight of calcium carbonate over the total weight of the sam-
ple tested (in percent).

3.4 Permeability Tests

Falling head tests using the injection molds as rigid wall permeameters were carried out to
measure the permeability of specimens once the injection process was complete and before
they were demolded. Permeability was measured after flushing 3 pore volumes of de-ion-
ised water and assessed multiple times until the last three measurements agreed. When
the permeability of the soil becomes small, rigid walls may not be suitable as the flow at
the boundary between the wall and the specimen may be bigger than the flow through the
actual specimen (Al Qabany et al. 2013). For this reason, the specimens’ permeability was
measured before removing the sample from the mould in order to minimise the boundary-
specimen effects.

3.5 Unconfined Compressive Strength

Unconfined compressive strength (UCS) tests were performed on oven-dried specimens
(105 °C for 24 h) with varying levels of cementation. The specimens were tested according
to ASTM (2004) with displacement-controlled loading at a rate of 1.14 mm/min.

3.6 Final Porosity

The final porosity (n), defined asn =1 — ci was calculated with bulk density (p) an equiv-

alent specific gravity (G,) that takes into account the specific gravities of the individual
minerals present based on the relative volume fraction (Sharwood 1912):

G = Wtolal
s oW Wy

Gy Go
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where W, is the total dry weight of the artificial material, w, and w, are the weight of
quartz and carbonate, respectively. G, and G, are the specific gravities the of quartz and
calcium carbonate, equal to 2.65 and 2.71 respectively.

3.7 MicroCT Imaging

Moderately cemented specimens across all base materials were imaged with the X-ray
p-CT high energy micro-tomography scanner (X-Tec Systems) with the following set-
tings: 160 kV, 110 uA with a use of a 0.5 mm copper filter. The voxel sizes of the images
were around 25-30 pm. Figure 3 presents a schematic of the process followed to calculate
porosity and pore space distribution. Stacks of images were obtained and transferred to the
Imagel] software (Rueden et al. 2017; Schindelin et al. 2012). Windows of 20*20 mm were
extracted from the stack which were binarised and analysed via the BonelJ plugin to obtain
the porosity and distribution of voids (Doube et al. 2010; Dougherty and Kunzelmann
2007). The segmentation (binarisation) of each slice was conducted with the IsoData algo-
rithm (i.e., the iterative intermeans method). By setting an initial threshold and then com-
puting the averages of the pixels above and below the threshold, the technique separates the
image into object and background. The threshold is increased, the averages of those two
values are calculated, and the process is repeated until the threshold exceeds the composite
average. A cubic specimen (20¥20%20 mm) was constructed with the binarised stack.

The porosity was calculated based on the volume fraction function of Bonel for cuboids
of 2 mm thickness across a 20 mm height of each sample. The pore space size histograms
were calculated for the cuboid at the middle of the cube (10—12 mm thickness) utilising the

Calculation of pore size distribution of
the 10-12 mm cuboid via the thickness
function (Bonel)

10

Cropping to a L
20*20 mm window Binarisation

0

Volume of voids (mm®) 10

Transfer of stack in ImageJ 9

Height (mm)

L \[m]
02 03 o4 05
Porosity (%)
Calculation of porosity of each
Reconstruction of a 20¥20*20 mm cube cuboid via the volume function

(Bonel)

Slicing to a 20*¥20*2 mm cuboid

Fig.3 The calculation of porosity and pore space distribution based on the MicroCT images: a the image
stack was transferred to ImageJ, b a 20-by-20 mm window was extracted in each slice, ¢ the images were
binarised, d a cubic specimen with 2020*20 mm was reconstructed which e was sliced to a 20*¥20*2 mm
cuboid. (F1) The porosity was calculated via the ‘volume’ function of Bonel and (F2) the pore space was
calculated via the ‘thickness’ function of BoneJ for the 10-12 mm cuboid
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local thickness at a point, defined as the diameter of the largest sphere that fits within the
available structure whilst also containing the point.

4 Results

This paper examines the effects of the grain size and shape, and spread of particle size
distribution on permeability, strength, and porosity of the bio-cemented specimens. Grain
size, spread of particle size distribution and grain shape on permeability, strength and
porosity are examined separately in each sub-section. The uniformity of porosity is exam-
ined across the height of the specimens while the pore size distribution is evaluated for all
twelve materials.

4.1 Grain Size

Sub-rounded sands with similar uniformity coefficients but different mean particle size
(sands 1-6) were compared to examine the effect of grain size on strength gain, perme-
ability and porosity reduction at various cementation levels (Fig. 4). A similar trend in
reduction of permeability with respect to cementation level was observed for very fine
sand through coarse-grained sand, with a progressively larger reduction as grain size
increased. Very coarse sand and gravel did not follow the same trend, presenting per-
meabilities lower than medium- and coarse-grained sand in the range of cementation
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2 Nl t B 4 ° ¥ Very coarse sand 3 4 v Very coarse sand e ' 2>
g10 > o Gravel g 10 Gravel e ® 2
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Fig.4 Permeability with respect to: a calcium carbonate content (%), b porosity; UCS with respect to: ¢
calcium carbonate content (%), d porosity
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levels examined in the study. However, the reduction as the cementation level increased
was less pronounced compared to the rest of the sands. Gravel’s permeability seemed
to experience the highest decline compared to the uncemented gravel, falling to around
6x 107% m/sec when the cementation level was around 9%, which was lower than the
permeability of coarse sands and almost equal to the permeability of fine sands.

As shown in Fig. 4c, the sands had similar strength of 200 kPa at around 3% cemen-
tation level but, as the cementation level increased, strength deviated substantially.
Medium grained sands showed the highest strength across all cementation levels with
an estimated UCS value at 10% calcium carbonate content reaching approximately
3500-3700 kPa, followed by fine and coarse sands with average particle diameter of 180
um and 890 um, respectively. Very fine sands had a strength of about 2800 kPa at the
high cementation level, while very coarse sands had an estimated UCS value of about
1800 kPa.

Cemented gravel did not gain sufficient overall cohesion to carry out an unconfined
compressive strength test until a large level of cementation of around 9% (Fig. 4c). Even
then, the results are scattered. At 9% cementation the strength varied from 500 kPa to
almost 1500 kPa. Generally, gravel presents very large pores, even if its porosity was very
low as seen in Fig. 4b, d. Without any cementation, the porosity was found to be around
0.34 whilst for 9% cementation it decreased to about 0.23. Porosity and cementation level
cannot describe solely the variations in permeability and strength with respect to gravel as
the grains were too large and the pore network configuration largely depends on packing
and how the grains are arranged next to each other. This is illustrated in Fig. 5b, where the
porosity profile of gravel across the height the specimen of about 20 mm is shown to vary
significantly.

The results can also be examined in relation to porosity of the cemented material. The
increase in cementation relates directly to decreased porosity and therefore lower perme-
ability (Fig. 4c) and higher strength (Fig. 4d). Very coarse and coarse sands porosities var-
ied within the range between 0.28 and 0.35 while medium grained, fine and very fine sands
had a porosity falling in the range between 0.32 and 0.42. The trends in hydraulic conduc-
tivities across sands 1-4 were similar with respect to porosities (Fig. 4d) while the sands
with larger grains showed less dependence of permeability with respect to porosity.

At high porosity, fine and very fine sands had almost the same strength, but fine sands
gain was larger at lower porosity (Fig. 4d). The trend of strength vs porosity for the other
sands and gravel was similar, although shifted towards lower porosity levels.

Greater improvement in mechanical and hydraulic properties occurs in the medium-
grained sand with an average particle size diameter of 450 um. The fine sands and coarse
sands follow with slightly lower strengths. The strengths across the various cementation
levels for finer and coarser sands are of similar magnitude allowing for various combina-
tions of porosities and permeabilities to be achieved for a targeted strength level in lab
experiments where flow in porous media is to be studied.

MicroCT images of moderately cemented specimens were taken to assess pore size
and cementation deposits (Fig. 5). The pore network depends on the configuration of the
particles within the porous matrix (initial porosity and grain size) and on the cementation
characteristics (amount of cementation, crystal size and position). The porosity was gener-
ally uniform across the height of the specimens where sand was the base material and this
was because of the relatively uniform deposition of the carbonate crystals. This particu-
lar combination of MICP parameters was implemented as it provided a balance of slower
MICP reactions, through low urease activity and low concentration of the cementation
solution, compared to the rate of flow with gravity injections, allowing uniform distribution
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of bacteria and chemicals without clogging. The long retention times promoted efficient
formation of carbonate.

Gravel’s porosity showed substantial deviation and randomness due to the very large
grains. The range of void sizes in very fine sand is very narrow (2—4x 107> mm?) and it
spreads out as the grain size increases, while the peak value (frequency) decreases. The
range pore sizes for fine, medium grained and coarse sands is wider (between 4 x 10~ and
1 x 10 mm?), while very coarse sand and gravel present a range between 2 and 7x 107

mm3 .

4.2 Spread of PSD

The effect of the spread of the PSD was examined with three mixtures of poorly sorted
sands. All grains had sub-rounded shape. Mixtures 1 and 2 had similar D, which is a char-
acteristic value used to define the uniformity coefficient. Mixture 3 had a similar shape of
the PSD curve to Mixture 2’s, however, shifted by about 1000 pm. Figure 6 compares the
results for fine sands with average particle diameter of 180 pm and uniformity coefficient
of 1.38, Mixture 1 (D5y=371 pm, Cu=2.22), Mixture 2 (D5;,=1180 pm, Cu=5.6), and
Mixture 3 (Dsy=2454 pm, Cu=4.62) at various cementation levels.

Mixture 1, which had a smaller average grain size, showed the lowest permeability
values of all cementation levels falling in the range between 10 and 107 m/s (Fig. 6a).
The rate of reduction with calcium carbonate content, though, was smaller than that of
poorly graded fine sands. The particle sizes of the two materials were similar, however, a

4 4
10 4 Fine sand 10
»® = Mixture 1 ° >
. A » Mixture 2 — &
810 > » > . © Mixture 3 310 > s
2 > S 2 >
é Ay > e g » e "
> A > > 3 © A
0%, . SEe=aE g0 : E==r
g L F . g . .t
£ . E .
o 10.7 o) 10-7 A Fine sand
a o = Mixture 1
» Mixture 2
- - - . ® Mixture 3
108 10
2 4 6 8 10 12 0.2 0.25 0.3 0.35 0.4
Calcium carbonate content (%) Porosity
@ (b)
5000 5000 i
4 Fine sand A Fine sand
= Mixture 1 = Mixture 1
4000  » Mixture 2 L] 4000 * » Mixture 2
® Mixture 3 L] = ® Mixture 3
S 3000 X S3000 >
=3 = > ° =3 ° > =
8 i 8 g
S 2000 . e S 2000 e
r A A
" > A
1000 . > 1000 s .
. - o o ® L L A
" ¢ by i A
0 LU 0 L
2 4 6 8 10 12 0.2 0.25 0.3 0.35 0.4
Calcium carbonate content (%) Porosity
© ()

Fig.6 Permeability with respect to: a calcium carbonate content (%), b porosity; UCS with respect to: ¢
calcium carbonate content (%), d porosity

@ Springer



A Systematic Study on the Influence of Grain Characteristics. .. 317

small increase in uniformity coefficient allows more efficient packing, lower porosity and,
therefore, a reduction of permeability, even before cementation (Fig. 6b). Mixtures 2 and
3 had higher permeability compared to both fine sand and Mixture 1 because of their sig-
nificantly larger content of particles, which also resulted in smaller porosities between 0.25
and 0.33 (Fig. 6b). However, they had lower permeability compared to coarse sands and
gravel because of the much higher uniformity coefficient and more effective packing. The
trend of permeability of Mixtures 2 and 3 with respect to the cementation level follows the
behaviour of coarse sands. Mixture 3, which had almost the same uniformity coefficient as
Mixture 2, but much larger particle sizes, essentially shows the same range of permeability
as Mixture 2, indicating that the uniformity coefficient is more dominant than the grain
size. The two mixtures overlap in their common region of porosities as shown in Fig. 6b.

The strength enhancement was more pronounced in Mixture 1 compared to specimens
with fine sand as the base material (Fig. 6¢). The average grain was of similar size, so
the difference can be attributed to the variations in the uniformity coefficient. The trend in
strength with respect to cementation level was similar to that of fine sands at low carbonate
content, however, it deviated above 8% cementation. Mixture 1 was cemented more effec-
tively at low cementation levels and specimens showed measurable strength even at 2%
cementation. Fine sand at 4% cementation was still relatively unstable, with low strength
(200 kPa).

Mixtures 2 and 3 need progressively higher cementation than Mixture 1 to achieve
measurable strength (Fig. 6¢). However, the rate of strength increase was more pronounced.
The results showed that UCS values with respect to degree of cementation were similar
but for mixture 3 shifted by about 2%, in the right, to achieve the same strength (up to
4000 kPa). The effects of the spread of the PSD on UCS and porosity of the bio-cemented
materials are shown in Fig. 6d, where even a small increase of the uniformity coefficient
results in a significant reduction of porosity (fine sands have a porosity of 0.35-0.4, Mix-
tures 1,2 and 3 have a porosity in the range between 0.2 and 0.33).

The distribution of porosity across the height of the specimens of the three mixtures was
less uniform (Fig. 7) compared to the fine to coarse sands (Fig. 5). Mixture 1 shows a mar-
ginal trend of increasing porosity across the height of the specimen. Its pore network was
very narrow with volumes of voids between 2 and 5x 10~ mm? and the observed gradient
might be related to the flow reduction during treatment due to the initially lower porosity of
the uncemented material. The distribution of pores was wider with smaller peaks and the
pore volume was larger in Mixtures 2 (0.3-2 X 10 mm?) and 3 (0.5-4 x 10~ mm?), since
the grain sizes and the uniformity coefficients were larger. Mixtures 2 and 3, have narrower
pore size distributions compared to the very coarse uniform sands because of the higher
uniformity coefficient.

4.3 Grain Shape

Three pairs of base materials were used for this investigation. The first pair included fine
sands of sub-rounded shape and fine glass beads with average particle size of about 240
um and uniformity coefficient of 1.32—1.33. The second pair included coarse sands of sub-
rounded shape and coarse glass beads with average particle size of about 1180 um and uni-
formity coefficient of 1.29—-1.33. The third pair examined two sands of similar average par-
ticle sizes (371-450 um) and of similar uniformity coefficients, but one had sub-rounded
particles and the other angular.

@ Springer



318 C. Konstantinou et al.

Height (mm)
3
RIIEIN 9=

6
o 612
| Mixture 1
! {ZiMixture 2
X2 03 o4 o5 5 #Mixture 3
Porosity (%)
Mixture 1
o 4
J ®
E
5\ 33
T S
£ { (&)
=100 |
$ | 2
E 4
i
f 1
20
: 02 03 04 05
Porosity (%)
Mixture 2 0o
0
5
’é‘ {
£ \
=0 |
g\
b
15 1
\
20
0.2 03 0.4 05
Porosity (%)

Mixture 3

Fig. 7 Porosity distribution across the height of the samples and histograms demonstrating the pore size
distribution for the three mixtures of sand

The main difference between base materials with different particle shape relates to
packing density. Angular particles are more likely to have more contacts than spheres,
especially monodispersed spheres. On the other hand, spheres tend to make very dense
packings because of this. Angular particles can form more open, less dense structures.
Vibration densifies them, but the assemblies are still more likely to have a higher poros-
ity than spheres because of the role of asperities in enabling more open structures. Fig-
ure 8a shows the permeabilities of glass beads and sub-rounded sands at two particle sizes
(the first two pairs). The fine spheres did not show any deviation from the fine subrounded
sands in terms of permeabilities, as they showed a very similar trend with values between
107° and 1077 m/sec. The same behaviour was observed at larger grain sizes (similar trend
and range of permeability between (107° and 10~ m/sec) indicating that the behaviour was
controlled by the pore sizes rather than the particle shapes. The permeability of fine sands
and glass beads are similar with respect to porosity also overlapping in the range between
0.33 and 0.37 (Fig. 8b). The permeability of coarse sands shows a different rate of increase
with respect to porosity compared to glass beads, which were more scattered giving a
larger range of final porosities.

Although they had the same reduction in permeability as fine sands, cemented glass
beads showed lower strength compared to sub-rounded sands within the whole range of
tested cementation levels (see Fig. 8c). The results are similar when comparing grain
shapes at larger grain sizes. The precipitation patterns in both materials, coarse glass beads
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Fig.8 UCS with respect to: a calcium carbonate content (%), b porosity for fine glass beads and UCS with
respect to: a calcium carbonate content (%), b porosity for coarse glass beads

and very coarse sands, were very similar despite the differences that would be expected on
surface bonding of carbonate on glass beads and on quartz; some crystals nucleated and
grew on the surface of the particles and some on the contacts between the particles (Kon-
stantinou et al. 2021a, b, ¢). Glass beads had lower UCS than corresponding rounded sands
within the range of cementation levels investigated in this study. This is because glass was
smoother and particles were round, so the failure tended to accrue at the glass-cement
interface. The UCS of coarse glass beads over UCS of coarse sand ratio is similar to the
UCS of fine glass beads to UCS of fine sand ratio at any carbonate content.

The UCS with respect to porosity results (Fig. 8d) were once again similar for both
groups of grain sizes, however, as expected for the coarse particles the porosities were
lower. The glass beads’ porosity was also slightly lower compared to subrounded grains
of the same grain size because of the denser packing that can be achieved. In addition,
there is likely a difference in surface roughness as sand would be expected to have a higher
particle-to-particle friction. The pore sizes of the glass beads, fine or coarse, were smaller
compared to the subrounded sands are shown in the histograms of the pore size distribu-
tions shown in Fig. 9a, b. The two types of granular materials, glass beads and subrounded
sands, had the same pore size distribution shape, while the porosity was more uniform
across the height of the specimens for glass beads.

The third pair included a sub-angular grain base material contrasted to medium-grained
sands with almost identical average particle sizes and uniformity coefficients. The reduction
in permeability was similar across the sub-angular and sub-rounded sands (Fig. 10a), although
the angular sand had higher permeability. The final product derived from cementation of
angular sands had much higher porosity, in the range between 0.38 and 0.42, while the sub-
rounded grained sands had a range between 0.32 and 0.38 (Fig. 10b). The slope in the plots of
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permeability with respect to porosity are the same for the two materials tested. The porosity
profile of angular sands across the height of the specimens, provided higher variations as seen
in Fig. 9c, while the pore size network distributions deviated substantially from the behaviour
seen in most of the cases investigated. The subrounded sands reached higher strengths com-
pared to the angular sands mostly because of the effect of shape on fabric (Fig. 10c). Angular
particles stabilise in very open arrangements and can achieve stable fabrics at higher porosity
than subrounded sands and glass beads.

5 Discussion

The base material significantly affects the mechanical and physical properties of the gener-
ated bio-cemented specimens. This study focuses on three of the most important properties
which are widely used in the fields of hydrology, groundwater investigations and geotechni-
cal engineering, namely, permeability, porosity, and strength. The effects of the grain size,
spread of PSD and grain shape on permeability, porosity and strength are discussed in the cur-
rent section. All three parameters are also affected by the carbonate precipitation patterns. The
conjugate changes and combinations of the three properties are assessed and compared with
the values presented for weakly cemented sands found in the literature as these materials could
serve as a proxy for natural granular media.
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5.1 Porosity and Pore Space

As the grain size increases the distribution of the pores becomes wider presenting
smaller peaks (frequency of pore volume). Gravel showed porosity that varies signifi-
cantly across the height of the specimen which is due to the very large grains that gener-
ate a pore network which is highly uneven. This is also reflected in the pore size distri-
bution since gravel showed the wider distribution across all granular materials.

The pore network is significantly affected by the spread of the PSD. Even a small
increase in the uniformity coefficient causes a high reduction in porosity. The pore size
distribution is narrower with higher peaks as the uniformity coefficient increases. For
example, Mixture 3 with higher D5, than the one of very coarse sand showed a narrower
pore size distribution. This affects the flow of bacteria and chemical solutions during
MICP treatment and hence the precipitation patterns which then influence the resulting
properties.

The porosity is smaller in glass beads because of the denser packing, shifting the pore
size distribution to the left where smaller pore volumes exist while the angular sand pro-
vided much higher variations in porosity. This irregularity is reflected in the pore distribu-
tion diagram (Fig. 9).

5.2 Strength

The strength of cemented materials depends on the number of contact points and on the
location of the cementation. The higher the number of particles in a set volume (hence
number of contact points) is, the higher the distribution of the stresses is within the granu-
lar matrix and thus, each particle experiences lower stresses. When cement is located at
these contact points, it acts like glue, bonding the particles together. The strength of the
bonds depends on the amount of cementation located around those contact points (effec-
tive cementation). In such case, the uncemented contact points become the weaker points
between the particles. When particles are very large, higher probability exists of carbon-
ate crystals nucleating on the surface of the particles providing less effective cementation.
Thus, it is likely that a large portion of the precipitated cementation will land on less effec-
tive locations contributing less to strength enhancement. Whilst more contact points would
provide more effective locations for cementation, too many contact points require larger
overall amount of cementation in order to enhance strength because any un-cemented con-
tact points create a preferential path of failure once compression is applied. Also, cementa-
tion can become random since flow during treatment is diverted from more densely packed
areas to areas with less cementation.

The very coarse sands with an average particle diameter of 1820 um had a lower num-
ber of particles, but more surface grain area providing more ineffective candidate spots for
cementation. Therefore, the strength was consistently lower at any given cementation level.
The very fine sands provided more contact points between the particles, offering more
effective cementation locations, however, they had lower strength compared to fine sands.
If there are many contact points to be cemented, then there will be inevitably some left
without cementation support, hence, they would form weak points for a failure to occur,
unless very high cementation is provided (above 10%). The fine to coarse sands provided
the highest strength due to the balance between the absolute number of contact points and
the ratio of contact points over surface grain area.
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An increase in the uniformity coefficient results in the generation of more contact points
and in the reduction of pore sizes, which in turn results in lower fluid flow through the
porous medium during the MICP treatment procedure. Therefore, mixtures with larger
particles and a wide PSD obtained better strength enhancement (large particles provide
fewer contact points but this is compensated by the wider PSD which reduces the chances
of cementation depositing on the particle surfaces). In materials with similar uniformity
coefficients, but different grain sizes, larger cementation levels were required to achieve
the same strength. This is because of the larger probability of cementation depositing on
contact points between particles and not at the surfaces as the grains were smaller in size.

Particle shapes have very specific effects on the resulting mechanical properties. The
grain shape that provided the higher strength is sub-rounded with spherical particles hav-
ing too many contact points and angular particles not enough contact points. The angular
particles have already an initial strength before any application of cementation due to inter-
locking. Cement provides an increase in strength, but interlocking is more effective (i.e.,
limited strength gain with cement increase).

5.3 Permeability

Permeability decreases significantly when the cement is found on the contact points and
reduces the size of pore throats. For a material with higher number of particle-to-particle
contacts, it is harder to reduce permeability since there are many contacts to be cemented.
Such materials provide self-regulation of flow through paths with larger pores and pore
throats which are likely to un-cemented particle contacts.

As the grain size of a packed bed of solids increases, the permeability is expected to
increase also. For example, the Kozeny—Carman equation includes a squared average par-
ticle diameter in the nominator of the empirical equation. The same trend was observed for
the cemented very fine to coarse sands of this study. The trend in reduction of permeability
when more and more cementation was added to the base material was similar across these
sands.

Very coarse sands and gravel did not follow the same trend showing a less controlled
reduction. The precipitation of carbonate in very coarse materials is mainly on the surface
of the particles rather than the contacts among the particles (Konstantinou 2021; Konstan-
tinou et al. 2021a, b, ¢). The permeability then would not be expected to be reduced sig-
nificantly. Despite this, the significantly lower number of contact points results in fewer
options of flow paths which explains the rapid reduction of permeability in very coarse
particles at lower cementation levels.

Gravel, which can only be compared to very coarse sand (both are considered ineffec-
tive for MICP treatment) shows larger reduction in permeability compared to very coarse
sand, mainly because of the lower number of available flow paths. Gravel has an erratic
pore distribution and randomness due to the very large grains providing very random paths
for fluid flow. This is equivalent to having small pipes for flow and a few large pipes domi-
nating the flow.

The permeability with respect to the cementation is lower when the base material has
wider spread of PSD, because of the narrower initial pore space distribution before applica-
tion of cementation. The trend in permeability reduction with respect to carbonate content
is lower compared to more uniform sands because there are too many narrow flow paths
to be cemented (and essentially close) when a higher number of contact points exists. This
is the case for a granular material with a wide PSD. The absolute value and reduction of
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permeability of two materials with similar uniformity coefficients but different grain sizes
is the same, showing that the dominant factor that controls the flow is the spread of the
PSD. Although the material with the smaller grain sizes had more contact points, it pro-
vided more flow path options compared to the one with larger grain sizes. At the same
time, the latter had a lower ratio of contact points over surface grain area so a portion of the
cementation is consumed on the surface of the grains, leading to a lower rate of reduction
of permeability.

Although the sphericity of the particles is known to inhibit the flow (i.e., Kozeny—Car-
man equation), significant permeability differences were only observed in the case of angu-
lar sand in which the same reduction trend was observed with respect to the cementa-
tion level but shifted towards the higher permeability values. Fine and coarse glass beads
behaved in a very similar manner to fine and very coarse subrounded sand showing that
the dominating factor is the grain size in this case. The flow paths are affected by the grain
shapes to some extent, however, the addition of cementation causes proportional reduction
of permeability in either spheres, sub-rounded and angular sands.

5.4 Comparison of Properties of Artificial Specimens with Natural Sandstones

By varying the base materials, bio-treated specimens with various combinations of UCS,
permeability and porosity are achieved covering a wide spectrum of properties as shown
in Fig. 11, where UCS and permeability are plotted with respect to porosity. The poros-
ity falls in the range between 0.2 and 0.45, while a UCS reaches a maximum value of
approximately 4200 kPa. Permeability falls in the range between 107 and 1078 m/s which
coincides with the permeability range of soils to weakly cemented sands. Figure 11 pre-
sents also pairs of UCS and porosity, and of permeability and porosity values found in the
literature. The widest trends identified in this study are also presented, bracketing the grey
area and highlighting achievable strengths, permeabilities and porosities. A large portion
of pairs reported in the literature fall in the region of achievable properties providing suf-
ficient similarity with the average natural behaviour.

6 Conclusion

The selection of the base material in an MICP procedure contributes to delivering reli-
ably artificially cemented soils of good quality and of various combinations of engineer-
ing properties which could be used as a proxy for natural weak sandstones or for design-
ing field applications related to soil strengthening and controlled reduction of permeability
based on the initial properties of the porous medium. This study investigated systematically
the effects of the material’s intrinsic properties on permeability, strength, and porosity of
the bio-treated specimens utilising twelve base materials with various characteristics (grain
size and shape, spread of the particle size distribution) across various cementation levels
using a common MICP formulation to isolate the effects of those characteristics.

It is shown that better strength enhancement is achieved for bio-treated specimens with
average grain sizes falling in the range between 180 and 890 pm registering values of UCS
of about 500-2000 kPa across the cementation levels studied and final porosities from 0.28
to 0.38. Such grain sizes also allow for more control over permeability reduction provid-
ing more flow paths which are not very narrow. The optimum average grain size is 450 pm
(moderate amount of contact points between particles), giving a UCS of about 2000 kPa
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and a permeability of 107 m/sec at 7.5% cementation while at 8.5% UCS is 2500 kPa and
permeability is 8%10™> m/sec.

Whilst more contact points provide a higher number of effective locations for cemen-
tation (e.g., very fine sands with an average particle size of 100 pm), too many con-
tact points require more cementation to improve strength because any un-cemented
contact points create a preferential path of failure during compression giving a lower
strength. Very fine sands with an average particle size of 110 pm provide strength of
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about 700 kPa at moderate cementation. Permeability decreases drastically when the
cement is located on the contact points. For very fine sands, with more contact points
across the particles, it is harder to reduce permeability since there are many contacts
to be cemented, reducing permeability to about 51077 m/sec (about only 5 times com-
pared to the permeability of uncemented sand). Such materials provide self-regulation
of flow through paths with larger pores and pore throats which are likely to un-cemented
particle contacts.

Very coarse sands (Ds, of 1810 pm) provide lower contact points between particles
and hence a lower number of effective locations giving a lower strength (about 1000 kPa
at 8% cementation) and show a less controlled reduction of permeability (10~ m/sec at
8% cementation, a reduction that is sudden and starts at very low cementation levels).

The grain shape does not affect much the resulting strength permeability, though sub-
rounded sands are optimum for strength gain and permeability control as fine spheres
and fine sands show a very similar trend with values between 10~ and 1077 m/sec while
the same behaviour is observed at larger grain sizes (similar trend and range of perme-
ability between 107 and 10~ m/sec). The UCS of glass beads is slightly lower than the
one of corresponding rounded sands within the range of cementation levels investigated
in this study.

Wider PSDs provide also better permeability control and strength enhancement as
long as the number of contact points remains within the medium range. This can be
achieved by mixing larger grain sizes at the aimed uniformity coefficient. Very high
values of UCS up to 4000 kPa can be achieved with relatively high permeabilities
(5107 to 107 m/sec) and porosities of about 0.25-0.33, provided that a larger amount
of cementation exists. When the number of contact points remains large (i.e., mixture
1 with average particle size 371 pm) large permeability reduction is observed (values
between 107 and 10~® m/sec).

The MICP process is proven to be successful for materials that have been tradition-
ally considered as inappropriate candidates for bio-cementation while various com-
binations of strengths, permeabilities and porosities were achieved. This study can
potentially be useful to designing bio-treatment programs for controlled permeability
reduction and strength enhancement in many hydraulic, hydrological, and geo-environ-
mental engineering applications in shallow to moderate soil depths.
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