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ABSTRACT
AZZAM, REEM, J., Masters : June : [2019],
Masters of Science in Environmental Engineering
Title: RELATING REPRESENTATIVE ELEMENTARY VOLUME OF
TORTUOSITY TO THAT OF POROSITY AS REVEALED FROM COMPUTED
TOMOGRAPHY IMAGES
Supervisor of Thesis: Riyadh, I, Al-Raoush.

Tortuosity and porosity are significant micro-scale parameters that have a major
impact on many environmental processes and engineering applications that are usually
implemented at a macroscopic scale. Thus, it is essential to quantify the corresponding
representative elementary volume of these micro-scale properties to study and improve
the understanding of different environmental applications, such as flow and transport
of contaminates in porous media systems. 3D x-ray microtomography images of sand
systems that have different sizes and geometry were used to compute two important
microscopic properties such as porosity and tortuosity. Corresponding representative
elementary volumes (REV) of these systems were computed by developing an efficient
algorithm using Matlab. Representative elementary volume (REV) of tortuosity was
related to that of porosity for each system, to determine whether an REV for porosity
is sufficient to define REV for tortuosity. Findings revealed that for regular particles
geometry REVmin of porosity was less than REVmin of tortuosity. However, for
irregular particles geometry, the REVmin of porosity and REVmin of tortuosity were
similar. This indicates that REVmin value of porosity depends on the geometry and the
structure of the porous media. Whereas, REVmin value of tortuosity is not affected by

the geometry. In addition, the number of particles required to reach REV region was
i



found to be an easier method to be reflected upon.
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CHAPTER 1: INTRODUCTION

Tortuosity is considered one of the significant parameters that significantly
influence the flow and transport characteristics of porous media. For instance, studying
the tortuosity of granular porous media is important because it provides a clear
understanding of how contaminated water flows through porous media and therefore,
this will aid in designing remediation scheme [1,2]. For instance, CO> sequestration
describes the long-term storage of carbon dioxide avoided to migrate for the purpose of
reducing the amount of greenhouse gases in the atmosphere, which affects climate
change that consequently contributes to global warming. Moreover, the amount of
produced hydrocarbon is determined from the amount of trapped oil or gas in porous
media [3,4]. Hence, it generally influences all mass transfer processes in the field of
marine geophysics and geochemistry [5]. Scientifically and from a hydrodynamic point
of view, tortuosity is defined as the ratio between the actual pathway that a molecule
travels through the pore space from one point to another in a porous media, to the
straight pathway between two points as shown in figure 1 [6,7].

Lq

T = (1)
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Figure 1. Microscopic cross section image of a porous medium showing both actual

pathway and straight pathway traveled by a molecule.



As illustrated above, the value of tortuosity is always greater than one due to the higher
tortuous pathway than the straight pathway as the tortuous path is affected by the pore
space. Tortuosity considered one of the important parameter that contributes in many
engineering and science applications. For example, separation of the mixture as it is
simulated by models of fluids flow in tight rocks, water application as it is simulated
by regional groundwater flow in a fractured aquifer, as well as, contaminant transport
in fractured aquifer [8-12]. In addition, tortuosity is also important in studying soil
properties and transport as it directly influences the transport processes of solute and
gases into and across the soil. For example, it is used to the growth and the development
of crop root [13-15]. In addition, it is one of the geometrical parameter that influence
the transport of fluids in the soil as it is related to different characteristic parameters of
porous media. For instance, tortuosity related to porosity, diffusivity, permeability,
diffusion and gas transport parameters [16]. For instance, many studies have been
numerically relating tortuosity to porosity [17].

Porosity is also considered one of the important parameter that controls fluid
storage in aquifers, the extent and connectivity of the pore structure control fluid flow
and transport through geological formations [18-20]. Where it is defined by the fraction

of void volume over total volume as illustrated in figure 2 [21].
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Figure 2. Microscopic cross section image of a porous medium showing solid space

and void space.

Porosity and tortuosity are considered as a micro-scale parameter used in micro-
scale equations in porous media such as nm and pm. However, most of the engineering
application's scale is at the macro-scale system. Therefore, to validate applying micro-
scale parameters at the macro-scale system, it is required to find the volume in which
these properties are constant, which is the representative elementary volume (REV).
Thus, volume-averaging method that governs the presence of representative elementary
volume (REV) of the micro-scale parameters is essential. In other words, to upscale
micro-scale parameters to macro-scale applications, it is important to prove the
presences of REV of that property at a given spatial scale [22—24]. The concept of
representative elementary volume (REV) relies on the knowledge of a continuum
approach that deals with kinetic and mechanical analysis of materials modelled as a
continuous mass rather than as individual particles. In other words, it deals with the
macroscopic approach rather than a microscopic approach [25-27]. REV is the volume
that each property of interest such as porosity, permeability, dispersivity and tortuosity,
should be constant. To clarify more, all measured properties tend to decrease with

increasing sample size. Thus, as the sample size increases, the variation in the measured
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properties decreases which indicates the transition from a fluctuation property region
which is a region that is dominant of microscopic inhomogeneity, into the REV region
for any measured properties [28]. Figure 3 represents a conceptual schematic diagram
that shows the idealized relationship between system property and sample volume
measured (U). Generally, the relationship is interpreted into three different regions,
initially at region 1 where spatial scales are small; the material property fluctuates
rapidly since the material property is influenced by individual pores. Measurements
constructed based on this scale will be considered as unreliable artefacts and are scale-
dependent [29-31]. As the spatial scale increases, the material property tends to
decrease and become uniformly independent as the measured scale increases. Where
the geometrical property become a single-value in term of both time and location of
that point, and this is because most of the pores factored into the average [30-33]. The
volume means that the REV is the largest and can resist any volume changes throughout
the entire volume [28]. The REV domain is defined as the range of volumes where the
property of the material is single-value located between:
Unin < REV < Upax 2

In region 3, a further increase in the volume above U,,.4, the curve starts to increase
slightly and this results in large field variability of macroscopic heterogeneity due to
additional morphological structure [34]. Where the REV characteristic fades slightly
resulted in an increase in the heterogeneity of the system as shown down below in figure

3.
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Figure 3. Schematic diagram of a change of a given material property over the change

of volume.

This transition from a homogenous to a heterogeneous should be considered while
determining the REV for a certain media. In other words, there are two main approaches
commonly used to predict and study the behavior of materials such as macroscale or
multiscale. Modelling based on the macroscale approach considers homogenous
systems and this type of modelling is commonly used in hydrology literature and soil
science. The other approach is multiscale-based where both micro and macro scale
analysis is performed in which firstly at finite volume sizes, the microscale analysis is
done; then, it will be incorporated into macroscale to give an evaluation of effective
macroscale parameters [35-37]. In general, it was recognized that the characteristics of
a porous media could affect size of REV. Moreover, each porous media has its own
representative elementary volume (REV) for each parameter because REV varies from
one physical property analyzed to another [38]. In addition, (Al-Raoush and
Papadopoulos) [39] proved that the REV of any microscale parameter of concern
should be determined based on their distributions over different volumes and should

not be derived based on REV for other properties (e.g. porosity). Therefore, it is



important to find REV for any microscopic property including porosity and tortuosity
and thus, relate them to some extent. This is because REV may differ from one property
to another, therefore, the appropriate representative scale depends on which property is
considered as well as system condition of interest [25,28,31,33,40].

REV determination is effective and essential for averaging, simulation and
measurements because when the scale of measurements are representative and do
compass the REV region, the resulted measurements will not show a variation that
resulted with effective outcomes and accurately represent a larger system [41,42]. There
are many applications based on REV concept such as contaminant migration modeling
[43,44], application to the gas diffusion layer of PEM fuel cells [45], determining
representative elementary volume for permeability in heterolithic deposits using
numerical rock models [46], calculation of effective petrophysical properties in
reservoir evaluation [47-49], and flow and reactive transport for CO, storage in
carbonate reservoir [50-52]. The wide range of used applications based on the REV
concept has been proved its important role in all hydrological and geophysical

applications.

1.1 Objectives

The main objectives of this thesis is to relate representative elementary volume
(REV) of tortuosity to that of porosity using computed tomography images.
Moreover, to determine whether an REV for porosity is sufficient to define REV
for tortuosity. These objectives were achieved through the following steps:

1- Used of Synchrotron-based X-ray microtomoghraphy high-resolution
three-dimensional images for fifteen natural sand system developed by Al-

Raoush [12].



2- Used two existing Matlab codes to find the porosity and tortuosity
developed by Al-Raoush and Papadopoulos [39] and Al-Raoush [12] for
each system.

3- Developed an efficient algorithm using Matlab to calculate REVmin of
porosity and tortuosity.

4- Obtain REV analysis from the developed algorithm of porosity and

tortuosity to observe and drive the relationship between them.

1.2 Thesis Organization

This report is organize as follows:

1. Literature review and background information about the studies that
have been done in the representative elementary volume of both porosity
and tortuosity field.

2. Methodology including data used, synchrotron micro-computed
tomography, computation of tortuosity, and data analysis.

3. Deep description about the developed algorithm using Matlab to find
REV of porosity and tortuosity.

4. Results and discussion that provide a comparison between them to drive

the relationship between REV for porosity and REV for tortuosity.



CHAPTER 2: BACKGROUND AND LITERATURE REVIEW

Pore-scale physics and processes used to detect and study the performance of
certain reservoir to accurately developed simulation framework that is accommodated
at a pore-scale level for assessing unconventional oil and gas resources [53]. Moreover,
aquifers that stored groundwater are considered one of the important component of
freshwater resources [54,55], where the structure of these aquifers composed of
granular porous media. Hence, it is very essential to study the structure and the
compositions of the granular porous media, in order to investigate the macroscopic
transportation of water and contaminant caused by groundwater overexploitation in the
porous media [56-58]. The phenomena of macroscopic transportation of water and
contaminant are related to the microscopic properties such as porosity, tortuosity,
permeability, etc. Literature had spotted the light toward the relationships between the
structures of porous media associated with their microscopic properties [59]. Therefore,
to demonstrate this relationship and explore porous medium structure, many techniques
have been widely used such as nuclear magnetic resonance. This technique applied
magnetic field to the system and removed, causing disturbance of the equilibrium state
of the system. Hence, different properties can be provided related to the pore-size
distributions [60]. Moreover, in recent years, porous systems like natural rocks
extracted from hydrocarbon reservoir had been studied via one of the useful technique,
which is micro-scale x-ray computed tomography. This technique provides high-
resolution 3D images of porous systems through which pore structure and its
morphology can be characterized. Moreover, it can provide both statistical
characterizations through different descriptors as well as used to solve mathematical
differential equations [61]. Additionally, many recent publications have been proven

the suitability of 3D imaging for investigating microscopic properties for different types



of rocks [62-64]. However, all the results will be implemented only at the micro-scale
level in which these properties are introduced, whereas, it will not be representative at
the macro-scale level in which the hydrological and engineering applications are
executed. Therefore, several studies have been conducted to study property variation
with different sample sizes in porous media at various scales defined as representative
elementary volume, in order to verify that micro-scale properties are representative at

macro-scale level [22,65].

2.1 Microscopic properties

Microscopic parameters are the geometrical properties that characterize the soil
structure considering mainly porosity and tortuosity. Porosity is defined as the ratio
of the volume occupied by the pores over the total volume [21]. Where the tortuosity
is defined as the ratio of actual flow path length to the straight path length [66].
Both properties contribute to providing a full understanding of the mechanisms of
the fluid flow as well as the complex structure of porous media. Moreover, many
studies have been extensively investigated the transport in unconsolidated porous
media that is influenced by the decrease of the volume due to the presence of solid
particles where it is described by the porosity. In addition, the presence of solid
particles increases the tortuous path where it is described by the tortuosity
[10,67,68]. In literature, several approaches have been carried out to measure both
porosity and tortuosity including analytical, experimental, and numerical
simulations. As these properties are related to each other, many approaches were
modelling the tortuosity as a function of porosity for fixed bed with identical packed
particles [69,70]. Dealing with these properties at the macroscale is not valid as they

are adapted at microscale level, unless they are representative, which mean they fall



under the range of representative elementary volume (REV). REV is defined as the
volume at which the microscopic property variation is stable at the macroscopic
scale. Several researchers have been conducted the REV analysis to develop a
model that describe one or more microscopic properties [71-74]. For example,
Ahmadi et al. [74] proposed an analytical model of tortuosity and permeability
established within a representative elementary volume (REV). Moreover, Freytag
and Roque [73] represented an analytical model relating the porosity and the
tortuosity of polyhedral grains size based on the representative elementary volume
(REV) model. Recent advances technologies have been increasingly using
computed tomography to obtain three-dimensional images for determining
tortuosity of certain porous media [75-78]; for the development of algorithms that
will aid to visualize non-destructively the interior of porous media [78-80]. Al-
Raoush and Madhoun [81] had developed an efficient, accurate and accessible
algorithm implemented as Matlab code to determine tortuosity of unconsolidated
porous media from three-dimensional computed tomography images. This code is
sufficient as it can effectively find all connected continued paths at a very short
time. Moreover, three-dimensional images of different sand systems were used for
the validation of their algorithm. The main outcome of this study is that the
developed algorithm code was successfully computed the tortuosity values for any
unconsolidated porous system regardless the geometry of particles. Therefore, this
code can be generalized to calculate tortuosity for all unconsolidated porous system.

2.2 Representative elementary volume (REV)

Representative elementary volume is defined as the smallest volume in which
the microscopic property become representative of the system at the macroscopic

scale. Where it is used for modelling the transport properties of macro-scale porous
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media [82]. In literature, studies related to REV may vary in term of the type of
investigated rock such as real sample rocks or numerical rock models, microscopic
property, sample size and type of measuring techniques. Vik et al. [28] investigated
the existence of REV of various properties at different sample size focus on the
investigation of real rock. All measured properties of the vuggy carbonate material
decreases in variability, while increasing the sample size. This was done by
measuring the properties at a large volume and afterwards, each sample volume is
divided into two equal sub volumes, in which continuously the property is
measured. However, a certain amount of material can be lost during the cutting
procedure, and this may cause some differences between the preformed physical
characterizations of each split at different scales. Moreover, Jackson et al. [83,84]
used three-dimensional models to characterized the reservoir properties including
connectivity and permeability of real sample rock blocks. The size of the models
used was smaller than typical grid block and larger than the core plug. The main
result was found is that at the scale of the reservoir model, the size of the core plug
sample size was not representative. Therefore, it was difficult to capture the
connectivity as it is highly dependent on length scale occupied. Thus, it is important
to consider the accurate average scale of measurements. Other researchers
accredited to find the appropriate average scale size that is relative to the scale of
the heterogeneities [85,86]. The choice of element size related to the representation
is critical, where the analysis of representative size could be conducted over
different sizes of interest such as length, area and volume (REL, REA and REV) as
well as it can be determined for different type of porous media, parameters and
measurements scales. The use of sample associated with representative size is

highly recommended since any property will be no longer dependent on the size. In
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other words, dealing with a sample size that is not a representative size might be
highly dependent on the spatial structure. Thus, analyzing a representative sample
give an indication of the soil quality and quantity of measurements such as a sample
with REV [34]. REA was first initiated by Wood et al. [87] that spread the idea of
a representative scale at which the spatial behavior remains stable without showing
variation. There are various applications have been built under the idea of REA
including soil hydrology and soil pores observations [88,89]. In a more recent
publication of the REA concept, Borges and Pires [90] found 4% reliable results of
REA of density measurements for the soil of clay texture with samples volume
ranging from 50 to 100 cm? and this was enough to produce representative density
results. In addition, using gamma-ray computed tomography, which is considered
to be one of the excellent techniques that provide both qualitative and quantitative
measurements without changing the physical structure of the sample, has proven to
be satisfactory.

Another area that has been intensely developed in the recent years is the use of
numerical simulations; recent studies have dealt with the estimation of REV of
porous media using numerical methods that are based on computational techniques
such as finite element method (FEM) and discrete element method (DEM). These
approaches are strongly dependent on the microstructure and the macrostructure
mechanical behavior of the cohesive granular porous media. For instance, DEM
method used to model and study the microstructure of granular porous media
whereas, FEM method used to analyze at a large scale, which is macrostructure
scale [91,92]. A discrete element method was applied to determine the
representative elementary volume (REV) for three-dimensional polydisperse

granular sphere where both geometrical and mechanical REV’s parameters were
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estimated. Findings revealed that for sphere packing both the geometrical and
mechanical REVs were found to be different in sizes. Moreover, the REV for these
parameters is not affected by the heterogeneity of the system [11]. Additionally,
there are several numerical techniques that were implemented to study and analyze
the representative elementary volume of porous media for different properties
mainly about porosity, specific surface area, permeability and tortuosity, to find
relationships between them. Mostaghimi et al. [11] simulated finite difference
method to analyze permeability for consolidated and unconsolidated porous media
using a set of computed tomography images at micrometer resolution. The main
outcome of this paper was that the REV for permeability is larger than REV for
static properties such as porosity, and this is because REV for permeability account
for the tortuous paths resulted in larger REV that static parameters e.g. porosity.
Many recent advance studies have been applying micro-computed tomography
techniques for establishing soil properties for different hydrological applications
[30,39,93,94]. The main advantage of micro-computed tomography is that it
provides three-dimensional imaging in a non-destructive way. X-ray micro-
computed tomography is widely used technique of providing cross-sectional views
depending on the amount of x-ray absorbed. Hounsfield [95] was pioneered to
promote computed transverse axial scanning images. After that, many commercial
applications have been developed using high voltage x-ray computed tomography,
used to investigate the internal structure of different objects especially in geoscience
applications. This non-destructive technique provides high resolutions of 3D
images at a hundred nanometers level of internal structural. However, it is limited
by some operational issues related to the 3D analysis from the reconstructed data.

For instants, due to the presence of wide verity of different sample size, composition

13



and shape this will require multiple of computed tomography setups, which will
eventually yield different results [90,96]. Accordingly as an alternative and
enhanced source than x-rays is Synchrotron radiation combined with x-ray because
they provide very intense, naturally collimated, narrow bandwidth and tunable
photon beams [29]. Where many researchers intensively used Synchrotron x-ray
radiation technique to generate, computed tomography images to determine REV
of different microscopic parameters as well as various soil properties. For instance,
Al-Raoush et al. [97] investigated the pore network structure using high-resolution
3D images constructed using Synchrotron x-ray computed tomography. In addition,
they were able to calculate REV as well as some geometrical properties such as
porosity and specific surface area. Moreover, Culligan et al. [98] used a
synchrotron-based computed tomography technique to obtain air-water interfaces
images of repacked sand and glass beads system at approximately 12um resolution.
Moreover, Pot et al. [99] studied the distribution of water and air in soil samples
constituted of repacked aggregates via Synchrotron X-ray computed tomography at
a resolution of 4.6 um. More advanced research by Andrew et al. [96] was able to
measure the contact angle of CO»-brine interfaces onto the solid surface of
limestone at a resolution of 2 um. Besides that, studying the REV of porosity,
tortuosity and connectivity are important as they are related to soil water
management, where it provides sustainable and efficient agricultural production.
For instance, recently Borges et al. [100] used 3D micro-computed tomography
technique to obtain images to investigate REV for different soil properties
specifically including tortuosity. The resulted showed variation for small
investigated subvolumes which is standard, reaching REV of tortuosity around

10,841 mm?3. Other researchers have discussed the same kind of finding relevant
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soil properties [101-103]. Furthermore, x-ray computed tomography technique has
proved by many researchers its efficiency to analyze different microscopic soil
properties such as porosity, connectivity, permeability, particle distribution and
tortuosity [104-106]. For example, many studies investigated REV for individual
macroscopic properties such as porosity, permeability, tortuosity, and specific
surface area. For instance, de Aradjo et al. [107] investigated the existence of REV
for porosity and permeability of the limestone sample using computed tomography
images. The results showed REV length was found to be around 15x10 mm for the
REV length and thickness respectively and 100 slices of height, by that all the
results were relevant showing the homogeneity of limestone. The drawback of this
study is that using limestone that verified its homogeneity visually is not convenient
as from the structure it can be observed. Recent studies had determined REV size
based on combining two parameters. Shah et al. [108] determined the REV for two
microphysical parameters, which are porosity and permeability using micro-
computed tomography imaging technique and Lattice Boltzmann (LB) simulations.
The main result of this study is that the required volume needed to determine the
representative system size is small, as the two parameters started to decrease rapidly
as the volume increases. However, the LB technique required high computational
time for single-phase system, therefore, it is not accurate for the multiphase system
[109-111]. Moreover, Mostaghimi et al. [112] used computed tomography
technique to relate the REV for porosity and REV for permeability for sandstone
and carbonate samples. The results show a permeability variation for 300 x 300 x
300 voxels is continued while reaching the REV for porosity around 2mm. In other
words, it was found that the REV for permeability > 2mm higher than for porosity,

as it should account for the tortuosity and connectivity of the pores. In a comparative
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study, Zhang et al. [31] used lattice Boltzmann simulations on pore geometries
reconstructed from computed microtomography images to find REV of porosity
and permeability. They found the linear dimensions which is the REV is reached
for porosity and permeability is around 1.71 mm and 2.57 mm respectively. Where
it is larger than Mostaghimi et al. [112] found. In contrast, other studies including
[113] attempt to use the REV sample two-dimensional, representative elementary
volume (REV) of circular particles, to calculate tortuosity and developed a model
that relates tortuosity to porosity. Although the developed model agrees well with
the assumptions and their experimental values, it could not be generalized as it is
limited to 2-dimensional systems only with ideal geometry e.g. spherical particles.
Same idea was implemented by various researchers [73,74,114,115]. For instance,
Freytag and Roque [73] represented an analytical model relating the porosity and
the tortuosity of polyhedral grains size based on the representative elementary
volume (REV) model. Furthermore, they explore the influence of packing
parameter B that directly affected the porosity and the tortuosity of a granular
porous media. Their results showed that different packing parameter B which is
ranged from 0 to 1, influenced different grain size. Moreover, this approach is only
valid for the medium has elementary volume homogeneous in porosity and
tortuosity.

Another technique that has been widely used in many studies within this field
is light transmission technique [43,108,116-118]. For example Wu et al.[43,118]
developed long-term migration experiment using dense non-aqueous phase liquids
(DNAPLS) to perform two-dimensional (2D) sandbox in which porosity and various
system variables were precisely specified by light transmission techniques over the

whole migration process. Moreover, they proved their argument regarding their
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choice of light transmission technigque by claiming that advanced technologies that
use Synchrotron x-ray and gamma-ray microtomography as a source of radiations
are restricted by some hazardous environmental limitations, high-energy
requirements and cost issues regarding complex equipment implementation.
Continuation research verified the experimental work that was done by Wu et al.
[43,118] was developed by Wu et al. [119] to simulate the DNAPL in heterogeneous
translucent porous media based on REV estimations. Then, this model was
improved to a 3D model for spherical solid particles and the model showed
satisfactory results compared to the experimental data of tortuosity Wu et al. [120].
The main finding is that REV for porosity is always lower than for tortuosity, thus,
the emphasis that REV should be determined for each property as well as excluding
the idea of relating or finding a relationship between the two REV properties.
Although, this model agrees well with their experimental data; however, this is not
realistic because it is only applicable for spherically shaped particles not accounting
for irregular shapes.

Hence, knowing the significance of finding a relationship between REV for
tortuosity and porosity and its impact on many engineering applications. There is a
need to determine whether an REV for porosity is sufficient to define REV for
tortuosity for different types of porous media independent on the geometry of
particles, which is realistic and could be generalized in a real reservoir. Thus, here
comes the novelty of our research were we aim to use a 3D model that was
developed by [39] and [12] to determine the REV for tortuosity. Different systems
with a different range of grain sizes and shapes were analyzed with high-resolution
three-dimensional images using synchrotron-based X-ray microtomography with

the purpose of finding REV of porosity and tortuosity. Then, to observe whether
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the REV for tortuosity is sufficient to be defined by the REV of porosity.
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CHAPTER 3: METHODOLOGY

3.1 Data

Data have been obtained from experiments conducted by Al-Raoush, 2014 [12]
will be used to developed 3D computed tomography images using synchrotron x-
ray computed tomography. Different sand samples with different physical
characteristics were used to model the porous media structure where the physical
properties are given in table 1. Silica and quartz are the two different shapes of sand
particles that account for rounded geometry and angular geometry respectively.
Moreover, mixed sand of both silica and quartz was created by mixing equal masses
of both types of sands. The samples were packed in different systems where each
system specified with different ranges of particle diameter and geometry such as
systems (1-6) were assigned with silica geometry, systems (7-12) were assigned
with quartz geometry, and systems (13-15) were assigned with a mixture of both
type silica and quartz. Cross-sectional views of each type of porous media as well

as 3D images of the cross-sections were illustrated in figure 4.
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Figure 4. (a) Cross-sectional image of system 1 with silica particles geometry, (b)
Cross-sectional image of system 7 with quartz particles geometry, (c) Cross-sectional
image of system 13 with silica and quartz mixed particles geometry, (d) 3D image of
system 1 with silica particles geometry, (e) 3D image of system 7 with quartz particles
geometry, and (f) 3D image of system 13 with silica and quartz mixed particles

geometry.

Each system has particle size ranged between (30-100) mm. In addition, Dso, which
is the median grain diameter, for silica geometry ranged from 0.433 mm to 0.195 mm,
for quartz geometry, ranged from 0.316 mm to 0.178 mm and for the mixed of both
silica and quartz is ranged from 0.298 mm to 0.185 mm. The sphericity index,%, was
determined for each column as it describes how closely the shape of a grain approaches

a sphere shape. It is calculated via the following equation [12].

SAn
SAp

V= 3)

Where SA,, is the nominal surface area and SA,, is the surface area of the grain, the
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sphericity index ranges from 0-1, where the maximum value of 1 indicates perfect
sphere.

The roundness index, X,,, describes how closely the shape of the grain approaches
perfect circle. In other words, describes the curvature of a grain’s corner. It is computed

using the following equation [12]:

3Vp

X, =
V' Dsap

(4)

Where D is the diameter of a minimum sphere circumscribing a gravel particle and V, is
the volume of a gravel particle. The sphericity index,¥, for silica sand geometry ranged
from 0.852 to 0.890. Whereas, for quartz sand geometry ranged from 0.792 to 0.815. It
is observed that the sphericity index for the silica sand geometry is higher, that quartz
geometry as silica grain resembles a sphere shape. The same conclusion could be driven
for the roundness index, as it ranged for silica geometry from 0.798 to 0.840 and for
quartz geometry ranged from 0.717 to 0.744. Moreover, the porosity values for silica
sand geometry ranged from 0.323 to 0.380 and for both mixed and quartz sand
geometry ranged from 0.393 to 0.489. The higher ranged of porosity values for both
mixed and quartz sand geometry is due to the difficulty of obtaining pores space in
systems composed of non-spherical grains. All values of mesh size distribution, Dsp,

porosity, sphericity index, and roundness index are reported in table 1.
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Table 1. Physical Properties of the Porous Media Including Porosity, Mesh Size Distribution, Dso, Sphericity, and Roundness [12].

Geometry System # Porosity (@) Mesh Size (mm) Dso (mm) Sphericity Roundness
Silica 1 0.327 d1: (30-40) 0.433 0.89 0.84
2 0.369 d2: (40-50) 0.352 0.864 0.82
3 0.356 d3: (50-60) 0.267 0.849 0.801
4 0.382 d4: (60-100) 0.196 0.852 0.798
5 0.33 d5:10%d1+30%d2+50%d3+10%d4 0.271 0.852 0.805
6 0.323 d6:5%d1+50%d2+30%d3+15%d4 0.258 0.857 0.808
Quartz 7 0.47 dil: (30-40) 0.316 0.792 0.717
8 0.462 d2: (40-50) 0.276 0.794 0.723
9 0.488 d3: (50-60) 0.237 0.801 0.738
10 0.505 d4: (60-100) 0.178 0.815 0.744
11 0.455 d5:10%d1+30%d2+50%d3+10%d4 0.233 0.81 0.74
12 0.489 d6:5%d1+50%d2+30%d3+15%d4 0.213 0.809 0.739
Mixed 13 0.398 d7: 50% d2 (silica) +50%d2 (quartz) 0.298 0.819 0.754
%’&;ét‘z‘)g‘ 14 0.408 d8: 50% d3 (silica) +50%d3 (quartz) 0.252 0.822 0.765
15 0.393 d9: 50% d4 (silica) +50%d4 (quartz) 0.23 0.831 0.771
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3.2 Synchrotron micro-computed tomography

Synchrotron micro-computed tomography is an advanced technology provides
a high intensity with high flux source of x-ray beam to visualize the structure of
porous media. The imaging stage was done by the GeoSoilEnviroCARS 13-BM-D
beamline at the Advanced Photon Source, Argonne National Laboratory, and
[llinois. Image reconstruction algorithms [12], this technique converts the x-ray
beam data into cross-sections to obtain three-dimensional images. The samples
were compacted in columns and scans with different energies including 33.269 keV,
33.069 keV and 36.085 keV, where it was obtained at mid portions of the columns
using x-ray beam. Then, the cross-sectional images (slices) is constructed via using
indicators that recorded the x-ray beam that passes through a section of the sample.
After that, the computer receives all the registered image data to convert them into
a series of 2D multiple cross-sectional images. A series of 2D projections are
gathered to generate 3D images. The size of the image used was 696 x 696 x 520

voxels and the image resolution was 9.6 pum/pixel in all directions [12].

3.3 Computation of tortuosity

Tortuosity was computed using Tort3D code, a MatLab code developed by Al-

Raoush and Madhoun [81] used to compute the geometric tortuosity from 3D images

of unconsolidated porous media. Tort3D code measures geometric tortuosity from 3D

images of porous media. In addition, random paths codes where it is optimized to find

out from binary image all possible tortuous paths in a porous media system. More

details of code can be find in Al-Raoush and Madhoun [81], a brief description is given

below.

As the main idea of this code is that it reads all connected paths in the segmented
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image in order to utilize the medial surface of the void space, to finds all possible
tortuous paths required to compute tortuosity. By this approach, it limits the time and
memory requirements for input parameters and user Interaction. Hence, the code is
user-friendly and easy to use, compute the connectivity and tortuosity in x, y and z-

direction. The code computes tortuosity as:

i A ll pathl h
Tortuosity (1) = verage of all path lengths 5)

Size of the image in the direction of flow

In this analysis, this code was executed to find the tortuosity values for all the systems
as shown below in table 2. It is observable that the tortuosity values for silica sand
geometry are ranged from 1.39-1.50, which is lower than mixed sand and quartz sand
geometry ranging from 1.51-1.97. In addition, this is due to longer pathway of obtaining

dense compactions systems composed of non-irregular grains.
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Table 2. Porosity and Tortuosity Values of all systems.

Geometry  System#  Porosity (@)  Tortuosity ()

Silica 1 0.327 1.497

2 0.369 1.488

3 0.356 1.467

4 0.382 1.392

5 0.33 1.419

6 0.323 1.485

Quartz 7 0.47 1.967

8 0.462 1.652

9 0.488 1.640

10 0.505 1.527

11 0.455 1.732

12 0.489 1.774

Mixed 13 0.398 1574

(Silica & 14 0.408 1.606
Quartz)

15 0.393 1.634

3.4 Calculation of representative elementary volume (REV)

For the REV analysis, twenty sub-volumes were selected inside the total volume
(696 x 696 x 520 voxels) for each column. Considering the shape of the 3D image is
cylinder with x, y, and z coordinates where z-axes represent the height of the cylinder
and r is the radius of the cylinder base. The sub-volume selection was made according
to two schemes:

1. Changing the radius while fixing the height.

2. Changing both height and radius.

Height varies from 520 to 120 voxels (4.99-1.15) mm and the radius ranges from 275
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to 75 voxels (2.64-0.75) mm. The total volume of each sub-volume is calculated simply

using:

Veytinnaer = T1*H (6)
With sizes varying from 1.87 to 109.26 mm?® as shown in Table 3 where all the
subvolumes were occupied for REV analysis, were summarized as well as for 3D

schematic diagram represented in figure 5 visualize how the subvolumes are selected.

z

ww go'y

Figure 5. 3D images showing the subvolume selected for REV analysis.
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Table 3. Sub-Volumes Selected Inside The 3D Micro-Computed Tomography Images

for REV Analysis.
Image X (mm) y (mm) z Height radius (mm) Volume
(mm) (mm3)
1 6.68 6.68 4.99 2.64 109.26
2 6.68 6.68 4.03 2.64 88.24
3 6.68 6.68 3.07 2.64 67.22
4 6.68 6.68 4.03 2.16 59.07
5 6.68 6.68 2.11 2.64 46.20
6 6.68 6.68 3.07 2.16 45.00
7 6.68 6.68 4.03 1.68 35.73
8 6.68 6.68 2.11 2.16 30.93
9 6.68 6.68 3.07 1.68 27.22
10 6.68 6.68 2.11 1.68 18.71
11 6.68 6.68 4.03 1.2 18.23
12 6.68 6.68 1.15 2.16 16.86
13 6.68 6.68 3.07 1.2 13.89
14 6.68 6.68 1.15 1.68 10.20
15 6.68 6.68 2.11 1.2 9.55
16 6.68 6.68 4.03 0.72 6.56
17 6.68 6.68 1.15 1.2 5.20
18 6.68 6.68 3.07 0.72 5.00
19 6.68 6.68 2.11 0.72 3.44
20 6.68 6.68 1.15 0.72 1.87

3.5 Data Analysis
3.5.1 Constructing distributions curves of porosity and tortuosity
For each column, porosity and tortuosity were computed for each sub-volume
selected inside the whole volume using Tort3D [81]. The code reads segmented images
and finds all possible tortuous paths required to compute tortuosity. It operates a guided
search for connected paths in the void space of the image utilizing the medial surface

of the void space. Moreover, porosity was calculated via MatLab utilizing the idea of
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finding the void space over the total volume of the sample. Figures (6-8), shows the

distribution curve of tortuosity and porosity over different volume in (mm) for

system_1, system_7, and system_15. The other distributions curves are in Appendix B.

System 1: Silica, Dso = 0.433 mm
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Figure 6. Porosity and tortuosity distribution curve of system 1.

System 7: Quartz, Dso = 0.316 mm
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Figure 7. Porosity and tortuosity distribution curve of system 7.
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System 15: Mixed, Dso = 0.230 mm
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Figure 8. Porosity and tortuosity distribution curve of system 15.

3.5.2 Computing REVmin for porosity and tortuosity

To compare between the two properties it was required to find the representative

elementary volume (REV) of each property. Therefore, a MatLab code was executed

utilizing the idea of finding the slop of the distribution line between two points and

compared by a specific tolerance. To clarify more the following steps will explain the

steps that were used to calculate the REV of porosity and tortuosity:

1-

The volume values were loaded for each sub-volumes in the system as well
as the porosity and tortuosity values.
The slope between each two point was found. For instance, the difference

between two points of the porosity were divided by the difference of the

volume at these points (slope :% ).
2 1

Then, this slope was compared to a very small value approximately zero in
order to find the region where the distribution line become constant and
almost horizontal line.

All the values that satisfied the condition, which are the values that were less

than the tolerance will be saved in matrix called (i.e. REVp for porosity)
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5-

In most cases, some values can behave stagnant at the beginning under the
microscopic effects then fluctuates as shown in Figure 10. Thus, to account
for continuous smooth stagnant REV region, the size of REVp matrix was
determined.

Then, for loop was generated for this matrix (REVp), hence to find the
difference between the sizes of the matrix and choose that is continuous (e.g.
if the size of REVp matrix is [2,4,5,7,8,9] the value that will be resulted from
the for loop = 7]. In order to guarantee continuous follow of smooth
horizontal line where the difference must be equal 1.

Finally, the value of REV will be assigned to the volume correspond to the
first value that satisfied the previous condition (e.g. REVmin = volume

(REVpD (7)).

30



/ Load sub-volume values /

/ Load porosity and tortuosity /

v

Calculate the slope between each point

of the (e.g. porosity) (slope =—Z:2)

v

REV = find

(slope <=

Determine the size of REV matrix (n)

— Ignore
i=2:n (1)
False
True
nREV = REV (i-1) S Ignore

v

REVmin = volume (REV (i-1))

Figure 9. Flow chart of REVmin code.
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CHAPTER 4: RESULTS AND DISCUSSION

The results found via running the developed code to compute REVmin for porosity and

tortouisity are presented in distributions curve as shown below in Figure (11-25):

System 1: Silica, Dso = 0.433 mm
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Figure 11. Distribution curve of porosity and tortuosity for system 1 marked with the

REVmin values of both properties.

System 2: Silica, Dso = 0.352 mm
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Figure 12. Distribution curve of porosity and tortuosity for system 2 marked with the

REVmin values of both properties.
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System 3: Silica, Dso = 0.267 mm
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Figure 13. Distribution curve of porosity and tortuosity for system 3 marked with the

REVmin values of both properties.
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Figure 14. Distribution curve of porosity and tortuosity for system 4 marked with the

REVmin values of both properties.
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System 5: Silica, Dso = 0.271 mm
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Figure 15. Distribution curve of porosity and tortuosity for system 5 marked with the
REVmin values of both properties.
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Figure 16. Distribution curve of porosity and tortuosity for system 6 marked with the

REVmin values of both properties.
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System 7: Quartz, Dso = 0.316 mm
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Figure 17. Distribution curve of porosity and tortuosity for system 7 marked with the

REVmin values of both properties.
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0.51 u i T i —————22
‘ —=Porosity
0.5 —=Tortuosity

REVmin (@) o

sity

= =

— Y

- ~
=
Fd

Poros
=
_
;
=
I'ortuosity

0.46 - REVmin (1)
‘ 14
0.45]
0.44 ‘ ; : ! ! ; 1.2
0 20 40 60 80 100 120

Volume (mm)
Figure 18. Distribution curve of porosity and tortuosity for system 8 marked with the

REVmin values of both properties.
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System 9: Quartz, Dso = 0.237 mm
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Figure 19. Distribution curve of porosity and tortuosity for system 9 marked with the
REVmin values of both properties.
System 10: Quartz, Dso = 0.178 mm
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Figure 20. Distribution curve of porosity and tortuosity for system 10 marked with the

REVmin values of both properties.
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System 11: Quartz, Dso = 0.233 mm
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Figure 21. Distribution curve of porosity and tortuosity for system 11 marked with the

REVmin values of both properties.

System 12: Quartz, Dso = 0.213 mm

0.49 1 3t . —————— I8
~Porosity
0.48 - ~=Tortuosity
REVmin (1) 1.7
0.47
£0.46 /,/r//c 165
2 e
2 S — E
< 0.45 155
. = =
S REVmiIn (®)
1.4
043+
0.42 g ! 1 1.3
0 20 40 60 80 100 120

Yolume (mm)
Figure 22. Distribution curve of porosity and tortuosity for system 12 marked with the

REVmin values of both properties.
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System 13: Mixed, Dso = 0.298 mm
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Figure 23. Distribution curve of porosity and tortuosity for system 13 marked with

the REVmin values of both properties.

System 14: Mixed, Dso = 0.252 mm
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Figure 24. Distribution curve of porosity and tortuosity for system 14 marked with the

REVmin values of both properties.
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System 15: Mixed, Dso = 0.230 mm
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Figure 25. Distribution curve of porosity and tortuosity for system 15 marked with the

REVmin values of both properties.

Micro-computed tomography is one of the sufficient technique that is used to
provide cross-sectional views depending on the amount of x-ray absorbed. Moreover,
it generates a high-resolution three-dimensional image to visualize the structure of
porous media. Thus, computed tomography images were used to determine microscopic
parameters such as porosity and tortuosity for each subvolume selected in each system.
Moreover, for each system the distribution curve of porosity and tortuosity was potted
as shown in figures (6-8), and the rest figures are presented in Appendix B. The
variation in all figures for porosity and tortuosity while increasing the volume, at the
beginning it fluctuated then it turns stagnant indicating the initiation of a REV region.
In other words, the REV region always instigated, when the variation curve of porosity
and tortuosity with the volume become almost a straight line. Therefore, this means that
the REV region exists and it needs to be determined. Moreover, the initiation of this
straight line always occurred at a point known as REVmin value. To obtain REVmin

values, a MatLab code was developed to compute REV from 3D computed tomography
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images. The REVmin values for both microscopic parameters were determined
successfully using the developed MatLab code that is represented in the flow chart in
Figure 9. Where the code is presented in Appendix C. The results demonstrated that the
code successfully measured REVmin values for porosity and tortuosity as illustrated in
figures 11-26. Where all computed values of REVmin volume values of porosity and
tortuosity of each system (1-15) are summarized in table 4 as well as each distribution
curve of each system is marked with the REVmin values of both properties as shown

in figures (11-26).

Table 4. REVmin Volume Values of Porosity and Tortousity for All Systems.

System # REV_volume (@) (mm®  REV_volume (1) (mm?3)
system 1 46.24 67.26
system 2 46.24 67.26
system 3 46.24 67.26
system 4 46.24 67.26
system 5 59.07 67.26
system 6 35.73 67.26
system 7 46.24 45.03
system 8 67.26 67.26
system 9 67.26 67.26
system 10 67.26 67.26
system 11 67.26 67.26
system 12 67.26 67.26
system 13 67.26 67.26
system 14 67.26 67.26
system 15 67.26 67.26

To visualize the difference between each value of REVmin (&) and REVmin (t) for
each system, two curve charts of REVmin volume of porosity and tortuosity for each

system were plotted down below in figures 26, 27.
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Figure 26. REVmin volume values of all systems (1-15) for both microscopic properties.
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Figure 27. REVmin values for all systems (1-15) of both microscopic properties.
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As shown in figures 26, 27 all values of REVmin volume were plotted in two
different curve charts. In figure 26 at the beginning, system 1 through 6 are all
characterized with silica geometry which is considered as regular shape; thus, sphericity
and roundness index is almost higher than 0.8, where it ranges between ( 0.89 - 0.798)
as illustrated in table 1. Moreover, the REVmin values for porosity less than REVmin
values for tortuosity. In other words, it requires more volume for tortuosity to reach
REV region than REV region for porosity. Whereas, system 7 through 12 are all
characterized by quartz geometry which is considered as an irregular shape. Therefore,
the sphericity and roundness index less than silica geometry, and it is observed that the
REVmin values for porosity and tortuosity are equal. Thus, similar volume size is
required to reach the REV region of both properties. Besides, this also was observed
with the mixed systems of silica and quartz in system 13 through system 15, that both
microscopic properties reach REV volume region at the same time. To visualize results
more clearly, the same data was potted with different chart type as shown above in
figure 27. Where at systems (1-6) the REV of porosity is lower than REV of tortuosity,
then REV of porosity deviates and become equal to REV of tortuosity at system (7-15).

In general, REVmin values of porosity for silica geometry reaches REV region
faster than for quartz and mixed geometry, meaning that for silica geometry it requires
less volume. However, when the geometry changes to quartz or mixed between silica
and quartz, the REVmin values of porosity increased where the volume needed to reach
REV region is increased. Thus, it is observed that the REV for porosity is affected by
the geometry of the media. On the other hand, REVmin for tortuosity generally constant
regardless of the geometry of the media. Hence, REV for tortuosity is not affected by
the geometry of the media. It is true because porosity is affected by pore space that is

influenced by the geometry of the pore solid. Hence, having a regular spherical
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geometry of the pore particle, the pore space will be higher. However, having an
irregular geometry of the pore particle, the pore space will be smaller as visualized in

figure 28 down below:

(b)

Figure 28. Showing pore space and pore particales of (a) 3D image of system 1 with

silica particles geometry, and (b) 3D image of system 7 with quartz particles geometry.

Figure 28 demonstrated the pore space and pore particle of silica and quartz
geometry, which is considered as regular and irregular geometries respectively. It is
observed that for regular geometry higher pore space is shown compared with the
irregular geometry.

Another important parameter that was analyzed is the normalized REVmin
volume, which is merely a dimensionless parameter that is driven by dividing REVmin
volume by the volume find at Dso. Where this gives the number of particles required to
reach REV region. Table 5 summarized REVmin normalized volume values of porosity

and tortuosity for all systems. In addition, these values were plotted in figures 29, 30.
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Table 5. REVmin normalized Volume Values of Porosity and Tortousity for All

Systems.
System # REV_volume (@) REV_volume (1) (mm)/
(mm?3)/volume(Dso)(mm?) volume(Dso)(mm?®)
system 1 314.02 456.76
system 2 475.16 691.16
system 3 825.86 1201.28
system 4 1532.55 2229.23
system 5 1024.09 1166.08
system 6 683.45 1286.55
system 7 589.59 574.17
system 8 1124.21 1124.21
system 9 1524.65 1524.65
system 10 2702.88 2702.88
system 11 1577.45 1577.45
system 12 1887.59 1887.59
system 13 964.35 964.35
system 14 1348.55 1348.55
system 15 1618.87 1618.87
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REVmin normalized volume values were calculated by dividing the REVmin volume
by the volume at Dso. Where this analysis is more feasible as it gives the number of
particles required reaching REV region. As shown above in figure 29 and 30, for regular
geometry such as silica from system 1-6, almost the number of particles required to
reach REV region of porosity is higher than the number of particles to reach REV region
of tortuosity. Whereas, from system 7-15 that is characterized by irregular geometry
such as quartz and mixtures of silica and quartz, almost equal number of particles
required for reaching REV region of porosity and tortuosity. For instance, at system 4
the number of particles to reach REV region of porosity almost equal to 1500 particles.
Whereas, the number of particles to reach REV region of tortuosity equal to 2200
particles. However, for system 12 equal number of particles required to reach REV
region for porosity and tortuosity that is equal 1900 particles.

In overall, the relationship is interpreted by emphasizing that for silica and rounded
geometry that is considered as regular geometry, REVmin for porosity is lower than
REVmin for tortuosity. Besides, for quartz and non-rounded geometry that is
considered as irregular geometry, the REVmin for porosity is equal to REVmin for
tortuosity. The main conclusion is that having a REV of porosity is not sufficient to
define a REV of tortuosity, as the REV of porosity is always lower than REV of
tortuosity only when the geometry of the assigned porous media is rounded silica shape.
However, when the geometry of porous media is quartz non-rounded or is mixed
between silica and quartz, the REV of porosity is sufficient to define a REV of
tortuosity. As reported in the literature, many studies attempted to use 3-dimensional
images to find REV for porosity and tortuosity only for circular particles [113,120].
Although Wu et al and Sun et al. [113,120] found that REV of porosity is always lower

than of tortuosity for only sphere geometry; however, in this study, the relationship
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between REV of porosity and tortuosity was generalized as it was adopted for different

porous media geometry and a wide range of grain sizes.
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CHAPTER 5: CONCLUSION AND RECOMMENDATION

In this thesis, the representative elementary volumes (REV) of tortuosity and
porosity were computed using three-dimensional microcomputed tomography images
for fifteen natural sand systems. The data used was characterized by different geometry
such as silica, quartz, and mixed sands, as well as, with a wide range of grain sizes. To
the best knowledge, the novelty of this thesis is filling the gaps in the literature related
to the lack in determining whether a REV for porosity is sufficient to define REV for
tortuosity for different geometries at a wide range of grain sizes. Whereas, in literature,
it was restricted only to sphere regular geometry. This study, therefore, has provided a
comparison of REV of porosity and tortuosity for regular and irregular geometries,
leading to a more realistic conclusion, as the real porous media is not characterized with
a regular geometry. It was observed that REVmin value of tortuosity is not affected by
the geometry of porous media. For instance, for irregular geometry, REVmin of
tortuosity is almost constant. Whereas, the REVmin of porosity was fluctuated as for
regular geometry the REVmin value was less than irregular. This means that it is
affected by the geometry of the porous media. Moreover, this study also showed that
for regular geometry, the REV of porosity is not sufficient to define REV of tortuosity.
However, when the geometry of the media is irregular, the REV of porosity is sufficient
to define the REV of tortuosity. As a future perspective, this work could be further
enhanced by finding the limitation of the regularity of the geometry in which REVmin
of porosity deviates to behave equally to REVmin of tortuosity. Additionally, an
analytical relationship could be developed between REVmin (@) and REVmin (r)
depending on different parameters such as geometry, Dso, sphericity index (¥) and

roundness index (X,,).
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APPENDIX

Appendix A: Tables for porosity and tortuosity values

System_1 System_2

V(?rl]l:nrr)le Porosity Tortuosity Porosity Tortuosity
109.26 0.327 1.497 0.356 1.467
88.24 0.327 1.507 0.354 1.469
67.22 0.326 1.546 0.353 1.455
59.07 0.331 1.446 0.351 1.464
46.2 0.327 1.496 0.352 1.439
45 0.329 1.457 0.350 1.447
35.73 0.332 1.555 0.353 1.416
30.93 0.328 1.552 0.349 1.429
27.22 0.332 1.518 0.353 1.435
18.71 0.330 1.570 0.351 1.404
18.23 0.331 1.538 0.355 1.401
16.86 0.333 1.487 0.348 1.416
13.89 0.332 1.638 0.353 1.389
10.2 0.334 1.416 0.350 1.432
9.55 0.334 1.730 0.352 1.369
6.56 0.337 1.637 0.357 1.412
5.2 0.336 1.448 0.354 1.382
5 0.340 1.699 0.357 1.397
3.44 0.332 1.821 0.356 1.397
1.87 0.340 1.653 0.359 1.391

System 3 System 4
Volume

(mm) Porosity Tortuosity Porosity Tortuosity
109.26 0.382 1.392 0.330 1.419
88.24 0.380 1.384 0.329 1.413
67.22 0.379 1.385 0.327 1.418
59.07 0.378 1.407 0.327 1.450
46.2 0.378 1.379 0.326 1.413
45 0.376 1.399 0.325 1.424
35.73 0.379 1.420 0.330 1.398
30.93 0.375 1.397 0.325 1.390
27.22 0.378 1.415 0.328 1.420
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18.71 0.378 1.392 0.327 1.415
18.23 0.380 1.422 0.331 1.409
16.86 0.374 1.412 0.325 1.391
13.89 0.379 1.432 0.328 1.419
10.2 0.377 1.386 0.327 1.406
9.55 0.379 1.413 0.327 1.407
6.56 0.381 1.442 0.333 1.371
5.2 0.378 1.411 0.328 1.355
5 0.378 1.434 0.331 1.398
3.44 0.378 1.427 0.340 1.401
1.87 0.376 1.374 0.337 1.319
System5 System6
Volume Porosity Tortuosity Porosity Tortuosity
(mm)

109.26 0.323 1.485 0.369 1.488
88.24 0.323 1.472 0.367 1.487
67.22 0.323 1.465 0.367 1.498
59.07 0.315 1.501 0.368 1.450

46.2 0.322 1.473 0.366 1.461
45 0.314 1.530 0.368 1.504

35.73 0.315 1.473 0.369 1.467
30.93 0.312 1.537 0.368 1.453
27.22 0.315 1.487 0.370 1.482
18.71 0.311 1.451 0.369 1.442
18.23 0.317 1.507 0.368 1.644
16.86 0.316 1.462 0.370 1.430
13.89 0.316 1.527 0.371 1.685

10.2 0.315 1.467 0.373 1.449
9.55 0.311 1.441 0.372 1.477
6.56 0.310 1.499 0.362 1.501
5.2 0.317 1.437 0.379 1.447

5 0.308 1.484 0.367 1.492
3.44 0.305 1.628 0.365 1.491
1.87 0.306 1.551 0.369 1.468
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System7 System8
Volume
(mm) Porosity Tortuosity Porosity Tortuosity
109.26 0.470 1.967 0.488 1.640
88.24 0.469 1.924 0.484 1.618
67.22 0.466 1.915 0.482 1.637
59.07 0.467 1.947 0.486 1.631
46.2 0.465 1.941 0.481 1.605
45 0.464 1.939 0.484 1.641
35.73 0.470 2.085 0.488 1.724
30.93 0.466 1.925 0.483 1.589
27.22 0.468 2.057 0.485 1.750
18.71 0.468 2.098 0.486 1.684
18.23 0.474 1.890 0.489 1.650
16.86 0.465 1.943 0.483 1.588
13.89 0.470 1.912 0.488 1.700
10.2 0.468 2.003 0.484 1.588
9.55 0.460 1.958 0.491 1.691
6.56 0.482 2.491 0.481 1.730
5.2 0.453 2.101 0.488 1.673
5 0.475 2.378 0.479 1.674
3.44 0.469 2.084 0.487 1.758
1.87 0.475 1.609 0.486 1.533
System 9 System 10
Volume
(mm) Porosity Tortuosity Porosity Tortuosity
109.26 0.505 1.527 0.455 1.732
88.24 0.499 1.524 0.452 1.704
67.22 0.494 1.520 0.449 1.707
59.07 0.489 1.550 0.439 1.769
46.2 0.492 1.533 0.451 1.696
45 0.485 1.547 0.435 1.815
35.73 0.490 1.564 0.441 1.807
30.93 0.481 1.551 0.438 1.735
27.22 0.487 1.553 0.438 1.798
18.71 0.483 1.584 0.444 1.834
18.23 0.494 1.626 0.447 1.834
16.86 0.481 1.544 0.437 1.714
13.89 0.492 1.664 0.446 1.716
10.2 0.484 1.584 0.444 1.740
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9.55 0.489 1.693 0.460 1.880
6.56 0.492 1.585 0.453 1.832
5.2 0.493 1.618 0.469 1.828
5 0.491 1.650 0.454 2.016
3.44 0.492 1.682 0.468 1.928
1.87 0.492 1.567 0.462 2.276
System11l System12
Volume
(mm) Porosity Tortuosity Porosity Tortuosity
109.26 0.489 1.776 0.462 1.652
88.24 0.489 1.772 0.459 1.639
67.22 0.491 1.756 0.455 1.594
59.07 0.477 1.800 0.454 1.538
46.2 0.488 1.784 0.453 1.635
45 0.477 1.797 0.450 1.549
35.73 0.471 1.842 0.456 1.661
30.93 0.475 1.858 0.446 1.603
27.22 0.470 1.866 0.452 1.570
18.71 0.469 1.842 0.450 1.533
18.23 0.472 1.897 0.458 1.706
16.86 0.464 1.759 0.445 1.672
13.89 0.470 1.959 0.457 1.573
10.2 0.460 1.842 0.446 1.579
9.55 0.479 1.895 0.454 1.565
6.56 0.469 1.840 0.447 1.618
5.2 0.475 1.919 0.451 1.585
5 0.469 1.702 0.451 1.648
3.44 0.478 1.718 0.439 1.548
1.87 0.482 2.275 0.439 1.566
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System 13 System 14 System 15
Volume
(mm) Porosity Tortuosity Porosity Tortuosity Porosity Tortuosity
109.26 0.398 1.574 0.408 1.606 0.393 1.634
88.24 0.395 1.550 0.402 1.592 0.387 1.622
67.22 0.393 1.527 0.400 1.573 0.384 1.610
59.07 0.393 1.602 0.400 1.590 0.385 1.597
46.2 0.390 1.507 0.398 1.548 0.379 1.603
45 0.390 1.587 0.399 1.574 0.381 1.596
35.73 0.394 1.589 0.400 1.663 0.385 1.549
30.93 0.387 1.517 0.397 1.554 0.376 1.587
27.22 0.391 1.536 0.398 1.642 0.380 1.586
18.71 0.390 1.552 0.396 1.570 0.377 1.588
18.23 0.395 1.606 0.398 1.743 0.388 1.594
16.86 0.388 1.528 0.397 1.544 0.372 1.559
13.89 0.390 1.650 0.396 1.734 0.383 1.587
10.2 0.388 1.441 0.395 1.566 0.375 1.568
9.55 0.385 1.655 0.394 1.604 0.381 1.555
6.56 0.405 1.568 0.393 1.727 0.390 1.705
5.2 0.387 1.460 0.390 1.575 0.375 1.561
5 0.398 1.518 0.390 1.731 0.384 1.749
3.44 0.393 1.746 0.385 1.718 0.385 1.566
1.87 0.399 1.502 0.380 1.621 0.375 1.543
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Appendix C: REVmin Matlab code

O O

load vol n %$%n is number of sub-volume (1-20)
t = 3.90*107-10; %% set the tolerance for porosity
load poro n
delta poro n=abs(poro n(2:end)-poro n(l:end-1));
delta vol n=abs(vol n(2:end)-vol n(l:end-1));
delta poro n adj = delta poro n./delta vol n; %%
calculate the slope
REVp = find (delta poro n adj<=t); %% compared with a
tolerance
n=size (REVpP) ;
nREVp=[];
for i=2:n (1)
if REVp (1) -REVp (i-1)==1
nREVp (i-1)=REVp (i-1);
end
end
x=nREVp (nREVp~=0) ;
REVminPp=vol n(x(1));

tt = 2.02*%107-9; %
load tort n
delta tort n=abs(tort n(Z2:end)-tort n(l:end-1));
delta tort n adj = delta tort n./delta vol n;
REVt = find (delta tort n adj<=tt);
n=size (REVt) ;
nREVt=[];
for i=2:n(1)
if REVt (i)-REVt (i-1)==
nREVt (i-1)=REVt (i-1);
end
end
y=nREVt (nREVt~=0) ;
REVminPt=vol 1(y(1));
if REVminPp==REVminPt
fprintf ('REV is %d',REVminPp)
end

o\

set the tolerance for tortousity
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