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Abstract: Fluid injection in a porous medium is the underlying mechanism for many applications
in the fields of groundwater hydraulics, hydrology and hydrogeology, and geo-environmental
engineering and in the oil and gas industry. Fluid flow experiments in porous media with a viscous
fluid at varying injection rates were conducted in a modified Hele-Shaw setup. The granular media
were three-dimensional bio-cemented sands of various grain sizes across various cementation
levels, generating a matrix of various hydraulic conductivities, porosities, and strengths. The fluid
injection experiments showed that a cavity-like fracture developed, which transitioned to crack-like
fractures at higher cementation levels (hence, higher strength). As the flow rate increased, less
infiltration was evident and higher breakdown pressure was observed, with propagation pressure
reducing to zero. It was harder to induce an opening in cemented specimens with higher hydraulic
conductivity and a larger pore network despite their lower strength due to excessive infiltration
dominance, which inhibited the build-up of pressure required to generate a fracture. The results of
this study suggest that, when designing fluid injection programs, the combined effects of hydraulic
conductivity and strength need to be carefully considered.

Keywords: flow in porous media; groundwater hydrology; hydraulic conductivity; strength;
porosity; pore network; infiltration; fracture; bio-cemented sands

1. Introduction

The injection of a fluid into a porous medium is required for many applications in
the fields of groundwater hydrology, hydraulics and hydrogeology, and geo-
environmental engineering and in the oil and gas industry. Proposed methodologies for
fluid injection into a porous medium need to ensure the safety, effectiveness of operations,
and minimisation of any potential environmental impacts and of the risk of infrastructure
failure. The interaction between soil or a rock matrix with the chosen fluids are critical for
each application, and the relevant parameters need to be tuned accordingly. Applications
in which fluid flow in porous media is the underlying mechanism include hydraulic
barriers or fluid injection for the remediation of groundwater contamination and water
decontamination, flow through leaching to groundwater, artificial ground freezing to
contain groundwater, CO: sequestration, groundwater drainage through the fluidisation
of sands, or any other changes in groundwater level during recharge or discharge. Other
examples of fluid injection events into an aquifer include disposal, managed aquifer
recharge (MAR), aquifer storage and recovery (ASR), and the transportation of various
fluids in the subsurface [1-8].

Typical experimental setups used to investigate these applications are Hele-Shaw-
like cells, which are small in size. For example, numerical Hele-Shaw investigations and
experiments have been conducted to study the hydraulics of a well pumped with a
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variable discharge [9], fluid drainage through fractured media [10], fingered flow through
sand [3], fluid-soil interaction [11], and the characteristics of the gas-injection barrier in
two-dimensional porous media to understand the unexpected inflow mechanisms of
groundwater in an unwanted area [12]. The majority of experiments that examine the
effects of flow at the grain scale and any potential alterations of the characteristics of the
soil-groundwater system are usually conducted in small size experiments at the meso-
scale [7,13-16]. Transient flow problems are usually conducted in a similar scale [5,8,17].

The characteristics of the fluid flow differ depending on the physical and engineering
properties of the granular matrix and the composition and viscosity of the injected fluid.
These parameters are chosen depending on the target of each application (whether the
target is a fracture or uniform replacement of pore fluids, i.e., infiltration) and the depth
of the operation (soil/rock/fractured rock) [18,19]. Viscous fluid injections are conducted
to investigate groundwater remediation through the release of agents or environmental
carriers into an aquifer (suspensions of soluble particles, slow-release compounds,
emulsified oils), for disposal via the transportation of fluids, or for disposal via hydraulic
fracturing to increase storage. Typically, Hele-Shaw experiments also make use of viscous
fluids to investigate fundamental topics in hydrological applications, such as the ones
described previously. The results are normalised with respect to the viscosity of water via
dimensional analysis. Experiments with viscous fluids are also conducted to simulate and
understand any unwanted flows, such as the flow of contaminants within the aquifer, and
to understand the flows in fractured media, commonly found in soils that store
groundwater.

When injecting fluids in rocks, fractures are created, accompanied by a leak-off when
the formation is permeable. Fluids are often loaded with particles that generate a filter
cake in the formation to reduce leak-off. In soils, when clean fluids are injected, significant
matrix flow is observed (uniform infiltration), and instead of fractures, cavities are
developed due to the dislocation of particles (cavity-like fractures) [20]. When fluids are
loaded with particles, the failures are characterised as fractures; however, the underlying
failure mechanisms are different from those in competent rocks (crack-like fractures)
[21,22].

The listed applications take place mainly in weakly cemented porous media because
of their larger pore networks, which, for example, can store oil and gas but also CO2 or Hz
while it can be used for transportation of various fluids [23-26]. Weakly cemented porous
media describe a wide range of materials representing a transition between soils and
rocks, sharing common characteristics with both. Such materials have a very high
permeability (up to 2000 mD), a larger porosity (0.2-0.4), and weaker bonds between
particles compared to hard rocks, resulting in lower strength (unconfined compressive
strength -UCS- up to 3 MPa) [27,28]. The quantification of such properties (pore network
at multiple scales, hydraulic conductivity) that are essential to many hydrogeological
problems, although studied extensively, still remains a challenge and imposes further
restrictions on understanding fluid flow processes in weakly cemented porous media [29-
35].

While competent and dense rock has been extensively studied [36-39], the behaviour
of weaker, transitional materials is still not well understood since such weakly cemented
materials (found in shallow to intermediate depths underground) have been rarely
characterised under certain fluid injection regimes (e.g., radial-uniform flow, viscosity
dominated, viscous drag-dominated, grain displacement or fracturing, non-invasive
fracturing capillary dominated and viscous dominated regimes) [40—42].

Previous studies show a strong correlation between failure mechanisms and fluid
injection regimes during the injection event and the flow rate, confining stress magnitude,
fluid rheology, the anisotropy of confining stresses, and properties of the granular
material [21,33,43-50]. The weak bonds across particles fail under low fluid flows, and the
particle clusters tend to disaggregate at the grain scale. Therefore, cohesion (strength)
plays an important role in fluid flow in porous media. Previous experimental works
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suggest that such poorly consolidated materials are likely to remain in compression even
at the crack tip [21,47,51]. High flow rates could cause high hydraulic pressures and
anisotropy in the flow regime, which in turn causes soil shearing via the dislocation of
particles or tensile fracturing due to expected non-elastic deformation components [52,53].

Fracture-like patterns in such materials are described as a main conduit with multiple
offshoots (i.e., small branches, often seen only on one side of the fracture), either chaotic
or dendritic [21,47-50,54-56]. Huang et al. [55] conducted experiments on cohesionless
sand with clean fluids, varying the flow rates and fluid viscosities, and identified four
flow regimes, while Chang [21] used fluids with particles and described the developed
‘fractures’ as bevelled, rounded, and fingered.

The effect of permeability was found to be much stronger than that of strength
contrasts in many studies [48,57]. High permeability zones affect flow dynamics, inducing
excessive infiltration and causing rapid dissipation of the pressures. Hence, the fracture
conductivity in weakly cemented soils is susceptible to the variations of the effective
stresses [58]. Rhett and Teufel [59] argued that the maximum horizontal permeability is
influenced by stress ratios and the orientation of the maximum horizontal stress. In
cohesionless sands, smaller fractures, or rather openings, are created to bypass
impairment, and much of the fluid injection may be under matrix (infiltration) rather than
fractured conditions [48,57]. Fractures would also preferentially be induced into lower
permeability formations [50]. It is important, therefore, to understand the hydraulic
properties, porosity, and flow processes in such weakly cemented materials [60].

The goal of the present research was the investigation of the effects of weakly
cemented porous media properties (strength, porosity, hydraulic conductivity) and of the
flow rates of the fluid flow during injection experiments (fluid infiltration/fracture
response), utilising a 3D modified Hele-Shaw setup. Bio-cemented granular material
specimens of various cementation levels were used within an experimental program for
injection at various rates with a fluid of constant viscosity. The specimens were generated
via microbially induced carbonate precipitation (MICP), a bio-cementation technique in
which the end-product is calcium carbonate acting as a glue between the particles. As
discussed by Konstantinou et al. [28], the artificial specimens sufficiently resembled
weakly cemented sandstones and could be used as a proxy in laboratory testing. These
materials are representative of soils that are found in intermediate depths.

2. Materials and Methods

A parametric study was first conducted on artificially generated specimens to assess
the strength, porosity, and hydraulic conductivity across various cementation levels and
across various base materials. This study included twelve base materials; however, in this
research, only the findings related to the base materials used for fluid injection
experiments are presented. The diameter of the generated specimens used for the
parametric study was 35.4 mm, and the height of the specimens was 71 mm. This step was
necessary to relate the physical and mechanical properties of the cemented materials to
their cementation level and, later on, with the infiltration and fracturing behaviour of the
fluid injection experiments. The fluid injection experiments, which are the main
component of this study, were conducted with specimens of 70 mm diameter and 20 mm
height.

2.1. Base Materials

Various bio-cemented granular media were used across various cementation levels.
These include glass beads and subrounded sands of various grain sizes (Fraction A to D).
The particle size distribution (PSD) curves are shown in Figure 1. All materials were
poorly sorted, as they possessed a low uniformity coefficient.
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Figure 1. The particle size distributions (PSDs) of the base materials used in this study.

The methodology for the generation of the artificially cemented granular materials
and their physical and engineering properties are presented in detail in [27,28,61,62]. The
cementation level was between 3 and 10% (g of calcium carbonate/g of specimen),
providing a wide range of strength, porosity, and hydraulic conductivity values and
sufficiently representing the properties of weakly cemented natural sandstones as
suggested by [27,28]. MICP was used to cement the cohesionless sand. This is a two-step
bio-cementation technique that utilises urease, producing bacteria to build carbonate
cementation around the grains. To generate the bio-treated specimens, the uncemented
sand was first placed in cylindrical moulds that were 35.4 mm in diameter. Then, the
bacterial solution (BS) was injected into the sand, while, in the second step, the
cementation solution (CS) was added in the form of multiple injections. For example,
approximately 15 injections of cementation solution were required to achieve 8%
cementation.

The bacterial and cementation solution components are given in Table 1. Once grown,
the bacterial strains were suspended into the BS until they reached an optical density
measured at a wavelength of 600 nm, ODso, between 1.5 and 2. The average urease activity
was 0.8 (mM urea/h)/OD. The injection method was from top to bottom via gravity
saturating the specimen. The saturated specimen was given a 24 h retention time before
proceeding to the next injection. During an injection event, the preceding solution was
allowed to drain out, and a fresh solution was simultaneously injected into the specimen.
Once 1.1 pore volumes of solution had accumulated at the outflow, the flow was stopped,
leaving the specimen saturated with the new fluid. The only parameter allowed to vary
across specimens was the number of injections, resulting in different cementation levels.

Table 1. The characteristics of bacterial and cementation solution injections.

Chemical Component Concentration
Yeast extract 20 g/L
Bacterial solution (BS) Ammonium sulphate 10 g/L
Tris buffer 013 M
Calcium chloride 025M
Cementation solution (CS) Urea 0.375 M
Nutrient broth 3g/L

2.2. Assessment of Physical and Mechanical Properties of Bio-Cemented Sands

The assessment of the physical and mechanical properties was conducted utilising
specimens with a 35.4 mm diameter and a height of 71 mm according to Konstantinou
[27]. Unconfined compressive strength (UCS) was measured with displacement-
controlled loading at a rate of 1.14 mm/min according to ASTM (2004) [63], and the
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hydraulic conductivity (HC) was measured with falling head tests in rigid wall
permeameters after flushing three pore volumes of de-ionised water. It was assessed
multiple times until the last three measurements agreed. The final porosity was calculated
with the following equation:

e
=1-——
n Gs

An equivalent specific gravity (Gs) was utilised that takes into account the specific
gravities of the individual minerals present based on the relative volume fraction [64]:

Gy = ti%, where W,y is the total dry weight of the granular medium, w; and w,

Gs1 Gs2
are the weight of quartz and carbonate, respectively, and Gs;and G, are the specific

gravities the of quartz and calcium carbonate, equal to 2.65 and 2.71, respectively.

2.3. Experimental Setup of the Fluid Injection Experiments

Hele-Shaw experiments are usually conducted with viscous fluids and mainly with
glycerine because of the practicalities of the process [9,10,55,65]. The viscosities are
expressed as dimensionless terms through dimensionless analysis, making the findings of
such experiments applicable to a range of different properties. Water and pure glycerine
have similar surface tension values; therefore, the effects and mechanisms are expected to
be similar across the two fluids.

The fluid injection experiments were carried out with a modified Hele-Shaw cell
accommodating a dry specimen with a thickness of 2 cm and a diameter of 7 cm,
representing a three-dimensional porous medium (Figure 2). The injection point was
located at the centre of the cell, 1.5 cm above the bottom, generating radial flow towards
the outer free flow boundary. No confinement was applied indirectly or directly on the
bio-cemented granular material. Fluid viscosity remained fixed across all tests. Therefore,
the infiltration, initiation, and propagation pressures were dependent on the strength of
the sample, hydraulic conductivity, and flow rate.

70 mm

Camera

Fluid e l— ]

Injection

|

I

wwoz. 1
—>i
;uxv.ug[i

Top view Side view
Figure 2. Schematic of the modified Hele-Shaw cell and the experimental setup.

Tests were recorded with a camera capturing 60 frames per second, placed above the
specimens. A syringe pump, with a maximum capacity of 400 mL/min and a maximum
allowable pressure of 4 MPa, was used to inject the fluids. The pressure profiles were
recorded during each test.
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2.4. Experimental Program

The experimental program of the fluid injection experiments is presented in Table 2.
The fluid used in all experiments was a mixture of 90% glycerine and 10% water by
volume with a viscosity of 178 mPaes. First, fluid injection experiments were conducted
on bio-cemented fine sands across various cementation levels (between 3 and 8%) at
constant flow rates of 30, 100, 200, and 400 mL/min. Then, bio-cemented glass beads and
medium-grained sands with various cementation levels (4% to 8%) were introduced, with
the same constant flow rates as before. The fracture patterns and the pressure profiles
from these experiments were investigated, and the mechanical properties of those
specimens were correlated to the peak pressures at which fractures were induced.
Injection experiments on bio-cemented coarse and very coarse sands followed, with
variable flow rates across each test. The combinations of injection rates were also 30, 100,
200, 300, and 400 mL/min.

Table 2. The experimental program of the fluid injection experiments.

Type of Sand Cementation Level Range Flow Rate (mL/min)
3,4,5,6,7,8 30
. 4,5,7,8 100
Fine sand 4578 200
4,6,7,8 400
4,5,7,8 30
4,6,8 100
Glass beads 468 200
4,6,8 400
4,5,7,8 30
. . 4,5,7,8 100
Medium-grained sand 468 200
4,6,8 400
4,5,7,9 30
7 100
Coarse sand 9 200
7,8 100 + 200
9 100 + 300
8 30
8 300
Very coarse sand 5,8,10 400
8 100 + 300
8 200 + 300

3. Results and Discussion
3.1. The Physical and Mechanical Properties of the Bio-Treated Specimens

A summary of the properties of interest within the range of cementation levels
examined and the relation of the properties (the fits of the experimental data points) is
shown in Table 3. These results are part of a larger study that was conducted with 12 types
of sands, which is presented in Konstantinou 2021 [27]. In this research, only the
properties of the five types of sands of interest are presented, which aids the interpretation
of the fluid injection experiments, the main purpose of this study. First, the fits of the
unconfined compressive strength (UCS) are shown with respect to the cementation level
(Cw), then the fits obtained for UCS and porosity (n), and, finally, the hydraulic
conductivity (HC) with respect to the cementation level.
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Table 3. The fits of the mechanical and physical properties of the bio-treated specimens.

Type of Sand Fit R-Squared
Fine sand UCS =56.911exp(0.4018Cw) 0.88
Glass beads UCS = 5.8203exp(0.5835Cw) 0.98
UCS={(Cw) Medium-grained sand UCS = 91.073exp(0.3847Cw) 0.96
Coarse sand UCS =29.925exp(0.4801Cw) 0.97
Very coarse sand UCS = 56.544exp(0.3568Cw) 0.90
Fine sand UCS =0.0888n8715 0.67
Glass beads UCS = 0.0077n1017 0.78
UCS=f(n) Medium-grained sand UCS =0.0045n"11-53 0.98
Coarse sand UCS = 0.00078n9903 0.88
Very coarse sand UCS =0.0053n526 0.84
Fine sand HC = 0.0006exp(—0.66Cw) 0.98
Glass beads HC = 0.0002exp(-0.715Cw) 0.68
HC=£(Cwv) Medium-grained sand HC = 0.0067exp(-0.887Cw) 0.70
Coarse sand HC = 0.0308exp(—0.883Cw) 0.95
Very coarse sand HC =7*10-%xp(-0.312Cw) 0.64

As described in Konstantinou 2021 [27], medium-grained sands provided the highest
strength across all cementation levels (up to 2 MPa at 8% cementation and 4 MPa at 10%
cementation) followed by fine-grained sands and coarse-grained granular materials. Glass
beads, although having similar grain sizes to fine sands, were much weaker with a range
of strength values similar to that of very coarse sands. Glass beads provided too many
contacts between the particles compared to fine sands, and, as a result, a larger portion of
particle-to-particle contacts remained uncemented in the range of cementation levels
studied, lowering the overall strength. Due to the different base materials utilised, various
combinations of strengths and porosities were achieved.

Coarse sand provided the highest hydraulic conductivity values, followed closely by
medium-grained sand. The lowest values across the range of cementation levels provided
in this study were achieved in bio-cemented fine sand and glass beads, which had very
similar values. Hydraulic conductivity is largely controlled by grain size, which is a
contrast to strength, in which other factors are also dominant. Within the same range of
achievable porosities, the hydraulic conductivity of coarse sands was the highest, while
fine sands and glass beads provided similar values with porosity ranges overlapping to a
great extent.

3.2. Fluid Injection Experiments

Figure 3 shows the snapshots of the fractures after the failure initiated and right
before the fluid injection test was concluded in fine bio-cemented sands. The images are
presented in ascending order (left to right) based on the cementation levels. The flow rate
increased from 30 to 100, 200, and 400 mL/min from the top (row a) to bottom (row d). In
most of the tests conducted with a flow rate of 30 mL/min (row a), the fractures were not
axi-symmetric, while a circular cavity appeared at first with or without further damage,
depending on the degree of cementation. At low cementations (tests al and a2), cavity-
like fractures developed more gradually compared to the crack-like fracture responses
obtained at higher cementation levels (tests a3 and a4). Specimen al had the lower
cementation level and disaggregated the grain scale. Grains were displaced in clusters in
tests a2 and a3. A clear crack-like fracture was only evident at the highest cementation
level (test a4). The strength of the samples played a more important role compared to the
hydraulic conductivity differences that may have occurred due to the differences in the
cementation level.
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Figure 3. Example snapshots of the fractures immediately after the failure appeared during
glycerine injection experiments in fine bio-cemented sands across various cementation levels (3% to
8%, increasing from left to right) at (a) 30 mL/min, (b) 100 mL/min, (c¢) 200 mL/min, and (d) 400
mL/min.

Features became more pronounced as the flow rate increased, with grains moving in
clusters for lower cementations in all flow rates. As the flow rate increased (moving down
from row a to row d), the infiltration zone became smaller and more symmetrical and the
fractures appeared to grow ahead of the infiltration zone. The breakdown pressures
continued to grow once a crack or cavity appeared, and the degree of damage was of
larger extent, resulting in a sudden fracture extending further away from the infiltration
zone. This behaviour was not captured in any tests presented in the literature, as the
infiltration zone always was interpreted as preceding the fracture. However, in most of
the tests in 3D materials presented previously, the fracture was observed after the end of
the test. At 400 mL/min (row d), a process zone was evident, which was around the
fracture resembling the viscosity fingering-dominated regime (regime IV) of the 2D Hele-
Shaw setup experiments by Huang et al. [55]. As in the study of Huang et al. [55], it may
be assumed that the capillary effect is negligible in the presented experiments since the
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capillary number is very small: Ng, = v *n/y, where v is the velocity, n is the fluid
viscosity, and vy is the surface tension. For the test with the largest flow rate (hence, the
largest capillary number), the flow velocity was 26.5 mm/s, while the fluid viscosity was
178 mPaes, and the surface tension was 0.067 N/m, giving a value of 0.07, which is very
small.

Grain displacement mechanisms were less evident compared to the cohesionless
sand tested in Konstantinou et al. [20]; however, cavity expansion was also present in
conjunction with crack-like fractures, resembling branching. Some of the fracture patterns
displayed a fingered-like appearance and were similar to the results obtained in the classic
2D Hele-Shaw setups, where cohesionless sand has been traditionally tested. These
observations are a sign of the presence of mixed mode failures. These effects faded out as
the cementation level increased, with a transition to a more crack-like fracture style.

Examples of three pressure profiles at low, moderate, and high cementation levels at
a flow rate of 30 mL/min are depicted in Figure 4a. As the cementation level increased, the
pressure profile showed a higher and clearer peak with a more pronounced difference
between initiation and propagation pressure. The propagation pressure became stable as
soon as the crack-like or cavity-like fracture opened, and this was the pressure required
to maintain the fracture with a proportion of the injected fluid still infiltrating within the
sample. The propagation pressure of the fracture is directly correlated to the strength of
the sample, as higher strength always resulted in higher pressure. The pressure profile
shapes are comparable to the ones obtained for cohesionless sand [20] because the
pressure was maintained after the fracture opening; however, the cemented specimens’
pressure profiles presented higher peak values.

600 -
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Figure 4. Pressure profiles obtained during glycerine injection experiments: (a) for three specimens
at low (3%), moderate (5%), and high cementation (8%) levels at 30 mL/min, and (b) for the lowest
(3%) and highest (8%) cementation levels at flow rates of 100, 200, and 300 mL/min.

The pressure profiles of the tests conducted with fine sands at higher flow rates (100,
200, and 400 mL/min) for the lowest and highest cementation level are shown in Figure
4b. The breakdown pressures increased substantially as the flow rate increased. At such
high flow rates, once damage occurred within the specimens, the pressure decreased
drastically across all cementation levels. This contrasts with the 30 mL/min pressure
profiles, in which the breakdown and operating pressures were of the same magnitude.

The difference between initiation pressure and propagation pressure also became
more pronounced as the flow rates increased. At the same time, the propagation pressure
lowered significantly when the flow rate was very high because the opening was less
narrow, and fluid leaked through the fracture, lowering the pressure.

Bio-cemented glass beads of similar grain sizes as the fine sands and medium-
grained sands were used to assess the effects of the properties of base materials on the
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transition between infiltration and fracturing behaviour. Essentially, by varying the base
material, a wider range of combinations of strengths and hydraulic conductivities became
accessible. The medium-grained sand specimens had generally higher strength and larger
hydraulic conductivity compared to fine sand specimens in the range of cementation
levels investigated. Fine glass bead specimens had lower strength but similar hydraulic
conductivity compared to fine sand specimens. The testing program was similar to that of
fine sands (low to high cementation levels at 30, 100, 200, and 400 mL/min).

The fracture patterns obtained across various cementation levels and for various flow
rates are presented in Figure 5 for glass beads and medium-grained sands. The infiltration
and fracture responses for both materials were similar to the ones obtained in fine sands.
At low cementations, along with the cavity-like fractures, dislocation of the particles was
also present; while, at higher cementation, the failure was purely tensile. At higher flow
rates, less fluid infiltrated through the specimens.

I N
I H
I N

4% 5% 8% 4% 5% 8%

l —~
o
~

4% 6% 8% 4% 8%

4% 6% 8% 4% 6% 8%

l —
()
~

4% 6% 8% 4% 6% 8%
(d)
Figure 5. Example snapshots of the fractures immediately after the failure appeared during

glycerine injection experiments at 30, 100, 200, and 400 mL/min in bio-cemented glass beads (first
three on the left-hand side) and medium-grained bio-cemented sands (last three on the right-hand
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side) across various cementation levels: (a) 30 mL/min, (b) 100 mL/min, (c) 200 mL/min, (d) 400
mL/min.

The fracture response of glass beads even for the highly cemented specimens is
similar to the patterns obtained for the moderately cemented fine sands (infiltration extent
and crack-like fractures accompanied with particle movement), mainly because the latter
ones possessed higher strengths. On the other hand, the fractures in moderately cemented
medium-grained sands were tortuous and well-defined for moderate to higher
cementation levels. Cavity (or borehole) expansion (cavity-like fracture) was evident in
higher flow rates in this case. This was due to the larger grain size compared to the other
types of sands. The infiltration zones of glass beads and fine sands propagated in a similar
rate, while, in medium-grained sands, the infiltration volume and rate were much higher
due to their higher hydraulic conductivity.

Figure 6 presents the pressure profiles of both types of materials. Figure 6a and 6c
show the pressure profiles for low, medium, and high cementations at 30 mL/min for glass
beads and medium-grained sands, respectively. Figure 6b and 6d present the pressure
profiles of the highest and lowest cementations for the rest of the flow rates for glass beads
and medium-grained sands, respectively. There are many similarities within the pressure
profiles obtained for fine sands. At low cementations, the breakdown and propagation
pressures had very similar values at 30 mL/min. The difference became more obvious once
the cementation level increased or once the damage in the specimen was more extensive.
This is induced when higher flow rates are utilised. In medium-grained sands, the decline
after the peak pressure was smoother; therefore, there was no clear distinguishment
between the breakdown pressure and propagation pressure. This is because the fracture
did not propagate ‘stepwise’.

The pressures were higher in glass beads even though they had lower strength
compared to fine sands, while the pressures obtained for medium-grained sands were
generally lower compared to fine sands. The effects became more pronounced as the flow
rate increased, and for lightly and heavily cemented glass beads at a flow rate of 400
mL/min, the pressure limit of the pump was reached, inducing a fracture. At 30 mL/min,
the peak pressures obtained with glass beads were of similar magnitude across the whole
range of cementation levels. This observation is directly linked to the differences in
porosity and hydraulic conductivity that the base materials had.
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Figure 6. The pressure profiles obtained during glycerine injection experiments for: (a) bio-
cemented glass beads at three cementation levels at 30 mL/min, (b) bio-cemented glass beads at the
lowest and highest cementation levels at flow rates of 100, 200, and 300 mL/min, (c) bio-cemented
medium-grained sands at three cementation levels at 30 mL/min ds, and (d) bio-cemented medium-
grained sands at the lowest and highest cementation levels at flow rates of 100, 200, and 300 mL/min.

Fluid injection experiments were conducted with bio-cemented sands with coarse
and very coarse grains in order to further examine the effects of hydraulic conductivity
and porosity variations and achieve different combinations of strength and hydraulic
conductivity. Bio-cemented coarse sands had smaller strengths compared to the bio-
cemented specimens generated from medium-grained sands but had similar strengths
compared to bio-cemented specimens of fine sands and higher hydraulic conductivity and
final porosity. The specimens generated with very coarse particles as the base material
had the lowest strength across all sands examined in this study in the range of cementation

levels achieved.

Figure 7a shows the tests conducted on medium-sized grains with varying
cementation levels at a flow rate of 30 mL/min. The fractures were crack-like and less
visible with the naked eye in this case, whilst the breakdown pressures (or initiation
pressures, depending on whether a fracture was induced) fluctuated between 127 and 290
kPa. These values were lower compared to the fine sands shown previously falling in the
range between 169 and 698 kPa because of the higher hydraulic conductivity of coarse-
sized grain sands. A significant amount of the injected fluid was flowing through the
pores rather than increasing the pressure required to generate a fracture.



Hydrology 2022, 9, 190

13 of 25

300

250 -

Pressure profile (kPa)
g 3 8

w
<

100 mL/min
7%

4% 5% 7% 9%

(a)

200 mL/min  100+200 mL/min 100+200 mL/min 100+300 mL/min
9% 7% 8% 9%
(b)

Figure 7. Snapshots of the fractures immediately after the failure appeared during glycerine
injection experiments at (a) 30 mL/min with cementation level increasing from left to right and (b)
for various combinations of flow rates in coarse bio-cemented sands across various cementation
levels.

The pressure profiles obtained for relatively low, moderate, and heavily cemented
samples are depicted in Figure 8a for flow rates of 30 mL/min. A clear pressure peak was
observed in the sample with a cementation level of 7% (270 kPa), which then reduced to
about 200 kPa. The specimens with a cementation level of 5% and 7% were damaged to a
greater degree compared to the specimen of lower strength. Even stronger medium grain
cemented sands (cementation level of 9%) did not experience a fracture, as the
pressurisation rate (i.e., increase of pressure over time) was not enough to induce a
fracture since these specimens were stronger. The propagation pressures shown in the
figure are analogous to the strength of the specimens and hence to the cementation level.
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Figure 8. The pressure profiles obtained during glycerine injection experiments in coarse sands (a)
for three specimens at low, moderate, and high cementation levels at 30 mL/min and (b) for the
lowest and highest cementation levels at constant flow rates of 100 and 200 mL/min (7 and 9%
cementation, respectively) and at step-like injections at combinations of 100 + 200 mL/min (7 and 8%
cementation) and at 100 +300 mL/min (9% cementation).
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A test was conducted at 100 mL/min and a cementation level of 7%, which is shown
in Figure 7b. The specimen broke asymmetrically as a crack-like fracture was generated
at the injection point, but it appeared on the surface at a distance from the injection hole.
A stronger specimen at a cementation level of 9% was injected at 200 mL/min, but no
visible fracture was generated. The pressure continued to increase and reached a value of
3587 kPa before the test was stopped (Figure 8b). It is possible to identify possible
initiation and propagation pressures despite the absence of visible fractures; however, the
values were close. A combination of 100 and 200 mL/min flow rates was selected for two
tests in bio-cemented sands of 7% and 8% cementations. A fracture was evident in one of
the two specimens at 1806 kPa at a 7% cementation when the flow rate was 100 mL/min,
and it propagated at 200 mL/min at a lower pressure of about 1200 kPa (see Figure 8b),
whilst the other specimen (8% cementation) did not show any visible fractures. Despite
the fact that this specimen was stronger, the pressures were lower compared to the
specimen that was fractured (Figure 8b). At 100 mL/min there was a clear peak at around
800 kPa, which then reduced to 500 kPa. This seems to indicate that a fracture was
induced, although it was not visible from the window (possibly through particle-cement
bonds), which created a preferential flow path towards the boundaries of the specimen,
explaining the lower pressures. The pressures at 200 mL/min in these two tests were of
similar magnitude (1200 kPa); however, in the damaged specimen (7% cementation), the
pressure showed a declining trend because of the generation of larger fractures. In the
specimen with 8% cementation, the pressure continued to increase in a non-linear pattern
without any obvious peak, showing that the existing ‘micro’ fracture was enough to
increase the hydraulic conductivity of the sample; thus, the fluid infiltrated through the
porous medium. However, if the tests were to continue, more pressure would build up
(because of the rising trend), and the fracture in the specimen would propagate further.

The last test included flow rates of 100 and 300 mL/min utilising a strong specimen
(9% cementation). No cavity-like or crack-like fractures developed; however, the pressure
reached the value of 4000 kPa, and the test was stopped since this was the maximum
allowable value for the pump system. The pressure profile is also shown in Figure 8b. The
pressure profile was not stable, as when it reached the first local peak at 100 mL/min, it
continued to increase to reach another peak at around 1900 kPa. Once it was stabilised at
1600 kPa, the flow rate was increased at 300 mL/min, causing the pressure to escalate at
2600 kPa, which then increased up to 4000 kPa, where the test was stopped.

Since it was harder to induce a fracture in coarse-grained specimens, the
experimental program in very coarse sands included one test at 30 mL/min with 8%
cementation, another one at 300 mL/min with 8% cementation, and three tests at a flow
rate of 400 mL/min (5, 8, and 10% cementation). No fracture was induced in any of those,
even for the strongest specimen. Figure 9 shows examples of snapshots of the window of
coarse sand specimens once the test stopped. The strength and hydraulic conductivity
combination in this case was such that the fluid preferred to flow within the granular
medium and fill the pores.

Figure 9. Example of snapshots of the window of coarse sand specimens once the test stopped with
no fractures being induced in coarse bio-cemented sands across various cementation levels.

The pressure in all cases reached a plateau, and the fluid infiltrated through rather
than inducing a fracture (Figure 10). At a flow rate of 30 mL/min, the pressure increased
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up to 300 kPa approximately and then decreased linearly (Figure 10a). This would indicate
a fracture; however, no evidence of this was present in the observation window. The
sample with a flow rate of 300 mL/min showed a local maximum; however, the post-peak
pressure increased to a higher value than the peak pressure. The post-peak pressures of
the tests at 300 mL/min and 400 mL/min were parallel, increasing slowly but steadily at
the same rate (Figure 10b). Generally, higher pressures and higher pressurisation rates
would be required to generate a fracture, which could be achieved with higher flow rates
given that the porous medium is very permeable.

Combinations of tests were conducted at 100 and 300 mL/min and 200 and 300
mL/min, utilising specimens with cementation levels of 8% showing no fracture. The first
peak was around 600 kPa and 800 kPa for flow rates of 100 and 200 mL/min, respectively,
and once the flow rate was increased to 300 mL/min, the pressure increased at 1400 kPa
in both tests. When no fracture was induced, the building of pressure was not affected by
the stepwise increase of flow rates, which comes as a contrast compared to the previous
tests where a fracture was induced by the higher rates.
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Figure 10. The pressure profiles obtained during glycerine injection experiments (a) for specimens
at 30, 300, and 400 mL/min and (b) for combinations of flow rates at 100 and 300 mL/min and 200
and 300 mL/min.

3.3. Correlation of the Peak Pressures with the Engineering Properties

Figure 1la shows the correlation of the initiation pressure and the unconfined
compressive strength (UCS) in kPa for fine sands. As the strength of the sample increased,
a higher pressure was required to generate a fracture. The relationships are all linear, and
the increase of the flow rate enhances the contrast of breakdown pressure values across
the different strengths of the samples. At 30 mL/min, the minimum and maximum
breakdown pressures were in the range between 169 and 698 kPa, and, at 400 mL/min, the
range was very different (between 1949 and 4000 kPa). The trends of peak pressures in
tests with flow rates of 200 and 400 mL/min were almost identical, and this could be
attributed to the transition between infiltration and cavity- or crack-like fracture
responses. At such high flow rates, the fracture response dominates over the infiltration
of the fluid through the medium.
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Figure 11. Correlations of breakdown pressures obtained during fluid injection experiments in bio-
cemented sands at various flow rates with respect to (a,c,e) UCS and (b,d,f) Hydraulic conductivity.
(a,b) refer to fine sands, (c,d) refer to glass beads, and (e,f) refer to medium-grained sands.

The fits of the breakdown pressure and hydraulic conductivity are in a power form
(Figure 11b). Very small changes in the breakdown pressures were induced when the
injection rate was at 30 mL/min. As the flow rates increased, the exponential relationship
between breakdown pressure and hydraulic conductivity became more distinct. The
differences were also evident in the fracture patterns. Since hydraulic conductivity and
porosity for the same base material are controlled by the overall amount of cementation
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added to the porous medium, similar conclusions were drawn for breakdown pressure
and flow rates with respect to porosity.

A similar activity was followed to obtain the correlations with regards to the peak
pressures and engineering properties of bio-cemented sands of medium grain size and
glass beads as base materials (Figure 11c—f). As can be seen in the figure, a reasonable
correlation was obtained between the properties of the specimens and the peak pressure.
Similar trends were observed with those of fine sands. As the strength increased across
each type of granular material, a higher pressure was required to induce a fracture, while
a lower hydraulic conductivity resulted in an exponential increase in the fracturing
pressure. The effects of the properties on the infiltration and fracture response
mechanisms were more pronounced at higher flow rates. A hydraulic conductivity
increase caused a reduction in the required pressure to induce a fracture such as that in
fine bio-treated sands.

As discussed previously, in fine sands, the breakdown pressures with flow rates of
200 and 400 mL/min had similar values of 933 and 1112 kPa at 4% cementation,
respectively, and nearly 4000 kPa for both cases at 8% cementation. A similar observation
can be made for the peak pressures of medium-grained sands for flow rates of 100 and
200 mL/min. At 4% cementation and at 100 mL/min, the peak pressure was 475.4 kPa, and,
at 200 mL/min, the difference was marginal with a peak pressure of 458 kPa. At 8%
cementation, the peak pressures at 100 and 200 mL/min almost coincide with a value of
around 2000 kPa. This was not observed in tests with glass beads, as the peak pressures
were different at each of the flow rates. At 400 mL/min, the maximum pressure of the
pump system was reached (4000 kPa), which was enough to induce a fracture. These
observations show at which flow rate the infiltration behaviour transitions to fracturing
behaviour for each of those materials depending on the combined effects of hydraulic
conductivity and strength. Hydraulic conductivity defines the maximum velocity of a
fluid that can only penetrate through the porous medium (infiltration), while both
hydraulic conductivity and strength define the pressure needed to generate a fracture.

In all three materials, the slopes of the trendlines obtained for breakdown pressures
with respect to UCS at 100, 200, and 400 mL/min were similar for each material (around 2
for fine sands, 1.5 for glass beads, and 1.1 for medium-gained sands). At 30 mL/min, the
slope differs, and this could be attributed to the dominance of infiltration at such low flow
rates even after a fracture is seen.

As the average pore size increased, lower pressure was required to generate a
fracture, although the specimens of larger pore sizes (medium-grained sands) possessed
larger UCS values; thus, they were of higher strength. This was because, apart from the
strength of the specimens, the hydraulic conductivity and porosity of the specimens also
varied significantly, and it affected the fracturing behaviour to a much greater extent. A
portion of the fluid infiltrated the specimen rather than inducing a fracture; therefore,
there was no concentration of pressures around the injection point. This explains why bio-
cemented glass beads at a flow rate of 400 mL/min required about 4 MPa to generate a
fracture, which is the maximum capacity of the available pump system.

This matrix of values between peak pressure and test parameters (flow rate, strength,
porosity and hydraulic conductivity) could act as a guide for the development of fluid
injection programs, with the target being either the infiltration regime or the fracturing of
the formation based on the soil properties and flow rates. The combined effects are
examined in the next section.

3.4. Analysis of Peak Injection Pressures

Figure 12a,b shows the breakdown pressures against hydraulic conductivity and
porosity for the three base materials in which fractures were generated (fine and medium-
grained sands, glass beads) across the four flow rates. The figure shows that, at low flow
rates, the trend collapses well into a single fit for the three main types of sands,
demonstrating that the hydraulic conductivity and porosity are dominant parameters
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against strength. As the flow rate increased, the fits became poorer, indicating that the
strength came into play. As shown in Figure 12b, the R-squared values for breakdown
pressure with respect to porosity were 0.62 for 30 mL/min, 0.57 for 100 mL/min, 0.45 for
200 mL/min, and 0.02 for 400 mL/min. Essentially, no trend was obtained in the set of tests
with a flow rate of 400 mL/min with respect to porosity. When the breakdown pressure
was plotted against the strength of the specimens for all three base materials, the results
were very scattered and did not show any correlation. This relation was examined via
dimensional analysis as suggested by Germanovich et al. [66] for cohesionless sands. The
dimensional analysis takes away the effects of viscosity, which is useful for the extension
of the applicability of the findings of this study to fluids that have different viscosities. As
shown in Figure 12¢, a reasonable fit with a simple power-law curve fitting was obtained
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Figure 12. Correlations of breakdown pressures obtained during glycerine injection experiments in
bio-cemented sands at various flow rates with respect to (a) hydraulic conductivity (m/s) and (b)
porosity; (c) dimensionless peak pressure vs. dimensionless stress (strength) for all injection tests.

The results suggest that peak pressure is clearly dependent on the permeability and
porosity of the granular medium, which interacts with the flow rate, and the transition
between infiltration and damage of the formation via cracking depends on the previous
factors but also on the strength of the specimen. The following two equations have been
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0

traditionally used for fluid flows in porous media: the hydraulic fracturing tensile
criterion and the pressure differential derived via the Darcy radial flow equation. The
former criterion underestimates the peak pressures obtained in this study, while the
pressure differential gives very large values (see Supplementary Materials and Appendix
A). This shows that none of these parameters can be ignored when scheduling flow
injection in porous media near the ground surface. To rank the parameters with respect
to their ‘importance’, a random forest model was trained on the experimental dataset
following the procedure by Konstantinou and Stoianov [67]. Results suggest that the flow
rate is the most important factor, followed by hydraulic conductivity and porosity (see
Figure 13a). UCS is the least important factor compared to the rest of the factors. The
estimated versus the actual peak pressure values based on the random forest algorithm
are shown in Figure 13b with an R-squared value of 0.93.
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Figure 13. (a) Input parameter importance as determined by the random forest algorithm; (b)
predicted Vs. actual peak pressure for the power function fit and the random forest algorithm.

Germanovich et al. [66] suggested a power law approximation to derive a relation
between the peak pressure and several important parameters in their tests for cohesionless
materials. Since the materials tested in this study are weakly cemented, the power curve
fit was used to relate the flow rate, porosity, and hydraulic conductivity with the peak
pressures. In contrast to the random forest algorithm model, the porosity was an
insignificant factor in the power-law model; therefore, it was dropped from the model.
The resulting equation was Ppeq = 3.21Q%¢%¢k 01970 CS%%%*, giving an R-squared value
of 0.9025. The small value of the exponent in UCS suggests that there is a weak
dependence on strength compared to permeability and flow rate. The estimated versus
the actual peak pressure values are shown in Figure 13b.

3.5. Comparison of the Results Obtained in Weakly Cemented Media against Cohesionless Sands

The fractures obtained in this study were crack-like or cavity-like, while the cavities
obtained in the experiments with cohesionless sand were plane-like, as wide cavities were
more readily developed due to the volume deformation allowance and due to the more
pronounced grain displacement mechanisms evident [20]. Where disaggregation at the
grain scale was evident in cemented sands, grains were displaced in clusters. These
observations are a sign of the presence of mixed mode failures in contrast to the case of
sand, where only shear failure was observed.

The pressure required to generate a fracture was generally higher in the case of
cemented sands. However, the pressure profile shapes of the lightly cemented particles
were similar to those obtained in uncemented sand. For moderately and heavily cemented
sands, especially when higher flow rates were applied, the breakdown and propagation
pressures deviated substantially. In the case of cohesionless sand, it was difficult to
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distinguish between the two pressures, as the pressure reached a plateau once an opening
was created. As the material transitioned from sand to weakly cemented soil, with the
addition of even a small amount of cementation, the pressure response changed
significantly, demonstrating the presence of different failure modes. These findings are
significant for groundwater operations as both materials are found in these depths.

The fractures obtained at higher flow rates in uncemented sand resembled the
fractures in regime IV (viscous-fingering-dominated regime) obtained by Huang et al. [55]
utilising the 2D Hele-Shaw cell. Despite those similarities, the setups were very different.
As the authors discussed, the strength of the material and the confining stress level could
change the boundaries of these regimes. This is confirmed by the experimental results
obtained in this work.

The hydraulic conductivity also affected the results obtained in both experiments
with sand and cemented sand. In the former case, the cavities transitioned from crack-like
to plane-like as the material became more permeable [20]. When testing cemented sands,
all fractures were crack-like; however, as the hydraulic conductivity increased, it became
harder to induce fractures. When fractures were generated though, these were of smaller
width because it was harder to move clusters of larger grains.

3.6. Applicabilty of the Findings in the Field of Hydrology

The identification of the threshold between the infiltration regime and fracture
generation (or flow instability) in weakly cemented porous media is useful in designing
applications where the soil/weak rock needs to be intentionally fractured or be injected
while avoiding damage to the formation.

The success of in situ remediation of groundwater relies on the accurate delivery of
the relevant compounds. Such compounds could be emulsified oils (various oils and oil-
in-water emulsions) to treat NAPLs, aqueous colloidal silica suspensions whose viscosity
increases with time, or even foams that could be used to desorb pollutants or push the
pollutant to a recovery well. Attempts have been made to increase the viscosity of the
soluble agents to enhance their transport properties. The injection setup takes various
forms, such as pure fluid injection or recirculation through extraction-injection via a well
pair with the aim to remediate contaminated groundwater [68,69]. In all these cases, the
injection velocity (flow rate) and flow characteristics need to be such that no grain
displacement or fracturing takes place, and the material properties such as hydraulic
conductivity, porosity, and cohesion (strength) need to be considered [5]. This study
identified this transition from infiltration to fracture in various weak porous media (found
in shallow depths) but also gave the extent of damage (fracturing) with respect to the
properties of the porous medium.

A similar principle was applied in the subsurface injection of liquid waste, in which
hydraulic fracturing needs to be avoided, as this would impose risk to water resources
(i.e., groundwater). Liquid radioactive solutions are usually disposed via injection, which
aims to hydraulically fracture the porous medium; therefore, in such cases, the targeted
formation needs to be fractured in a controlled manner. Leaching to groundwater is
another application that is directly related to the fluid flow in porous media because of
the aspect of the preferential flow or a fluid through the soil [2,3].

The transport of fluids within the porous medium relies on the available pore space.
However, flows through fractures or fractured media also receive great research attention
since any fluid found in the subsurface could migrate through the fractures instead of
travelling through the pore space [4,35,60,70-72]. As a result, the groundwater
characteristics vary based on induced fractures in the porous medium [73,74]. Usually,
such media are addressed via dual porosity models in numerical studies [4,14,35]. The
fluid injection experiments conducted in this study are related to these applications since,
in most of the tests, the fluid travelled through both the porous medium and the induced
fracture.
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The applicability of the findings of this study to hydrology-related applications
extends also to theoretical studies of flow equations and flow regimes that have been
traditionally used in the field of hydrology (i.e., the Forcheimer equation [13], the
Kirchhoff-transformed Richards equation [75], diffusion [14], transient flow equations
[76], Darcy and non-Darcy flow [77,78], viscous fingering [79]) in which the particle size
effects and in general the porous medium properties are of great importance, as they
define porosity and permeability. This study could be used to define semi-empirical
correlations, which are usually required in these types of studies.

As stated before, water and pure glycerine have similar surface tension values;
therefore, the effects and mechanisms are expected to be similar across the two fluids.
With the use of dimensionless analysis, the findings of this study could become applicable
to fluid injection events with fluids of various viscosities, such as the managed aquifer
recharge (MAR) and aquifer storage and recovery (ASR) [1]. In such weak formations, on
the one hand, the dislocation of the grains could clog the formation [15], and, on the other
hand, fracture might not be the target. Other examples include the effects of soil-water
repellency, which was conducted by Wang et al. [80].

4. Conclusions

Fluid injection in porous weak media was carried out by utilising a modified Hele
Shaw device to investigate the effects of the hydraulic conductivity, porosity, and strength
of the material and flow rates on the flow regimes (infiltration and fracturing behaviour).
Five types of granular media were used across various cementation levels, achieving
various combinations of material properties.

Two main flow regimes have been identified in bio-cemented sands, namely the
infiltration regime and the fracturing or grain displacement regime. Infiltration through
the porous medium is a characteristic of soils or weak rocks because of their high porosity
and permeability. In the experiments where a fracture was produced, it manifested as a
cavity at low cementations, while, at higher cementation levels (hence, higher strength),
this fracture transitioned to a more crack-like feature. The infiltration was smaller in high
strength materials, showing that the dominant flow regime was the grain displacement
regime.

Smaller flow rates favour the infiltration regime over the fracturing regime even for
higher cementations, while, in specimens where a fracture was induced and at lower flow
rates, the breakdown pressure increased to a lesser extent compared to the experiments
with higher flow rates. At higher flow rates, the breakdown pressures were higher, and
the propagation pressures were almost zero, showing that the damage was extensive,
which in turn proves the dominance of the fracturing regime.

The effects of porosity and hydraulic conductivity were addressed via the generation
of bio-cemented specimens from various base materials. The more the grain size increases
(hence, the hydraulic conductivity increases), the more the infiltration regime becomes
prevalent. In very coarse specimens, only the infiltration regime was present, showing
that hydraulic conductivity plays a more important role compared to strength. This was
confirmed by the analysis of the peak pressures using a power law fit and random forests.

This work provides insight on the effects of material’s properties and flow rates on
the fluid flow/porous medium behaviour. A fluid injection scheme, whether the weak
rock needs to be intentionally fractured or be injected with care to avoid damaging, should
be carefully designed based on these properties. The findings of this work could aid such
schemes (e.g., water decontamination and groundwater remediation) or could be utilised
in laboratory scale studies and numerical modelling to understand fluid flow processes in
the field of hydrology.
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Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/hydrology9110190/s1, Figure S1. (a) The pressure
differential and (b) the HF pressure Versus the peak pressure obtained in the experiments. Results
(Figure Sla) suggest that the pressure differential provides reasonable fits to the experimental data
only at low flow rates while at faster flow rates the obtained pressure differential is quite high. The
hydraulic fracturing tensile criterion has been also used to relate with the peak pressures (Figure
S1b). This criterion underestimates the peak pressures as expected as it does not account for the
permeability and flow effects.
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Appendix A

The Darcy radial flow equation was used to calculate the pressure differential, and

the results are plotted against the peak pressures obtained in the tests. It accounts for the

kehe Quin G

2wk h"sp/ p = Tw The
win (m) 2mk-h

flow rate and permeability but does not for strength: Q =

results are shown in Supplementary Material.
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