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Abstract 

Small-scale heterogeneities influence fluid flow at sub-core and reservoir scale. 

However, the influence of deformation bands, commonly found in high porosity 

sandstones, is poorly understood.  

Internal structure of small-scale heterogeneities is investigated with X-ray computed 

tomography (CT). To this aim, high-resolution, artefacts-free CT images are needed. 

Beam hardening artefact, in cylindrical-shaped samples, increases the X-ray 

attenuation values with increasing distance from the centre. A new beam hardening 

correction technique was developed using a post-processing linearization procedure 

on the beam hardening curve.  The technique is implemented in an automated open-

source ImageJ plug-in, and successfully applied on X-ray CT images of homogeneous 

and heterogeneous samples containing deformation bands.   

Petrophysical and multiphase properties of heterogeneous sandstones were 

investigated by performing core flooding experiments with positron emission 

tomography (PET) and/or X-ray CT imaging. Experiments were conducted on a 

Navajo sandstone core characterized by diagonal deformation bands and fine-grained 

laminae. PET images were used to derive the single phase hydrodynamic properties of 

the core. A drainage experiment (CO2/water) was conducted in the water-saturated 

core and imaged with a medical X-ray CT scanner. Experimental results and numerical 

simulations indicate that deformation bands form stronger capillary barriers than 

laminae. 

A drainage core flooding experiment (N2/water) was performed on a Navajo sandstone 

core containing conjugate deformation band clusters. Results show a high N2 

saturation in the host rock compartments upstream of a thick cluster of deformation 

bands, identified as an extreme capillary barrier. At the end of the experiment, host 

rock compartments show variable N2 saturation. Simulation models demonstrate that 

the capillary end effect and discontinuities in bands impact fluid saturation.  

Clusters and individual cataclastic bands strongly affect fluid flow, minimizing 

crossflow between compartments and promoting fluid compartmentalization. Detailed 
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characterization of deformation bands is necessary for accurate reservoir prediction, 

both for carbon storage and for enhanced oil recovery.  
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1. Chapter 1 

                                                                                            

INTRODUCTION  

 
 

1.1. Rationale 

Spatial variation of petrophysical and multiphase flow properties influence 

fluid flow behaviour at small and reservoir scale (Corey & Rathjens, 1956; Krevor, et 

al., 2011; Krevor, et al., 2015; Li & Benson, 2015; Lunn, et al., 2008; Perrin & Benson, 

2010; Pini, et al., 2012; Saadatpoor, et al., 2010; Shipton, et al., 2002). Whilst small 

scale heterogeneities, such as fractures, bedding planes and laminae have been 

extensively studied at sub-core scale, the role of deformation bands on fluid flow is 

still unclear. Cataclastic bands are mm thick strain localization features, characterized 

by low porosity and permeability and high capillary pressure compared to the 

surrounding rock (Aydin, 1978; Aydin & Johnson , 1978; Deng, et al., 2015; Shipton, 

et al., 2002). Individual deformation bands are only able to accommodate small (less 

than few cm) displacement; as strain increases, clusters of deformation bands may 

coalesce, with further reduction of porosity and permeability (Aydin & Johnson , 1978; 

Shipton & Cowie, 2003). Deformation bands develop in highly porous sandstones 

particularly in proximity to both sub-seismically visible and large displacement faults 

(Shipton & Cowie, 2001; Fossen, et al., 2018).  

Sandstones represent the highest-quality and highest storage volume reservoirs 

(Benson & Cook, 2005; Bjørlykke & Jahren, 2010). Accurate site characterization and 

understanding the impact of geological features on fluid flow is essential for estimating 

storage capacity and assess injection strategies of many subsurface engineering 

technologies, such as carbon dioxide storage, hydrogen storage and enhanced oil 

recovery. 

Several studies have highlighted that deformation bands have the potential to 

negatively affect fluid flow, leading to decreasing reservoir permeability, high degree 

of fluid tortuosity and fluid bypass (Ogilvie, et al., 2001; Qu & Tveranger, 2016; 
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Rotevatn & Fossen, 2011; Rotevatn, et al., 2017; Schultz & Siddharthan, 2005; 

Shipton, et al., 2002; Shipton, et al., 2005; Wilkins, et al., 2019). However, discussion 

is still ongoing whether deformation bands are responsible or not for reservoir 

compartmentalization. 

Until now, fluid behaviour due to the presence of deformation bands has been 

mostly investigated through field observations and reservoir modelling. In situ and 

sub-core visualization and quantification of single and multiphase fluid flow in 

sandstones with individual and clusters deformation bands have never been performed. 

1.2. Scope of the thesis 

The aim of this PhD is to better understand the role of individual deformation 

bands and clusters of bands on fluid flow at the sub-core scale. The studies in this 

dissertation are aimed not only to derive petrophysical and multiphase properties of 

deformation bands, but also to understand how geometry, thickness, and orientation of 

bands influence fluid flow.   

Detailed characterization of deformation band structure is performed by 

acquiring X-ray micro computed tomography images. With this imaging technique 

high-resolution images are obtained without compromising the integrity of the 

samples. However, image quality and the resulting estimation of petrophysical 

properties depend on removal of image artefacts produced during the reconstruction 

process. From this consideration follows the first research question: how can we 

improve micro-CT image quality for a better visualization of small-scale heterogeneity 

and prediction of petrophysical properties? 

Core flooding experiments are conducted on two Navajo sandstone core 

samples, taken from vertical boreholes drilled through a sub-seismic normal fault in 

Utah (Big Hole Fault) (Shipton, et al., 2002). The first sample is characterized by 

individual cataclastic bands diagonally oriented to the flow and two main fine-grained 

laminae perpendicular to the axis of the core. The deformation bands do not isolate 

any portion of the rock within this core sample. Combining experimental and 

numerical simulations results addresses the following questions: how do individual 
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deformation bands affect single and multiphase fluid flow? Do laminae contribute 

more or less than deformation bands on fluid flow?  

Multiphase core flooding experiments are performed on the second sample, 

characterized by single conjugate clusters of deformation bands cutting laminae. The 

research questions addressed with this experiment are: in what way do clusters of 

deformation bands influence fluid flow? How significantly different are the 

petrophysical and multiphase properties compared to individual bands? Can 

deformation bands be responsible for fluid compartmentalization? 

1.3. Outline of the thesis 

Chapter 2 is a literature review of deformation bands, imaging techniques, core 

flooding experiments and the influence of small-scale heterogeneity on fluid flow. 

Chapter 3 presents a novel and automatic methodology developed for 

correction of beam hardening artefact. Beam hardening is common artefact shown in 

X-ray micro computed tomography, which increases attenuation values at the edge of 

the images. In this Chapter the correction technique is developed and applied to several 

scan images of homogeneous and heterogeneous samples. The correction improves 

images quality and the resulting estimation of petrophysical properties such as porosity 

and permeability. The correction was applied to all subsequent X-ray micro-CT scans 

presented in this thesis. 

The work includes a plug in, which automatically run in the open source 

software ImageJ. It has been published in Computers and Geosciences Journal as 

ñAutomated high accuracy, rapid beam hardening correction in X-Ray Computed 

Tomography of multi-mineral, heterogeneous core samplesò by Carla Romano, Dr 

James M. Minto, Prof. Zoe K. Shipton and Prof. Rebecca J. Lunn. This study was 

conceived by all authors. I acquired micro-CT data, and created the code. James M. 

Minto acquired micro-CT data and carried out the simulation for determination of sub-

core scale permeability. All authors contributed in the analysis of the results and in 

editing the manuscript prior to submission. 
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Chapter 4 focuses on the understanding of single and multiphase flow 

behaviour in sandstone characterized by cataclastic deformation bands. Micro-CT X-

ray images were obtained to better define the geometry of the deformation bands. The 

Chapter includes results of single phase radiotracer experiments and multiphase core 

flooding experiments. Positron Emission Tomography (PET) and medical X-ray CT 

were used for single and multiphase experiments, respectively. Core flooding 

experiments were conducted in collaboration with Benson Lab research group, at 

Stanford University. Numerical simulations of the core were performed to support the 

experimental evidence. 

This work has been submitted to Water Resources Research journal as ñSub-

core scale fluid flow behavior in a sandstone with cataclastic deformation bandsò by 

Carla R. Romano, Dr Christopher Zahasky, Dr Charlotte Garing, Dr James M. Minto, 

Prof. Sally M. Benson, Prof. Zoe K. Shipton and Prof. Rebecca J. Lunn. I conducted 

the single phase flow experiments with assistance from Christopher Zahasky. I 

conducted multiphase flow experiments with assistance from Charlotte Garing. Time 

arrival and fluid velocity maps were developed in collaboration with Christopher 

Zahasky. I carried out analysis of the data, image processing, and numerical 

simulations. All the authors provided feedback on data analysis and edited the 

manuscript before submission to the journal. 

Chapter 5 presents multiphase fluid flow behaviour in sandstone with clusters 

of deformation bands. Micro-CT images were taken to better understand the 

complicated geometry of clusters of bands. A multiphase core flooding experiment 

was conducted at Stanford University while medical X-ray CT images were taken in 

both unsteady and steady state conditions. Simulations of a simplified case were 

designed for understanding the role of boundary conditions and discontinuities in 

bands on fluid saturation.   

This study has been submitted to a peer-reviewed journal as ñExtreme capillary 

heterogeneities and in situ fluid compartmentalization due to clusters of deformation 

bands in sandstonesò by Carla R. Romano, Dr Charlotte Garing, Dr James Minto, Prof. 

Sally M. Benson, Prof. Zoe K. Shipton, Prof. Rebecca J. Lunn. Core flooding 

experiments were conducted by me, with intellectual contribution of Charlotte Garing.  
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I acquired micro-CT data, analysed the scan images and carried out numerical 

simulations. All authors contributed in providing feedbacks on analysis of data and 

editing manuscript before submission.  

Chapter 6 highlights and discusses the main findings of the research and brings 

out potential future work.  
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2. Chapter 2 

 

L ITERATURE REVIEW  

 

 

2.1. Rationale 

In highly porous sandstone, displacement is accommodated by forming 

deformation bands (Aydin, 1978). Deformation bands can be classified based on their 

kinematic and deformation mechanism (Fossen, et al., 2007). Cataclastic deformation 

bands form due to grain rolling, reorganisation and fracturing; this leads to a reduced 

porosity and permeability compared to the host rock (Antonellini & Aydin, 1994; 

Aydin & Johnson , 1978; Ballas, et al., 2015; Deng, et al., 2015; Shipton, et al., 2002; 

Taylor & Polland, 2000). Cataclastic bands are mainly found in the damage and 

process zone of normal faults (Fossen, et al., 2007). The frequency of deformation 

bands increases towards the fault core, but no relationship has been found between the 

frequency of bands and the fault displacement (Schueller, et al., 2013). Therefore, 

clusters of bands characterize both small displacement, sub-seismic faults and large 

seismically resolvable structures. Several researchers, based on field observation and 

numerical simulations, have shown that deformation bands negatively affect fluid flow 

(Rotevatn & Fossen, 2011; Wilkins, et al., 2019). 

Micro computed tomography is nowadays widely used for the characterization 

of rock features and the geometry of small-scale heterogeneities. The acquisition 

process can take several hours, however, the obtained scan images have an 

unparalleled spatial resolution of several micrometres. The quality of these images is 

strongly affected by previous processing of micro-CT images, aimed at removing 

common images artefacts, such as the beam hardening artefact. 

Core flooding experiments are valuable tools for understanding fluid flow 

behaviour at reservoir conditions. Integration of these experiments with increasingly 

advanced imaging techniques allows visualization in situ of the effect on fluid flow of 

sub core scale features and the measurement of porosity, permeability, capillary 

pressure and relative permeability. Multiple studies have shown how small-scale 
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heterogeneities influence fluid flow. The impact of fractures, laminae and bedding 

planes on single and multiphase flow has been widely investigated at sub-core scale 

through core flooding experiments (Alemu, et al., 2013; Hingerl, et al., 2016; Huo & 

Benson, 2016; Krevor, et al., 2012; Pini & Benson, 2017; Tueckmantel, et al., 2012; 

Zahasky & Benson, 2018).   

2.2. Deformation bands 

In highly porous sandstones (porosity > 0.15) strain localization results in the 

development of deformation bands rather than fractures (Aydin, 1978; Schultz & 

Siddharthan, 2005; Fossen, et al., 2007). Deformation bands are sub-seismic scale, 

millimetres to centimetres thick deformation structures (Aydin, 1978; Aydin & 

Johnson , 1978) formed during fault initiation and damage-zone development (Aydin, 

1978; Shipton & Cowie, 2001).  

2.2.1. Classification of deformation bands and their petrophysical properties 

Deformation bands can be classified based on their kinematics (Fossen, et al., 

2018). Three main kinematic classes can be distinguished: simple shear band, pure 

compaction band and pure dilation band. These can be placed as end members of a 

triangle shape diagram where at the middle points, classes of bands resulting from the 

combination of shear and dilation, or shear and compaction can be identified (Figure 

2-1). 
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Figure 2-1. Kinematic classes of deformation bands. Simple shear, pure dilation and 

compaction bands are the end members. Shear-enhanced dilation bands form due to 

the combination of shear and dilation. Compactional shear form when shear and 

compaction combine and when the shear component is higher than the compaction 

one. When compaction and shear have a similar magnitude, instead, shear-enhanced 

compaction bands form (Fossen, et al., 2018). 

Pure dilation bands develop in poorly consolidated sandstones at shallow 

depth, low overburden pressure conditions. The deformation mechanism consists of 

grain rotation and translation. Dilation is accommodated in very thin (1-5 mm) tabular 

layers. Dilation bands are not very common. They have been reported by Du Bernard, 

et al., (2002) in the Savage Creek marine terrace, northern California, where they 

accommodate slip along associated shear bands. Dilation band orientation has been 

found to be parallel to the bisector of the acute angle of conjugate shear bands. Along 

dilation bands a host rock porosity increase of 7% was observed by Du Bernard, et al., 

(2002). 

Shear dilation bands also occur when confining pressure conditions are low. 

Antonellini et al.  (1994) found shear dilation bands together with shear compaction 

bands in the Moab Member of Entrada Formation, Utah. The different deformation 

mechanisms are representative of different sandstone porosity and confining pressure 

conditions. In the study of Antonellini et al. (1994), along shear dilation bands a host 

rock porosity increase (image segmentation of thin sections) of 8% has been observed. 

However later diagenetic processes promoted the filling of these shear dilation bands 

with iron, calcite or other diagenetic minerals. This is why an overall permeability 

decrease has been observed along these shear dilation bands.  

Simple shear bands show no variation in volume, neither positive dilatancy as 

dilation bands or reduction of volume as shear compaction bands. Simple shear bands 

form due to combinations of minor episodes of both compaction and dilation (Fossen, 

et al., 2018). No change in porosity and permeability is observed along simple shear 

bands (Fossen, 2010). 

 Dilation bands, shear dilation bands and simple shear bands can be also defined 

as disaggregation bands, following the classification of deformation bands based on 

deformation mechanism (Figure 2-2a). Disaggregation bands refers to all the bands 
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that form due to grain rolling, translation and breaking of thin film of cement around 

grains (Fossen, et al., 2007).  

Disaggregation bands characterized by high content (0.1-0.15) of platy 

minerals, such as muscovite, biotite, chlorite, kaolinite)  are called phyllosilicate bands  

(Figure 2-2b) (Knipe, et al., 1997; Fossen, et al., 2007). In this case, the abundance of 

clay minerals promotes grain sliding. A host rock porosity decrease of 13% and a 

permeability reduction up to three orders of magnitude is observed along phyllosilicate 

bands in Torabi and Fossen (2009). 

 

Figure 2-2 a) Disaggregation band due grain rolling and sliding. b) Phyllosilicate band 

where the sliding and rolling of the grain is favored by phyllosilicate minerals. c) 

Cataclastic band form due to grain rolling and fracturing. In this case simple shear is 

combined with compaction. d) Solution and cementation band form due to quartz 

dissolution and cementation, usually post-deformation. (Fossen, et al., 2007) 

Compaction shear bands are mm-thick structures characterized by cataclasis 

(Figure 2-2c). Cataclasis is the dominant mechanism by which deformation bands form 

in porous material (Aydin, et al., 2006): here grain sliding and rolling is combined with 

grain crushing and fracturing. The pore throat dimension along cataclastic bands is 

extremely reduced compared to the host rock. Compactional shear or cataclastic bands 
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usually form at depths higher than 1 km, but there has also been evidence of cataclastic 

bands at shallower depth, i.e. with low overburden pressure, in unconsolidated 

sandstones (Cashman & Cashman, 2000; Rawling & Goodwin, 2003). In this latter 

case the cataclasis process is less intense, and the mechanism of grain fracturing is 

strongly related to the mineralogic content of the host rock. Deformation of felspar 

minerals leads to intergranular fracturing along cleavage planes; deformation of quartz 

minerals, instead, creates small fractures at the edge of the single grains and flakes 

(Rawling & Goodwin, 2003). The cataclastic deformation mechanism promotes 

decreases in host rock porosity of about one order of magnitude and a consequent 

decrease in host rock permeability up to six orders of magnitude (Antonellini & Aydin, 

1994; Aydin & Johnson , 1978; Ballas, et al., 2015; Deng, et al., 2015; Fossen, et al., 

2007; Shipton, et al., 2002; Taylor & Polland, 2000). 

Post-deformation grain-contact quartz dissolution and cementation can also 

occur along cataclastic deformation bands (solution and cementation band), (Figure 2-

2d). Intergranular quartz dissolves in water, and is transported by advection-diffusion 

processes, such as chemical and pressure gradients (Worden, 2004). The dissolved 

quartz ñprecipitates on another part of a grain or in some free pore spaceò (Bright, 

2006) (Figure 2-3). Quartz dissolution is usually enhanced at temperatures above 90°C 

(Walderhaug, 1996). Despite temperature being the most controlling factor on silica 

solubility (Worden & Morad, 2000), cementation can happen at shallower depths and 

hence also along disaggregation bands. Cementation is enhanced by highly reactive 

microcrystalline quartz grains produced by cataclasis (Fossen, et al., 2007). The 

presence of grain coating clay minerals inhibits cementation in the host rock (Fisher 

& Knipe, 2001), but enhances it along the deformation bands where the coating is 

broken due to grain fracturing and crushing (Hesthammer, et al., 2002; Leveille, et al., 

1997; Fossen, et al., 2007). In pressure solution or cemented bands, the porosity and 

permeability are significantly decreased compared to host rock values. Ogilve et and 

Glover (2001) estimated for southern North Sea sandstones, a host rock porosity 

reduction of 25%, 50% and 75 % along cataclastic, cemented cataclastic bands and 

cemented disaggregation bands, respectively. Permeability is up to two and up to five 

orders of magnitude less than host rock permeability long cataclastic and cemented 

bands, respectively. 
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Figure 2-3.A) Backscattered SEM image of a solution and cementation band. Quartz 

is grey, feldspar is white, voids are in black. a denotes the area where quartz 

precipitated in the cataclastic deformation band; d is the preserved porosity not 

affected by quartz cementation.  B) Cathodoluminescence SEM image of a solution 

and cementation band. Quartz cement (in black) precipitated at grain contact (b) and 

in intergranular fractures (c) (Labaume, et al., 2001).  

If compactional shear bands form when the shear component exceeds the 

compactional one, shear-enhanced compaction bands form when the two kinematic 

processes have a similar magnitude (Eichhubl, et al., 2010). Shear-enhanced bands are 

cm thick structures (Figure 2-4a), characterized by less cataclasis and less porosity and 

permeability reduction when compared to cataclastic bands (Fossen, et al., 2018). 

Eichhbul et al., (2010) observed a maximum host rock porosity reduction of about 40% 

along shear enhanced compaction bands. Ballas et al. (2013) reported a porosity 

reduction of 25% and a permeability reduction from 0 to 1.2 order or magnitude along 

shear enhanced compaction bands. 

 Pure compaction bands form in high porosity (> 0.3) and permeability (7-10 

Darcy) sandstones (Fossen, et al., 2011). They develop wavy and chevron shapes 
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(Figure 2-4b) perpendicular to the maximum principal stress (Schultz, et al., 2010). As 

opposed to pure dilation bands, pure compaction band orientation is parallel to the 

bisector of the obtuse angle between associated shear or compaction bands (Fossen, et 

al., 2018). Along pure compaction bands the estimated reduction in host rock porosity 

(Eichhubl, et al., 2010) is about 50%; the pure compaction bands permeability can be 

up to four orders of magnitude lower than host rock permeability (Ballas, et al., 2015). 

Pure compaction bands are rarely found in nature, because they form in uncommon 

conditions, i.e. shallow depth and high principal stress (Fossen, et al., 2018). 

 

   

Figure 2-4. a) Shear-enhanced deformation band (SECB) and compactional shear 

bands (CSB). b) Wavy and chevron pure compaction bands (PCB) and shear-enhanced 

compaction band (Fossen, et al., 2018). 

2.2.2. Distribution  

A single deformation band is only able to accommodate small, mm and cm-

long, displacements. Once formed, rather than accommodating additional strain, the 

single deformation band becomes inactive and a new one forms. This process, known 

as strain hardening, repeats itself and leads to the formation of conjugate sets or up to 

decimetre thick clusters of deformation bands (Aydin & Johnson , 1978; Shipton & 

Cowie, 2003). A combination of single bands and clusters of deformation bands is 

commonly found in the field, as shown in the Figure 2-5.  

A) 
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Figure 2-5.(top) Cluster of deformation bands (dbs) and single cataclastic band (CB) 

in Navajo Sandstone, Utah. (bottom) Anastomosing clusters of bands in Navajo 

Sandstone, Utah. 

Cluster 

of dbs 

5cm 

10 cm 

CB 
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Most deformation bands are associated to a specific tectonic origin with the 

exceptions of disaggregation bands, that can also form in soft-sediment deformations, 

such as diapirism, syndepositional loading and gravitational instability (Fossen, 2010). 

Extensional tectonic regimes promote the formation of both disaggregation and 

cataclastic bands. The reduced minimum horizontal stress at shallow depth favours 

grain rolling and sliding rather than grain fracturing, and hence the formation of 

disaggregation bands. Cataclastic bands form in all tectonic regimes, from extensional 

to strike slip to contractional (Fossen, et al., 2018) while shear-enhanced compaction 

bands and pure compaction bands occur only in contractional regimes (Soliva, et al., 

2013).  

Cataclastic bands are mainly found around normal faults, in the so called 

damage zone, which is the volume of rock that accommodates deformations during 

initiation and propagation of slip along the fault (McGrath & Davison, 1995; Rotevatn 

& Fossen, 2011; Shipton & Cowie, 2003). The width of the damage zone increase as 

the fault grows (Figure 2-6a) (Schueller, et al., 2013). However, damage zone 

thickness ï displacement fault relationship changes if the damage zone is dominated 

by fractures or deformation bands (Choi, et al., 2016) (Figure 2-6b) and if the 

displacement is over 100 m (Torabi, et al., 2019) (Figure 2-6c). 
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Figure 2-6. a) Damage zone thickness increases exponentially with fault displacement. 

A wider damage zone is found in the hanging wall. Several damage zones are 

considered in these statistics (see Schueller, et al., 2013), (Fossen, et al., 2018). b) 

Damage zone thickness and displacement relationship is different if the damage zone 

is fracture- or deformation band-dominated (Choi, et al., 2016). c) Damage zone 

thickness and displacement relationship changes if displacement is higher than 100 m 

(Torabi, et al., 2019). 

 There is no known relationship between fault displacement and the frequency 

of deformation bands (Schueller, et al., 2013). This means that it is not possible to 

distinguish small and large faults based on the density of their associated deformation 

bands.  Regardless of fault displacement (and hence size of structure) the frequency of 

deformation bands logarithmically decreases with distance from the fault (Figure 2-7) 

(Schueller, et al., 2013). A higher permeability reduction, induced by clusters of bands, 

is found closer to the fault core (Shipton, et al., 2002) 
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Figure 2-7. Frequency of deformation bands decreases with increase of distance from 

the fault. The logarithm fit model used is Y=A+L ln(X), where Y is the number of 

deformation bands per meter, X is the distance from the fault core, and A and L are 

constants. Database includes 106 fault zones scanlines acquired in porous sandstone 

formations of Sinai, Utah, Corsica, England, Svalbard and Netherland. See Shueller et 

al. (2013) for details. 

Cataclastic bands are also characteristic of the process zone; the portion of 

deformed rock beyond the fault tip (Shipton & Cowie, 2001). Figure 2-8 shows a 

schematic model of a normal fault, including damage and process zone (Fossen, et al., 

2007). While the length of the fault can be predicted based on several theoretical 

models of fault displacement gradient (Cowie & Shipton, 1998), the length of the 

process zone is variable and mostly dependent on the properties of the deformed rock. 

In the example provided by Rotevatn & Fossen (2011) of the east side of the Cache 

fault, Utah, the process zone extends for 350 m and includess clusters of deformation 

bands, each of them characterized by at least 40 bands.  
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Figure 2-8. Schematic model of slip surface, damage zone and process zone. The last 

two are characterized by deformation band clusters and single deformation bands. The 

extension of the process zone can be up to several hundred meters beyond the fault tip 

(Fossen, et al., 2007). 

Finally, the interaction between more than one fault may create more complex 

overlapping zones with wider damage zones (Shipton & Cowie, 2003), characterized 

by synthetic and antithetic clusters of deformation bands.  

Fault tip process zones are below the seismic resolution and canôt be solved by 

inverting seismic profiles.  Moreover, seismic reflection data of complex fault zone 

geometries are usually noisier (Rotevatn & Fossen, 2011) and interpretation of 

complex geological structures and their extent is extremely challenging. 

2.2.3. Deformation band orientation 

Orientation of deformation bands, together with type of deformation bands, 

is influenced by the applied stress. Ma and Haimson (2016) performed uniform 

confining and true triaxial stresses experiments for understanding rock failure, type 

and orientation of deformation bands on a Bentheim sandstone and a Coconino 

sandstone. The samples are characterized by similar mineralogical content (Ó95% of 

quartz), but their grain geometry and porosity differ. Rounded grains and porosity of 

about 17% characterize the Coconino samples; subangular grains and a porosity of 

24% is observed in the Bentheim samples. A first experiment consisted in applying 

uniform confining pressure conditions to the sample (ů2 = ů3). In both samples, by 

increasing the value of ů3 (and ů2) a decrease in the angle of the failure plane is 

observed. In the Coconino sample (Figure 2-9a) when ů3>80 MPa, multiple and 

conjugate shear bands appear. In the Bentheim sandstone (Figure 2-9b) when ů3>50 
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MPa shear enhanced compaction bands form (angle < 45); when ů3=150 MPa, pure 

compaction bands (angle = 0°) develop. 

 

Figure 2-9.a) Failure in Coconino sandstone samples for increasing value of ů3, when 

ů2 = ů3. b) Failure in Bentheim sandstone samples for increasing value of ů3, when ů2 

= ů3 (Ma & Haimson, 2016). 

True triaxial experiments were performed by increasing ů2 for constant ů3 values. In 

the Coconino sandstone, deformation bands angle decreases for increasing values of 

ů2. When ů3=100 MPa, no conjugate and parallel bands are shown as in the previous 

experiment. Also in Bentheim sandstone samples the angle of the failure plane 

increases when ů2 increases; however, no influence of ů2 value is observed when ů3 = 

150 MPa. The more compactive behaviour is to address to the higher porosity of 

Bentheim sandstone compared to Coconino sandstone. 
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Figure 2-10. Failure of the Coconino sandstone (left) and Benthaim sandstone (right) 

when increasing ů2 is applied for constant values of ů3.  

2.2.4. Influence on fluid flow: previous studies 

As mentioned in the section 2.2.1, significant porosity and permeability 

reduction is observed along cataclastic bands, clusters of bands and dissolution and 

cementation bands. Shear-enhanced compaction bands also present reduced 

permeability and have higher thickness, but they are less vertically and laterally 

extensive and less common than cataclastic bands (Ballas, et al., 2015). As a 

consequence, cataclastic bands and dissolution cementation bands have received more 

attention since they have a greatpotential to strongly influence fluid migration, acting 

as barriers to flow.  

The reduced pore throat size along cataclastic and cemented deformation bands 

influences not only petrophysical (porosity, absolute permeability), but also 

multiphase properties. Capillary entry pressure along cataclastic and cemented bands 

is higher than capillary entry pressure of the surrounding host rock. More details about 

capillary pressure and its relationship with pore throat radius are provided in section 

2.4.2. Olgive et al. (2016) measured the capillary entry pressure of samples containing 

host rock or cataclastic and cemented deformation bands with MICP (Mercury 

Injection Capillary Pressure). The average capillary entry pressure estimated for 

deformation bands was 1.9 MPa, against the 440 kPa estimated for the host rock. These 
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values refer to a system where mercury (Hg) is injected into dry sample (filled with 

air). For calculating the capillary pressure considering another fluid pair (Pc (12)), the 

following equation can be used 

ὖ 
 

 Ⱦ
 ὖ Ⱦ ȟ                                       (2-1) 

where ů is the interfacial tension of the fluid pair, and — is the contact angle. If the 

fluid pair consists, for example, of CO2 and water (considering a  „ = 480 mN/m and 

a  —= 130° for Hg/air and a  „ = 35 mN/m and a  —= 40° for CO2/water), the capillary 

entry pressure of cataclastic bands and host rock becomes respectively 165 kPa and 38 

kPa. 

The interfacial tension is dependent on fluid pairs, temperature and pressure 

conditions. Contact angle value changes depending on fluid pair, solid material in 

contact with the two fluids, temperature and pressure. A different contact angle value 

should only be observed along deformation bands if the mineralogical content of 

deformation bands is changed compared to host rock, such as for clay filled 

deformation bands or cemented deformation bands. Explanations about interfacial 

tension and contact angle concepts are provided in section 2.4.2. 

Several studies were conducted for understanding the role of deformation 

bands on fluid flow (Naruk, et al., 2009; Ogilvie, et al., 2001; Qu & Tveranger, 2016; 

Qu, et al., 2017; Rotevatn & Fossen, 2011; Rotevatn, et al., 2017; Schultz & 

Siddharthan, 2005; Shipton, et al., 2002; Shipton, et al., 2005; Wilkins, et al., 2019). 

All t he mentioned studies highlight how deformation bands can be responsible for 

permeability decrease in a reservoir, fluid compartmentalization, a higher degree of 

tortuosity and fluid bypass. For example, Rotevatn et al. (2017) conducted reservoir 

simulations to understand the effect of deformation bands on water migration in a 

saturated oil reservoir. The results show that the presence of deformation bands causes 

a delay in the arrival time of the water in the production well, a higher degree of 

tortuosity, and a decrease of the total water saturation at the end of the simulation. 

These effects are more pronounced in the case of deformation band clusters, which 

result in a larger permeability reduction.  
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Another study (Rotevatn & Fossen, 2011) investigated the effect of 

deformation bands in the process zone. Deformation band geometries derived from 

field observations were implemented in reservoir simulations. Water was injected into 

an oil reservoir, through individual vertical injection and production wells. They found 

that deformation bands reduced permeabilities in the process zone and acted like 

capillary barriers. This resulted in an increase in the pressure gradient when fluid 

approached the process zone.  

Wilkins et al. (2019) studied the impact of subsurface deformation bands on 

hydrocarbon production in Holstein Field, Gulf of Mexico. Cataclastic deformation 

bands were mainly found in the hinge zone of a monoclinal fold in the sandstone 

reservoir. Well pressure data and core analysis confirmed that the presence of cross-

cutting, low and high angle dipping (to the bedding planes) deformation bands were 

responsible for a reservoir permeability decrease and reservoir compartmentalization.  

Some authors have suggested that the segregation of fluid in several 

pressure/saturation compartments by deformation bands (reservoir 

compartmentalization) may not really happen. Medeiros et al. (2010) states that 

damage zones are horizontally and vertically finite volumes, and hence suggests that 

fluid will simply bypass the deformation band zone. Tindall (2006) observed the 

presence of equally spaced joints that form later and cut across deformation bands. If 

present, such joints would act as preferential pathways for fluids and thus connect 

individual compartments within a reservoir.  

 

2.3. Micro computed tomography 

X-ray computed tomography is an imaging technique that allows visualization 

of three-dimensional objects, without compromising their integrity. Before the 1990s, 

X-ray imaging was mostly utilized in medical science, however, in the last 30 years it 

has been shown to be a useful tool within several subdisciplines of Earth Science 

(Wellington & Vinegar, 1987; Cnudde, et al., 2006; Lager, et al., 2008; Mooney, 2002; 

Mooney, et al., 2012; Perrin, et al., 2009; Van Geet, et al., 2000). The high-resolution 

achieved within X-ray micro computed tomography (µCT) allows for detailed 
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characterization of pore-scale geometry at a core-scale and can be used to determine 

the petrophysical properties.  

2.3.1. Basic principles 

All X -ray instruments are characterized by a source-sample-detector system. A 

point or linear source produces a beam of X-rays (photons) that traverses the sample. 

The sample acts like a filtering system and the resulting attenuated radiation is 

measured by a linear or planar detector. The beam shape depends on the source and 

detector geometry. High-resolution images are usually produced by cone-beam shaped 

systems (Lechuga & Weidlich, 2016), where the beam is emitted from a single point 

and detected by a planar detector (Scarfe & Farman, 2008). In this case, both source 

and detector are fixed and the sample is placed on a rotating table to enable acquisition 

of images through step-by-step rotation (very small angles) (Figure 2-11); the smaller 

the acquisition step (angle), the larger the number of projection views (images 

acquired) and the faster the reconstruction process. 

 

Figure 2-11. Schematic model of cone beam geometry (Kyle & Ketcham, 2015). 

Filtered Back Projection (FBP) (Feldkamp, et al., 1984) is the most used 

algorithm for 3D reconstruction. This is usually preferred because it is computationally 

less intensive, and thus faster, than iterative methods. The FBP algorithm relies on the 

assumption of a monochromatic source, i.e. on emitting waves with the same 

wavelength. For a monoenergetic source, it applies the simplest version of Beerôs Law 

(Eq. 2-2).  

Ὅ Ὅ Ὡ
᷿                                              (2-2) 
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Here Ὅ and Ὅ are final and initial energy, µ is the linear attenuation coefficient (unit: 

1/length) for the specific material and s is the ray path (Cnudde & Boone, 2013). 

Considering this equation, the X-ray is uniformly attenuated when it passes through 

the sample and the attenuation depends on the X-rayôs initial energy, the path length, 

and the sampleôs composition. After the reconstruction process, several 2D cross 

sectional images (slices) are produced; this stack of 2D images enables 3D 

reconstruction.  

2.3.2. Beam hardening artefact 

The assumption of a monochromatic source implemented in the FBP 

reconstruction method leads to several image artefacts. Actual sources have often a 

polychromatic nature and emit X-rays at different energies.  Low energy photons are 

more easily absorbed by the sample material and the resulting beam is characterized 

by higher energy photons (Achterhold, et al., 2013). The sample material is less 

efficient in absorbing the ñhardenedò beam. This results in short pathways (at the edge 

of the sample) being more attenuating than long pathways (centre of the sample) 

(UTCT, 2016). This phenomenon is called beam hardening and, in case of a 

monochromatic source assumption, it produces a false high attenuation value at edge 

of the sample in the resulting images (the cupping effect) (Brooks & Di Chiro, 1976). 

An example of the beam hardening artefact is shown in Figure 2-12.  

 

Figure 2-12. a) Slice of a plastic rod scan affected by the beam hardening artefact. b)  

Plot of attenuation values along the blue profile the Figure 2-12a.  
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2.3.3. Beam hardening correction: previous methodologies 

Until now several corrections have been proposed based on different 

modalities: pre-filtering correction methods, iterative reconstruction methods, and 

linearization correction methods. 

The pre-filtering approach is widely used and consists of placing a physical 

filter between the source and object (Jennings, 1988). The filterôs function is to 

minimise the low energy X-rays before they pass through the object, creating a quasi-

monochromatic source. This technique often requires a longer exposure, and 

consequently increases the scan time compared to a scan without filters but with the 

same X-ray energy and current. Filters can be characterized by different thicknesses 

and materials (aluminium, copper, tin, silver, etc.). Multiple trials are often needed to 

choose a filter suitable for removing beam hardening. In some cases, the cupping effect 

can be reduced but not completely removed.  

Iterative reconstruction methods consist of assuming an initial object structure 

and density, calculating its projections and comparing the calculated projections with 

the acquired ones. In the case of a misfit between the calculated and measured 

projections, the initial structure is changed until conversion is reached (Gilbert, 1972). 

At present, several iterative methods can be used to produce slice images (ART, 

SART, SIRT, MLEM, etc.). Despite these methods are often integrated into open 

source toolboxes (Biguri, et al., 2016), there are still limitations related to the amount 

of data that can be processed. With large datasets the computational load of iterative 

reconstruction methods means they are not feasible for use on a standard desktop 

computer.  

Linearization methods can be discretized into pre-reconstruction linearization 

methods and post-reconstruction linearization methods. Pre-reconstruction 

linearization method consist of applying, to the projection data (raw data), a 

polynomial or exponential correction function. In pre-reconstruction linearization 

methods, the relationship between attenuation and path length is defined through a 

calibration scan made on a phantom object (e.g. an object of known density and 

geometry) (Herman, 1979; Yan, et al., 2000). These methods are usually suitable for 

single material precorrections and they do not require a priori known shape and size 
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of the phantom object or a specific distance source-phantom (Kachelrieß, et al., 2006; 

Ritschl, et al., 2010). They are, however, less effective than iterative methods for 

correction of the beam hardening effect on multi-material objects. The phantom object 

is representative of the sample only if where there is a simple spatial variation of 

physical properties and all the densities of the materials are known.  

Linearization can be also determined by pre-determined correction profiles, 

custom user-specified correction profiles, and custom auto-detected correction 

profiles, such as those utilized by CT pro 3D, Nikon Metrology. In pre-determined 

correction profiles, the software proposes fixed coefficients for linearization of the 

beam hardening curves. The coefficients are not calculated for each sample, and 

therefore they donôt always provide accurate corrections, especially for zoomed-in 

scans. Although coefficients can be manually changed (user-specified correction 

profiles), they are still randomly chosen. The only automatic correction provided by 

the software is the custom option, based on the sinogram of the full sample. The 

sinogram is the product of the stack of the attenuation profiles obtained at different 

projection angles (Chityala, et al., 2005). This correction often produces additional 

noise and shading artefacts, especially in the case of multi-material objects. 

Another post-reconstruction linearization processes is the method proposed by 

Jovanoviĺ et al. (2013), in which the beam hardening correction conducted is 

contemporaneously to the local segmentation of the images. The procedure consists of 

calculating beam hardening curves for each phase identified in the sample.  The 

method can be time consuming and is not suitable for samples where no clear 

distinction between mineral phases is possible.  

Ketcham & Hanna (2014) developed an auto-detected correction profile 

algorithm for heterogeneous geological samples. The user identifies some regions of 

interest, each of them including a single material. The method consists of minimizing 

CT number variation in a single region, or several regions, that are characterized by 

beam hardening. Whilst effective, this method requires an expert user able not only to 

identify beam hardening artefacts, but also to discretize different materials. Further, a 

clear distinction between different materials may not be possible, particularly in case 

of low-resolution X-ray images or geological features such as graded bedding.  
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2.4. Core flooding experiments  

Characterization of reservoir properties and estimation of reservoir potential 

are achieved by integrating several data sources, such as laboratory tests, seismic data 

and field tests (Glover, 2001). Core flooding experiments are a laboratory technique 

that is commonly conducted for estimating petrophysical and multiphase properties at 

reservoir pressure and loading conditions.  

2.4.1. Methodology 

During core flooding, fluid displacement at a specific burial depth and 

temperature is mimicked by placing the core sample into a core holder, connected to a 

core flooding setup. The core flooding setup and core holder vary based on the purpose 

of the study. The core flooding setup is usually characterized by several injection and 

collecting fluid pumps, confining pressure pumps for applying an overburden pressure, 

and back pressure pumps (or a regulator) for keeping a constant outlet pressure. 

Pressure transducers are placed at the inlet and outlet of the core for monitoring 

differential pressure. Additional components can be included in the core flooding 

setup, such as a water exchange bath for injecting fluid at certain temperatures and a 

fluid separator for continuous circulation of fluids. Details of a core flooding 

experimental setup can be found in section 4.2.4. 

 Integration of core flooding experiments with more advanced imaging 

techniques has allowed sub-core scale observation of fluid flow behaviour and 

measurement of porosity, permeability, capillary pressure and relative permeability 

(Akbarabadi & Piri, 2013; Akin & Kovscek, 2003; Krause, 2012; Krause, et al., 2013; 

Krevor, et al., 2012; Perrin, et al., 2009; Pini, et al., 2012; Zahasky & Benson, 2018). 

The image techniques most used in combination with core flooding experiments are 

X-ray CT and Positron Emission Tomography (PET).  

For capturing fluid behaviour, medical X-ray CT is preferred to most micro-

CT imaging systems as the acquisition process is faster. X-ray CT acquisition is 

performed in a few minutes, but a lower resolution of scan images (mm scale) is 

achieved. The physical principles of medical X-ray CT are the same as those explained 

in section 2.3.1, but linear array of detectors is used (Zeng, 2010). In the last generation 
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of medical CT scanners, both the source and the linear arrays rotate, while the object 

remains fixed.  

PET imaging relies on the coincidental detection of gamma rays oppositely 

emitted by electron-positron annihilation (Figure 2-13). Firstly, the sample is injected 

with a solution of water and positron-emitting radionuclides. Due to the neutron-

deficiency nature of positron emitters, a single proton is trans-mutated in a single 

neutron, producing a positron and electron neutrino. The energy of the positron is 

attenuated by the material in which the solution travels until annihilation happens 

(Townsend, 2004). PET imaging is extremely valuable for quantifying radiotracer 

migration through a sample (Pini, et al., 2016; Zahasky & Benson, 2018). 

 

Figure 2-13. Basic principles of positron emission tomography. Annihilation is due to 

electron-positron collision. This produces two oppositely oriented gamma rays, 

detected by circular arrays of detectors (Manitoba, 2018). 

2.4.2. Petrophysical and multiphase property characterization 

Core flooding experiments and acquisition of scan images with a range of 

experimental conditions can enable measurements of 3D porosity distribution, bulk 

permeability, and the estimation of capillary pressure and relative permeability curves. 

Porosity is defined as the quantity of voids in a material. It is the volume 

fraction between the void phase and the bulk rock volume. Characterization of sub-

core scale porosity can be achieved by acquiring sets of scan images of the core in dry 

and fully water-saturated conditions (Withjack, 1988; Akin & Kovscek, 2003). It is 
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important that the location of the samples doesnôt change between the two scans. The 

average porosity in a given representative elementary volume (REV) is then calculated 

as follows, 

ˡ
 

    
                                              (2-3) 

where ὅὝ   and  ὅὝ  are CT numbers of the fully water-saturated and dry core, 

respectively. Ὅ   and  Ὅ   are the CT numbers of water and air, expressed in 

Hounsfield units (HU). It is common to assign a value of -1000 HU to air and 0 HU to 

water. For reducing error due to CT number variations during the acquisition process, 

Pini et al. (2012) suggest acquiring at least three sets of images for each condition and 

averaging them. An example of porosity calculated through wet and dry scans is shown 

in Figure 2-14. 

 

Figure 2-14. Sub-core scale porosity of a Heletz core sandstone (Hingerl, et al., 2016). 

Voxel dimension is 1.17×1.17×1 mm. 

 Bulk absolute permeability is the ability of the porous media to transmit fluid. 

It can be measured by injecting water at several flow rates in the fully water-saturated 

sample and measuring the pressure drop across the core using two pressure transducers 

placed at the inlet and outlet of the core. Darcyôs Law for a single fluid therefore 

applies, 

Ὧ
Ў

                                                    (2-4) 

Here k is the bulk permeability (m2), q is the volumetric flow rate (m3/s), µ is the 

dynamic viscosity (Pa·s) at temperature and pressure conditions of the experiment, L 
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is the length of the sample (m), A is the cross sectional area of the sample (m2) and Ўὖ 

is the differential pressure (Pa).   

 In situ single phase fluid behaviour in core flooding experiments can be 

captured by radiotracer-pulse injection, with PET images being taken prior to 

radiotracer breakthrough (Pini, et al., 2016; Zahasky & Benson, 2018). The water-

radiotracer solution is injected into the fully water-saturated samples at a range of flow 

rates with confining pressure being applied to avoid fluid bypass. Reconstruction of 

PET images then allows visualization of radiotracer concentration along the core, at 

time intervals of several seconds (20-40s) depending on the material and acquisition 

settings. An example of a single phase PET experiment is shown in Figure 2-15. 

 

Figure 2-15. Radiotracer concentration distribution at progressive higher pore volume 

of radiotracer injected at 5 ml/min in a Berea sandstone (Zahasky & Benson, 2018). 

 Multiphase fluid behaviour in core flooding experiments is captured by 

acquiring X-ray scan images in three different conditions: the core fully saturated with 

the injected fluid, the core fully water-saturated with the displaced fluid and the 

experimental conditions during injection. If a case with injection of CO2 (non-wetting 

phase) or CO2 and water (wetting phase) in a fully water-saturated sample is 
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considered, the CO2  saturation and the water saturation can be calculated as follows 

(Akin & Kovscek, 2003). 

Ὓ
 

  
        and       Ὓ ρ  Ὓ              (2-5) 

Here ὅὝ  are the CT numbers of the scan images at experimental conditions; ὅὝ  

and ὅὝ  are CT numbers of X-ray images acquired when the core is fully saturated 

with  CO2 and water, respectively. To determine the porosity distribution, it is advised 

to acquire and average several sets of images for each of these conditions to reduce 

background noise (Pini, et al., 2012).  Figure 2-16 shows an example of CO2 saturation 

measured during injection of CO2 and water into a fully water-saturated sample. 

 

Figure 2-16. CO2 saturation distribution after injecting CO2 and water (except for 

100% CO2 case) in the fully water-saturated Heletz sandstone core (Hingerl, et al., 

2016). Porosity of the sample is shown in Figure 2-12.  

Capillary pressure is defined as the difference in pressure between two 

immiscible fluids along their curved interface. If the pore spaces are assumed to be 

cylindrical tubes, the capillary pressure is inversely proportional to the radius of the 

tube, as described by the Washburn equation (Eq. 2-6). A reduction in pore throat size 

leads to an increase of capillary pressure and capillary entry pressure values (capillary 

pressure condition at which one fluid starts being displaced from the other), as seen 

for deformation bands.  
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 ὖ  
  

                                                  (2-6) 

Here ů is the interfacial tension (N/m) , — is the contact angle and ὶ is the radius of 

the tube (m) (Fanchi, 2002). The interfacial tension is due to the cohesive forces 

between molecules at the fluid-fluid interface. Its value depends on fluid pair, 

temperature and pressure conditions. A decrease in the interfacial tension value is 

observed for increasing pressure and temperature (Bachu & Bennion, 2009; Chiquet, 

et al., 2007). In a multiphase system with two immiscible fluids, the wettability is 

referred as the ability of one fluid to adhere to the solid surface when the second fluid 

is present. The wettability is quantified through the contact or wetting angle, which is 

the angle between the solid and the fluid adhering to the surface. In an oil/water system, 

for example, — > 90° indicates an oil wet system; if  — > 90° the system is neutrally 

wet. Intermediate conditions (water wet) are reached if the  π — < 90°; — = 0° is 

observed in total water wet conditions. Contact angle values is variable based on fluid 

pair, solid material, temperature and pressure conditions. In a CO2/water/quartz system 

the contact angle value increases with increasing temperature and pressure 

(Sarmadivaleh, et al., 2015). 

 

Capillary pressure at the inlet portion of the core can be estimated by injecting 

100% of non-wetting fluid at progressively higher flow rates into a core saturated with 

the wetting fluid (Pini, et al., 2012). The displacement of a wetting fluid by a non-

wetting fluid is referred to as the drainage process. Steady state conditions are reached 

when no change in differential pressure or saturation is registered over time. In this 

method it is assumed that in steady-state conditions the inlet pressure is equal to the 

pressure of the non-wetting injected fluid and the outlet pressure corresponds to the 

pressure of the wetting fluid (no pressure gradient is assumed in water phase) (Figure 

2-17).  
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Figure 2-17. CO2 is injected at a constant flow rate u with a fractional flow f equal to 

1 (100% CO2 injected). Once steady state conditions are reached, the pressure 

difference P1 - P2 is equal to the capillary pressure at inlet face. Outlet pressure is 

imposed by the back pressure pump (BP) (Pini, et al., 2012).  

The capillary pressure at the inlet portion of the core (ὖȿ ) is equal to the 

change in pressure (Ўὖ) measured by the pressure transducers placed at the inlet and 

outlet of the core.  

ὖȿ ὖ ὖ  Ўὖ                                  (2-7) 

Drainage capillary pressure experiments enable estimation of the capillary 

pressure values at several flow rates. By plotting capillary pressure values against the 

inlet water saturation, the capillary pressure curve can be fitted with a Brooks-Corey 

model (Eq. 2-8) (Brooks & Corey, 1964).  

ὖὧ ὖὧ Ͻ Ὓύ                                      (2-8) 

Ὓύ                                            (2-9) 

Here ὖὧ is the capillary pressure, ὖὧ  is the capillary entry pressure, ɚ is a factor 

reflecting the pore-size distribution and Ὓύ is the irreducible water saturation.  

When two fluids are present at the same time in a porous media, the relative 

permeability of one phase is reduced by the other. The presence of a second fluid 

reduces the ability of the first fluid to flow. The relative permeability is defined as the 

ratio between the effective permeability and the absolute permeability. The effective 

permeability is the permeability of an individual phase, when multiphase fluid flow is 

taken in account (Glover, 2001). Relative permeability values can be estimated by 

conducting drainage experiments, injecting the non-wetting fluid at progressively 

higher fractional flows. Fractional flow is defined as the ratio between the volumetric 
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flow rate of the non-wetting phase and the total volumetric flow rate imposed (Perrin, 

et al., 2009).  In other words, relative permeability drainage experiments are performed 

by injecting both wetting and non-wetting fluids at a single total flow rate. For each 

step, the flow rate of the non-wetting phase is progressively increased, with a 

consequent decrease in the wetting fluid flow rate in order to keep the total flow rate 

constant. Relative permeability of the i phase for a homogeneous sample is estimated 

by an extension of the one-dimensional Darcyôs law equation for multiphase flow 

(Krevor, et al., 2012). 

ή    
Ў

                                          (2-10) 

Here ή is the volumetric flow rate of the i phase, A is the cross sectional area,  k is the 

absolute permeability, Ὧὶ is the relative permeability of the i phase, ‘ is the dynamic 

viscosity of i phase, Ўὖ  is the differential pressure across the core and L is the length 

of the sample. Relative permeability values obtained with core flooding experiments 

can be fitted with a Brooks-Corey model as follows, (Brooks & Corey, 1964) resulting 

in characteristic relative permeability curves: .  

Ὧὶ ρ Ὓύ ρ Ὓύ Ⱦ
                    (2-11) 

Ὧὶ Ὓύ Ⱦ                                        (2-12) 

Here Ὧὶ and Ὧὶ are the relative permeability values of the non-wetting and wetting 

phases, respectively. Ὓύ  and ‗ are as specified in Equation 2-9 and following 

sentence.  

2.4.3. Sub-core scale influence of small-scale heterogeneities on fluid flow 

 Several studies have highlighted how small-scale heterogeneities influence 

fluid flow behaviour. Vasco et al. (2018) and Zahasky and Benson (2018) conducted 

single phase radiotracer-pulse injection experiments with PET on a Berea sandstone 

core sample. Despite the rock core appearing to be homogeneous, subtle 

heterogeneities in porosity and permeability were responsible for variations in the fluid 

velocity field. High permeability portions of the rock corresponded to low values of 

the mean arrival time of the radiotracer solution.   
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In the case of multiphase fluids, in addition to the permeability variation, an 

important role is played by variations in the capillary entry pressure. Multiple studies 

have attested that capillary heterogeneities, such as bedding planes, lamination and 

fractures, influence plume migration, fluid saturation and residual saturation (Krevor, 

et al., 2011; Hingerl, et al., 2016; Huo & Benson, 2016; Krevor, et al., 2012; Perrin & 

Benson, 2010; Pini, et al., 2012; Pini & Benson, 2017). Krevor et al. (2011) analysed 

multiphase flow behaviour and multiphase properties of a Mt. Simon sandstone core 

sample characterized by finer-grained bedding planes. Drainage and imbibition 

experiments (100% water flooding after 100% CO2 flooding) were conducted while 

medical X-ray CT images were acquired. Results showed that low porosity bedding 

planes act like capillary barriers, causing a fluid saturation build-up in the host rock 

region upwards of the bedding planes. Capillary heterogeneities also effectively 

enhance trapping mechanisms of CO2 after water flooding (Figure 2-18).  
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Figure 2-18. a) Porosity distribution of a Mt. Simon sandstone core sample. b) CO2 

saturation distribution at steady state during imbibition. c) Cross-sectional average 

porosity and CO2 saturation when 50% CO2 and 50% water were injected into the fully 

water-saturated sample, when 100% CO2 was injected, and when 100% water was 

injected after 100% CO2 flooding (Krevor, et al., 2011).  
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3. Chapter 3  

 

AUTOMATED HIGH ACCURACY, RAPID BEAM  

HARDENING CORRECTION IN X -RAY COMPUTED 

TOMOGRAPHY OF MULTI -MINERAL, 

HETEROGENEOUS CORE SAMPLES 

 

 
3.1. Introduction 

X-ray computed tomography (X-ray CT) is a modern non-intrusive imaging 

technique that produces cross-sectional images (slices) of a sample and, using 

tomography, allows three-dimensional reconstruction of the sample. X- ray CT is 

widely used in life science, and in the last 30 years, it has completely revolutionized 

measurement techniques in geoscience. Early X-ray analysis was mostly applied to 

palaeontology and petroleum engineering (Wellington & Vinegar, 1987). In recent 

years, thanks to technological progress, and the possibility to reach micrometre 

resolution, it boasts many more geological applications. For example, it has been used 

to measure macroscopic soil porosity  (Mooney, 2002), pore structure of hydrocarbon 

reservoir rocks  (Van Geet, et al., 2000), and for visualisation of roots in soil  (Mooney, 

et al., 2012). X-ray CT has been integrated into core flooding experiments for 

understanding how to enhance oil recovery in oil-brine systems  (Lager, et al., 2008), 

and to illuminate trapping mechanisms for carbon storage  (Perrin, et al., 2009). 

Moreover, X-ray CT allows the production of 3D porosity distributions and spatial and 

temporal measurement of saturation distribution of each phase during multiphase flow 

experiments. To ensure accurate quantitative results, it is necessary to have high 

quality images that avoid sources of error, such as artefacts due to the reconstruction 

process.  

A beam of X-rays passes through the sample and radiation is measured by a 

detection system (detector) to produce attenuation profiles. The attenuation values are 
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related to the electron densities of the sampleôs components  (Kruth, et al., 2011) and 

the energy and current values of the scan. All the instruments are characterized by a 

source-sample-detector system, but in relation to the geometries of the source (point 

or linear source) and the detector (linear or planar), there are different beam shapes. 

Cone beam geometry X-ray CT scanners are characterized by a fixed-point X-ray 

source and a planar detector. The beam is cone shaped and each ray passes through the 

object with a certain angle. This enables higher resolution images  (Lechuga & 

Weidlich, 2016) but results in a more complicated reconstruction process. In fan beam 

geometry, instead, the source is a point source and the detector is a curved array. The 

beam is planar fan shaped and the incident rays are perpendicular to the object. In this 

case, the reconstruction is fast, but the resolution is low. Artefacts and limitations are 

mainly related to the operator choices and the reconstruction  (Cnudde & Boone, 

2013). Such artefacts may affect the accuracy of the measurements of interest. One of 

the most common artefacts is so-called beam hardening, derived from the incorrect 

assumption of a monochromatic source, whereas most of the X-ray systems are 

characterized by polychromatic sources. This assumption is made by the most 

commonly used and fast method for three-dimensional reconstruction, i.e. Filtered 

Back Projection  (Feldkamp, et al., 1984).  

A monochromatic source produces waves with same wavelength. In this case 

the X-ray is uniformly attenuated when it passes through the sample and the 

attenuation depends on the X-ray energy and the sampleôs composition, in accordance 

with the Beerôs Law 

╘ ╘ ▄
Ⱨ᷿▼▀▼                                              (3-1) 

where I is the X-ray intensity, ɛ is the attenuation, and s is the ray path  (Cnudde & 

Boone, 2013). A polychromatic source, instead, produces radiations with more than 

one wavelength; the components of the spectra are not uniformly attenuated, and the 

lower energies are absorbed more easily by the sample. The consequence of assuming 

a monochromatic source in the reconstruction process is often higher attenuation 

values at the sample edges than the centre. This artefact is often termed a cupping 

effect. Because the measurement of petrophysical properties (i.e. porosity, relative 
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permeability, capillarity) are strictly related to the quality of the X-ray images, 

ignoring the beam hardening artefact effects their accuracy. 

Different approaches have been proposed to correct the beam hardening 

artefact, but no solutions that are computationally possible on large datasets, and 

applicable to all types of materials, have yet been developed. Using physical filters  

(Jennings, 1988) before scanning often requires higher exposure and it can be time 

demanding and not economically sustainable. In addition, multiple trials are necessary 

to define the best filter and the correction of the artefact is not certain. In addition to 

Filtered Back Projection, several iterative reconstruction (ART, SART, SIRT, MLEM, 

etc.) methods can be applied on projection data  (Gilbert, 1972; Biguri, et al., 2016). 

However, the computation of these methods on large datasets, such as the 14 GB that 

results from 3142 projections, is not possible on a standard computer. Most of the pre-

reconstruction linearization methods rely on producing a calibration scan using a 

phantom object with the same density as the sample (Kachelrieß, et al., 2006; Ritschl, 

et al., 2010). The method cannot be applied if the sample is heterogeneous, multi-

material and/or of unknown density. Consequently, these methods are not suitable for 

correcting scans of geological samples. Linearization can be also determined by pre-

determined correction profiles, custom user-specified correction profiles, and custom 

auto-detected correction profiles (such as those utilized by CT pro 3D, Nikon 

Metrology). However, in the above methods there are some disadvantages: pre-

determined correction profiles always use the same coefficients for linearization of all 

beam hardening curves and therefore, donôt always provide accurate corrections. 

Custom user-specified correction profiles suffer from a difficulty in determining the 

optimum coefficients as they are only determined from a single central slice.  Some 

custom auto-detected correction profiles, often implemented in commercial 

reconstruction software, require a mono-material sample, which is generally not 

appropriate for geological samples. Ketcham & Hanna (2014) developed an auto-

detected correction profile algorithm for heterogeneous geological samples. This 

method relies instead on defining a region of interest (ROI) characterized by a single 

material. The ROI is used to infer the density of the material for use in image 

correction. The method, whilst effective, but may not be applicable in some cases, for 

example, a clear distinction in density properties may not be possible in low resolution 
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images or in the case of graduated material properties, such as graded bedding or 

mineral alteration. Moreover, the method canôt be implemented in all reconstruction 

software and requires expertise in recognizing the scan regions clearly affected by 

beam hardening. One other post-reconstruction linearization process, is the method 

proposed by Jovanoviĺ et al.  (2013), in which the beam hardening correction is 

simultaneous to segmentation of the images. The procedure is based on the calculation 

of beam hardening curves for each phase and, as such, it is time demanding. Moreover, 

it is not applicable to samples in which discrimination between different phases is not 

possible, for example in materials with a small grain size or in low-resolution scans. 

In this study develop a new method for post-reconstruction beam hardening 

linearization. By considering the limits related to the correction techniques described 

above, a beam hardening correction method is developed with the following 

characteristics: 

1. is suitable for near-cylindrical geological (multi -mineral) core samples, 

2. does not require a priori knowledge of the sample properties, 

3. works on samples with a heterogeneous spatial distribution of materials, 

4. is applied post-reconstruction, hence works on any X-ray source and scanner 

configuration, 

5. is open source, customizable, and suitable to run on a standard desktop 

computer. 

To this end, an open source ImageJ plug-in was created and it is available to 

download at https://pureportal.strath.ac.uk/en/datasets/automated-high-accuracy-

rapid-beam-hardening-correction-in-x-ray-. Details of the correction methodology 

employed by the plug-in are provided in a step by step procedure documents available 

in Appendix 1. The plug-in is validated on a range of natural and artificial geological 

samples. The implications of beam hardening correction on porosity measurement, 

multiphase flow measurement and quantitative analysis of geological samples are 

discussed. 

https://pureportal.strath.ac.uk/en/datasets/automated-high-accuracy-rapid-beam-hardening-correction-in-x-ray-
https://pureportal.strath.ac.uk/en/datasets/automated-high-accuracy-rapid-beam-hardening-correction-in-x-ray-
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3.2.  Materials and equipment 

 

Four samples with cylindrical and quasi-cylindrical shapes and increasing 

structural complexity have been scanned with micro-CT (µCT) cone-beam scanner  

(custom Nikon® XT H X-ray CT with 180 and 225 kV sources) in the University of 

Strathclyde, Advanced Materials Research Laboratory. One of the samples, a Berea 

Sandstone, has also been scanned with a General Electric Hi-Speed CT/i at the Benson 

Lab, Stanford University. Scanner settings were chosen to maximise resolution and 

image quality for each sample scan resulting in the use of different distances from the 

source and detector, physical filters, values of X-ray energy, current, detector 

exposure, and even X-ray source unit depending on the sampleôs physical properties. 

More details about the settings used for each sample are included Table1. 

 

3.2.1 Plastic rod 

A grey Polyvinyl Chloride rod of 40 mm of diameter was scanned to validate 

the plug-in on homogeneous material. 

 

3.2.2. Loose sand sample 

A plastic cylinder was filled with coarse-grained sand pluviated from a constant 

distance and frequently tapped to ensure uniform packing. The container had an 

external diameter of 60 mm and an internal diameter of 50 mm.  

 

3.2.3. Deformation band sample  

A fine-grained core sample of the Navajo Sandstone Formation was collected 

at a depth of 59.74 m from a borehole (BH3) in the area of Big Hole Fault, Utah 

(Shipton, et al., 2002). The core, measuring 60 mm in diameter and 178 mm in length, 

has 3-4 single anastomosing deformation bands running through the sample. To allow 

air permeameter tests along the core length, this sample had previously been slabbed 

creating a 20 to 29 mm wide flat edge (Figure 3-1) hence it was no longer a perfect 

cylinder when scanned.  
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Figure 3-1.Uncorrected slice number 1024 of deformation band core sample. The 

original core sample had been cut for permeameter tests, and the operation created a 

flat edge. Pixel size is 100 ɛm. 

3.2.4. Deformation band network core sample  

From the same borehole as the first sample a roughly cylindrical Navajo 

Sandstone core (BH3-1) with length 96 mm and diameter of 60 mm, was collected at 

a depth of 60.44 m (Shipton et al., 2002).  The sample is characterised by a dense 

network of deformation bands.  

3.2.5. Berea sandstone General Electric Hi-Speed CT/i 

A homogeneous Berea Sandstone (sample dimensions 100 mm long, 50.8 mm 

diameter) extracted from the Upper Devonian Berea sandstone formation in Ohio, 

USA, was scanned with a General Electric medical scanner in both dry (pore space 

filled with air) and water-saturated conditions and a porosity of approximately 20.6% 

(Minto, et al., 2017) was previously calculated for the specific sample using the 

difference between the wet and dry scans in the central core volume unaffected by 

beam hardening effects. Similar slice-by-slice porosity calculations also showed the 

porosity to be near-uniform along the core length. 
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3.2.6. Berea sandstone ɛCT cone-beam scanner 

A highly truncated internal scan of the Berea Sandstone core in section 3.2.5 above 

was made to have a higher resolution of the upper part of the core, which was 

unaffected by calcite precipitation (Minto, et al., 2017). A truncated scan is one in 

which some of the sample lies outside the field of view, hence, sample properties in 

region surrounding the scan are unknown. Truncated internal scans made with a cone-

beam CT do not normally result in a high-quality reconstruction, since they are prone 

to artefacts caused by X-ray attenuation in the unknown region. This type of artefact 

presents in a similar manner to beam hardening. 

Sample Distance 

source 

object 

(mm) 

Distance 

object 

detector 

(mm) 

Energy 

(kV) 

Current Physical 

filter 

Resolution 

Plastic 168.43 505.36 140 86 ɛA 2 mm Al 49 ɛm 

Loose 

sand 

370.55 688.5 120 196 ɛA None 70 ɛm 

Single db 377 377 140 86 ɛA 0.25 mm 

Cu 

100 ɛm 

Db 

network 

184 867 145 173 ɛA 1mm Cu 35 ɛm 

Berea 

medical 

scan 

630 469.31 120 200 mA None 0.4883 

mm 

Berea 

Cone 

Beam 

33.7 640 178 53 ɛA 1mm Cu 10 ɛm 

Table 1. Table summarizing the settings used and resolutions obtained for each sample 

scanned. 



50 

 

3.3. Beam hardening correction procedure 

In this section, the theory underpinning the proposed beam hardening 

correction procedure is explained.  

3.3.1. Radial profile calculation 

The code is suitable for core samples and roughly cylindrical shapes, or for 

samples contained within a cylindrical core holder or other cylindrical container (for 

example in the case of the loose material, see 3.2.2.). For images obtained with a cone 

beam geometry scanner, it is advised to avoid correcting the slices at the very top and 

very bottom of the sample. These are affected by geometric unsharpness (penumbra) 

and their attenuation values are not related to the actual composition of the sample, but 

to geometric factors of the cone beam geometry. The quantity of slices to not consider 

is variable and depends on the source-object, object-detector distances and the focal 

spot size (Pauwels, et al., 2014). 

As described above, beam hardening in cylindrical shapes produces alteration 

of the attenuation values in relation to the distance from the centre. Consequently, it 

seems reasonable to propose a correction based on a radial linearization beam 

hardening curve.  

The beam hardening curve is calculated using the plug-in ñRadial Profile 

Extendedò (Carl, 2006). The beam hardening curve, from here on termed the radial 

profile is a radial average of the attenuation values as a function of the distance from 

the centre of the sample. The plug-in, in fact, draws concentric circles (usually 

increasing the radius by 1 pixel) and calculates for each circle the sum of the 

attenuation or intensity values divided by the number of the pixels included in the 

circle. In this way, the radial profile is defined for each slice. For computational 

efficiency, all the radial profile curves obtained (one for each slice once the top and 

bottom slices affected by penumbra have been removed) are averaged and one single 

average radial profile (Figure 3-2) is obtained. In this way, the following fitting of 

beam hardening curve is operated only once. Using a single average radial profile also 

improves the correction process if there are some heterogeneities in the sample, since 

it is not much affected by unusually high values, such as those caused by the presence 
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of deformation bands, bright grains, noise (Figure 3-2), or conversely by low values 

related to fractures.   

 

 

Figure 3-2. Radial profile of several slices of the Berea sandstone core sample scanned 

with cone-beam CT scanner and the average radial profile (black) used for the curve 

fitting. 

3.3.2. Curve fitting  

To proceed to the beam hardening correction, the average radial profile is fitted 

using two equations: an exponential function with offset and an Inverse Rodbard 

relationship. The first is a single-coefficient exponential model with a vertical offset 

c, 

ώ ὥὩ ὧ                                              (3-2) 

  

The second is a four-parameter logistic regression model (4PL):  

ώ ὧ                                               (3-3) 
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In equation 3-3, the a and d coefficient are, respectively, the lower and upper 

asymptotes. The b coefficient represents the steepness of the curve, and the c 

coefficient is the halfway point between a and d.  

Figure 3-3 illustrates the best fit curves for both the Exponential model and the 

Inverse Rodbard model for the average radial profile in Figure 3-2.  The exponential 

function alone does not provide an accurate correction because it is not able to 

accurately fit the steep section of the average radial profile close to the edge of the 

sample (Figure 3-3). The Inverse Rodbard method is well able to fit a steep curve, but 

when applied to the entire radial profile including the central flat section, it is only 

possible to achieve a poor fit (Figure 3-3). Achieving a good fit for the last part of the 

curve, i.e. of the very high attenuation values related to beam hardening, is very 

important for providing accurate results and is not possible with the exponential model 

alone. Hence, it was decided to apply the exponential model to the central part of the 

core and then to fit the Inverse Rodbard only to outer pixels where the curvature is 

high (Figure 3-4). 

 

Figure 3-3. Curve fitting on the average radial profile (blue) of several slices of the 

Berea sandstone core sample with both Exponential with offset function (red) and 

Inversion Rodbard function (green). 

The curvature of each function is related to the maximum and minimum values 

of each of the two fitted sections. Hence, to obtain a good fit it is important to define 

the boundary between the two regions, termed the cut-off point (COP, Figure 3-4). 
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Sensitivity tests were made to determine the best value for the COP that minimised 

errors in the fit. This resulted in the COP being defined by  

ὅὕὖ ςzυ ά                                  (3-4) 

where m10 is the mean value of the first 10% of the curve, to remove noise at the centre 

of the image, and max is the maximum value of the average radial profile. 

A small overlapping window is set during fitting to ensure a smooth transition 

from one function to the next at the cut-off point (i.e. to remove any kink).  The 

window starts from the COP (Figure 3-4) and its width is 1% of the entire radius, with 

a minimum size of 5 pixels. In this window, the average radial profile is fitted with 

both the Rodbard and Exponential equations. A correction coefficient is then 

calculated, subtracting the average of the points calculated in the window with the 

Rodbard equation to the average of the points calculated in the window with 

Exponential equation. 

Æ ÁÖ ȟ ÁÖ ȟ                                           (3-5) 

This correction coefficient is implemented as an additional factor when the outer 

portion of the core sample is corrected using the Rodbard equation. So, Equation 3-3 

becomes, 

Ù Ã Æ                                          (3-6) 
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Figure 3-4. The average radial profile of Berea sandstone core sample is split in two 

for the curve fitting with Exponential with Offset in the central part and with Inverse 

Rodbard in the outer part. The black box is referred to as the overlapping window 

To facilitate the curve fitting and reduce the number of iterations taken to find 

a reasonable solution for the fitting of the Inverse Rodbard, it is desirable to define 

initial guesses for the a, b, c, and d coefficients in the equation. This ensures that the 

iterative fitting procedure converges. Considering that the a coefficient is the lower 

asymptote and usually has negative values, its initial guess is set as 0. The d coefficient 

is the point at which the curve reaches its maximum value; for this reason, an initial 

guess equal to the radius is used. For investigating the behaviour of the b and c 

coefficients, the fitted values for samples 3.2.1., 3.2.2., 3.2.3., 3.2.4., and 3.2.6., plus 

two scans made with different X-ray calibration settings for both the plastic rod and 

for sample 3.2.5 (Figure 3-5).  The b and c coefficients follow respectively a Power 

law (Figure 3-5a), 

ὦ  ςχψςτυ ὼ Ȣ                                         (3-7) 

 and an exponential law (Figure 3-5b) 

ὧ  σψφτρ Å Ȣ                                         (3-8) 

where x is the log to base 10 of the difference between the maximum and minimum 

values of the section of the radial profile fitted by the Inverse Rodbard function.  
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For heterogeneous samples (loose sand and multiple deformation bands 

samples) the b coefficient covers several orders of magnitude for the same range on 

the x-axis (Figure 3-5a). For these samples, using the full range of values on Figure 3-

5a for the initial guess resulted in the same solution. The initial guess for the value of 

c can be better constrained (Figure 3-5b). For both the b and c coefficients, changes to 

the calibration of the X-ray CT scanner led to significantly different fitted values (old 

scans on Figure 3-5). 

 

 



56 

 

Figure 3-5. a) b coefficient values vs the log difference between the maximum and 

minimum value of the Radial profile fitted by the inverse Rodbard equation. It follows 

a power law. b) c coefficient values vs the log difference between the maximum and 

minimum value of the Radial profile fitted by the inverse Rodbard equation. The red 

line is a best fit Exponential function. 

Once the initial guesses have been defined, it is possible to fit the average 

profile and, using the calculated coefficients for each equation, Exponential with offset 

and Inverse Rodbard, to correct each pixel of the image. 

3.4. Results 

The plug-in was applied to all the samples described in section 3.2. In each 

case, the beam hardening artefact was significantly reduced, and the method did not 

produce any over-correction or blurring of the image.  

3.4.1. Homogeneous sample 

In this section the results for the plastic rod (Figure 3-6 a,b,c) and the loose 

sand material sample (Figure 3-6 d,e,f) are shown. The plastic rod was used for testing 

the reliability of the plug-in and to show that beam hardening occurs in a 

homogeneous, uniform material. Whereas, the loose sand sample whilst still being a 

homogeneous sample, contains multi-mineral components. Visual analysis of Figure 

3-6 shows that an excellent correction has been achieved in each case. 
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Figure 3-6. a) Slice number 1567 of Plastic rod uncorrected; b) slice number 1567 of 

Plastic rod uncorrected corrected with the plug-in proposed; c) plot of attenuation 

values along the selections of the uncorrected (blue) and corrected image (red); pixel 

size is 49 ɛm. d) Slice number 1299 of Loose sand with outer ring sample uncorrected; 

e) slice number 1299 of Loose sand with outer ring sample corrected with the plug-in 
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proposed; f) plot of attenuation values along the selections of the uncorrected (blue) 

and corrected image (red). Pixel size is 70 ɛm. 

3.4.2. Non-uniform shapes and heterogeneous samples 

Figure 3-7 shows results of the correction applied to the deformation band core 

sample and the deformation band network core sample. Both have near-cylindrical 

shapes and contain structural heterogeneities in the form of deformation bands and/or 

fractures. 
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Figure 3-7. a) Slice number 1660 of sand sample uncorrected; b) slice number 1660 of 

sandstone with deformation bands core sample corrected with the plug-in proposed c) 

plot of attenuation values along the selections of the uncorrected (blue) and corrected 

image (red). In both profiles is possible to distinguish a positive spike related to the 

deformation band, a negative spike related to the fracture and another positive one due 



60 

 

to the presence of oxides in the rock. Pixel size is 100 ɛm. d) Slice number 1029 of 

multiple deformation bands core sample uncorrected; e) slice number 1029 of multiple 

deformation bands core sample corrected with the plug-in proposed; f) plot of 

attenuation values along the selections of the uncorrected (blue) and corrected image 

(red). Pixel size is 35 ɛm. 

For cores containing a slabbed edge, a second artefact, in addition to beam 

hardening is present. This artefact is termed the exponential edge-gradient effect 

(EEGE) (Joseph & Spital, 1981) and is a non-linear effect arising from the intersection 

of X-ray paths at corners, which is not accounted for in filtered back-projection 

algorithms. Its effect results in a lowering of the attenuation values at corners 

(Ketcham & Hanna, 2014) (Figure 3-8a). For this reason, the correction was not able 

to fully correct the beam hardening close to the slabbed edge (Figure 3-8b) and it is 

advised to avoid quantitative measurements in this region. 

It is worth noting here that a very similar issue will occur to that of the slabbing 

in the case of a core that contains a discrete contact between two materials with very 

different densities e.g. where a sedimentary contact between two very different strata 

runs along the length of the core. In this case, the beam hardening curve calculated 

will be an average of the two materials. Hence, the individual rock types in the image 

will not be accurately corrected. In this case, it is suggested to threshold the image and 

isolate the two portions of the cores, then apply separately the correction provided in 

this study. 
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Figure 3-8. a) Global segmentation (Auto Treshold in ImageJ) of the uncorrected 

image of the sandstone with deformation bands core sample (as shown in Figure 3-

7a). The beam hardening artefact is not a radial function for non-cylindrical shapes. 

Lower attenuation values occur at the corner due to EEGE. b) Segmentation of the 

corrected image of the sandstone with deformation bands core sample (as shown in 

Figure 3-7b). The combined EEGE/beam hardening artefact is not corrected along the 

flat portion. 

For the deformation band network sample, segmented images clearly show the 

beam hardening artefact. Without the correction it is not possible to define the 

complete pattern of the deformation bands (Figure 3-9a) since segmenting the portion 

of the deformation bands close to the edge means that the central part of the bands 

disappears. With the correction applied, Figure 3-9b, the band network is clearly 

visible. 

 

Figure 3-9.a) Global segmentation (Auto Treshold in ImageJ) of the uncorrected image 

of multiple deformation bands core sample (as shown in Figure 3-7d). Without 

correction it is not possible to identify completely the deformation bands. b) 

Segmentation of the corrected image of multiple deformation bands (as shown in 

Figure 3-7e). All the deformation bands are shown. 

3.4.3. Berea sandstone core sample with the medical scan 

The correction plug-in is also applied to the medically scanned Berea sandstone 

sample (section 3.2.5). The sample was scanned inside a high pressure core holder at 

dry and water-saturated conditions and both datasets were corrected for the beam 

hardening artefact. Figure 3-10 shows the water-saturated scan and how the code can 

also remove the beam hardening effect in this lower resolution medical CT scanner 

dataset. For this specific case, before applying the correction, it was cropped out the 
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core holder and a minimal portion of the outer part of the core itself, where the partial 

volume effect resulted in a ring of pixels in which attenuation was part core, part steel 

core holder (which has extremely high attenuation values). Using such pixels would 

produce a beam hardening curve that is steeper and not truly representative of the core 

sample, which will then, in turn, not be properly corrected. 

 

Figure 3-10. a) Slice number 59 of water-saturated Berea sandstone core sample 

uncorrected. This dataset has been acquired with a medical scan; b) slice number 59 

of Berea sandstone core sample corrected with the plug-in; c) plot of attenuation values 

along the selections of the uncorrected (blue) and corrected image (red). Pixel size is 

0.4883 mm. 

3.4.4. Berea sandstone core sample internal scan with cone-beam CT 

Finally, Figure 3-11 shows the results of the beam hardening correction plug-

in applied to the truncated scan of the Berea Sandstone core sample (section 3.2.6).  
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Once again, the correction is very successful, and the scan artefacts have been 

removed.  

 

  

 

Figure 3-11. a) Slice number 690 of Berea sandstone core sample uncorrected; b) slice 

number 690 of Berea sandstone core sample corrected with the plug-in; c) plot of 

attenuation values along the selections of the uncorrected (blue) and corrected image 

(red). Pixel size is 10 ɛm. 

3.5. Determination of core scale petrophysical properties 

3.5.1. Determination of core scale porosity 

Determination of porosity through X-ray CT can be achieved following two 

main methods. The first one requires one single scan with enough resolution to 
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distinguish void and solid phases. The second method instead consists of using two 

sets of scan images, one in which the sample is dry and the other in which the sample 

is fully saturated with water.  

3.5.1.1. Segmentation-based method 

The segmentation-based method for porosity calculation is common, since it 

only requires a single scan and, therefore, conserves both time and money. To use the 

method, there needs to be reference features larger than the image resolution and free 

from any partial volume effect and blurring. When the resolution does not meet this 

criteria, additional image techniques (not tested here) can be employed for enhancing 

the edges and boundaries between different materials (Hanna & Ketcham, 2017). To 

check the improvement provided by the beam hardening correction plug-in porosity 

calculation using segmentation, the internal scan of the Berea sandstone core sample 

is considered. An internal scan is used, since for this method, it is required an 

extremely high-resolution image.  Using a single slice, 2D images of porosity were 

created using a standard thresholding approach to convert the grey scaled image into 

a binary image (i.e. pore/not pore). The threshold values are selected such that voids 

and grains have values of 1 and 0 respectively. Finally, porosity is obtained by 

calculating the proportion of pixels valued at 1 or 0 in the shape described by the 

sample.  

Results derived using the plug in are compared with those taken straight from 

the auto-detected correction software supplied with the instrument, CT pro 3D. Even 

when the strong correction is used, it was not able to remove the cupping effect.  As 

explained in the section 3.1, in the CT pro 3D software it is possible to customize the 

correction profiles and choose different coefficients to those proposed in the strong 

correction, although there is no methodology for their selection. For the uncorrected 

sample, a porosity of 7.23% is obtained (Figure 3-12a); the porosity calculated for the 

slice using the strong correction option in the Nikon software is 14.24% (Figure 3-

12b); and the porosity calculated with the new beam hardening correction is 20.54% 

(Figure 3-12c). This last porosity is consistent with published values for Berea 

sandstone and with the value of 20.6% derived for the core in Minto et al. (2017). 
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Petroleum reservoirs are mostly sandstones, underestimates in porosity of 

~13% with no correction and ~6% using the commercially supplied software, would 

be highly significant and would lead to incorrect assessments of reservoir quality. In 

fact, 7.23% porosity is outside the usual range for a homogeneous sandstone and even 

a difference in porosity estimate from 20.5% to 14.24% would result in a downgrading 

of reservoir quality from good to fair. It is clear the correction plug-in has a significant 

effect on the estimate of porosity, so it is important to determine accuracy of these 

porosity estimates.  
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Figure 3-12. a) Image thresholding of slice 690 of Berea sandstone core sample 

uncorrected: calculated porosity is equal to 7.23%; b) Image thresholding of slice 690 

of Berea sandstone core sample with strong correction of Nikon software: calculated 

porosity is equal to 14.24%; c) Image thresholding of slice 690 of Berea sandstone 

core sample with beam hardening correction: calculated porosity is equal to 20.54%. 
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3.5.1.2. Saturated and dry scans method  

The saturated and dry scan method for determining porosity is commonly more 

accurate than the single-scan method, since it uses the ódifferenceô between the wet 

and dry scans. As a consequence, if the errors incurred during reconstruction are the 

same in the wet and dry images, then taking one image form the other removes them. 

Using this method, the porosity is calculated by (Krevor, et al., 2012) 

ˡ
 

                                           (3-9) 

where the denominator is defined as the difference between the Hounsfield units of the 

air (-1000) and the water (0). The method also has the advantage that it can be used on 

low resolution scan images, in which each voxel contains both pores and grains and a 

clear interface between only two materials is not possible/ 

 

Figure 3-13. Difference between beam hardening curves of the water-saturated and dry 

datasets. Each curve has been obtained by averaging all the slices of the corresponding 

dataset and calculating the radial profile. 

The wet and dry method was used to obtain a porosity estimate for the Berea 

sandstone core, acquired with the medical scanner (an internal cylindrical high-

resolution scan of the same core was used for the single scan method above).  Figure 

3-13 shows radial profiles for the dry and water-saturated images, both of which are 

clearly affected by beam hardening. From visual analysis, whilst the beam hardening 
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effect in the two scans is similar, they have slightly different curve shapes. This 

difference in curve shape means that the beam hardening effect does not entirely 

disappear when subtracting the two datasets. As a result, the uncorrected porosity 

estimate is characterized by a decrease in porosity toward the radial edge of the slice 

(Figure 3-14). Since Berea sandstone is known to be very homogeneous, this trend can 

be attributed to the different shapes of the beam hardening curves. 

 

Figure 3-14. Radial profile of both uncorrected and corrected porosity of slice 59. The 

uncorrected porosity decreases along the edges of the sample. 

Both images, dry and water-saturated, were corrected with the proposed plug-

in and the porosity was then re-calculated. The core average total porosity was 

calculated in each case, resulting in values of 20.5% and 19.82% for the corrected and 

uncorrected images respectively (Figure 3-15). The uncertainty in porosity, based on 

the uncertainty associated with the CT number at voxel level, for both measurements 

is ±1.36% (of the calculated total porosity) using the method proposed by Pini et al., 

(2012). Both measurements are similar to the 20.6% porosity calculated in Minto et al. 

(2017). However, it is clear from the Figure 3-14, that the two porosity trends are 

divergent at the end of the sample: the porosity calculated using uncorrected datasets 

decreases at the edge of the core, which is not justified by any specific compositional 

of structural feature. Considering that this trend is present in all the slices of the core, 

the average slice porosity of the uncorrected dataset is lower than the corrected one. 
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Figure 3-15. Average of uncorrected and corrected porosity for each slice (solid line) 

and the uncorrected and corrected core average porosity (dashed line). 

3.5.2. Determination of core scale permeability 

Using CT data, pore-scale flow modelling can be used as a method of 

estimating the core-scale permeability (~ 200 md for host rock, ~ 1 md for deformation 

bands). For example, using the CT scan for the multiple deformation band core (Figure 

3-16, left), each voxel is defined as either host rock or deformation band (Figure 3-16, 

middle). The Navier-Stokes equations, with added Darcy-Brinkman losses due to 

porous resistance (Minto, et al., 2018), can then be solved numerically to simulate 3D 

flow paths within the core (Figure 3-16, right). The modelled pressure drop across the 

core for a simulation with a constant flow rate, can be used to calculate the core-

average permeability. 
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Figure 3-16. From left to right: X-ray attenuation value, binary segmented image, and 

calculated velocity distribution for A) the original uncorrected scan data and B) the 

same scan data after beam hardening correction. Core average permeability was 

calculated as 12.2 md for the uncorrected data and 6.47 md for the corrected model. 

Cores cut in half to visualise internal properties.  

In the uncorrected dataset (Figure 3-16A), the deformation bands are 

underrepresented in the centre of the core and overrepresented at the edges. This 

creates an unrealistically high permeability central channel, through which most of the 

flow is focused, and leads to a bulk permeability estimate of 12.2 md. Whereas, in the 

corrected dataset, the deformation bands are well represented throughout the core, 

resulting in a more uniform flow distribution and a bulk permeability estimate of 6.47 

md. The error in the spatial representation of deformation bands in the uncorrected 

core will also have implications for estimates of other petrophysical properties, in 

particular relative permeability and capillary entry values, both of which are key to 

understanding reservoir performance for CO2 enhanced oil recovery, CO2 trapping and 

long-term CO2 storage. 
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3.6. Conclusion 

In this study, a new technique is presented for beam hardening correction. The 

method is completely automatic and independent of the sample material, the material 

heterogeneity, scanner resolution, and the scanner settings. The method is presented 

through development of an open source plug-in running on ImageJ. The correction has 

been applied on both homogeneous and heterogeneous cylindrical and near-cylindrical 

geological samples and provides excellent results in all cases. The application of the 

correction leads to significant differences in the estimates of porosity and permeability. 

Further, unlike other beam hardening correction methods, the proposed plug-in can be 

used to correct for cupping errors in truncated internal scans. This is highly valuable, 

since truncated scans provide small volume, high-resolution data, without the need for 

sample destruction.  
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4. Chapter 4  

 

SUB-CORE SCALE FLUID FLOW BEHAVIOR  IN A 

SANDSTONE WITH CATACLASTIC DEFORMATION 

BANDS 

 

 
4.1. Introduction 

Sandstones are one of the most high quality and high storage volume candidate 

geological formations for gas storage due to their global distribution, and high porosity 

and permeability (Benson & Cook, 2005; Bjørlykke & Jahren, 2010). Key to realizing 

their potential will be an accurate assessment of their reservoir-scale petrophysical 

properties and multiphase flow characteristics. These properties govern the behaviour 

of multiphase fluids within the rock and hence will determine the efficiency of 

injection projects such as carbon dioxide storage, hydrogen storage, and enhanced oil 

recovery schemes.  

Together with field observations, laboratory core flooding experiments are a 

valuable tool for determining petrophysical properties and multiphase flow 

characteristics under reservoir conditions. Integrating experiments with advanced 

imaging techniques, such as X-ray computed tomography (CT) and positron emission 

tomography (PET), enables measurement of single and multiphase flow properties 

from the pore-scale to the centimetre-scale. In X-ray CT, an X-ray beam is generated, 

and attenuation values are determined based on the electron density of materials within 

the sample (Kruth, et al., 2011). This allows the spatial distribution of fluids with 

differing densities to be determined (Akin & Kovscek, 2003). Both medical CT and 

micro-CT are commonly used in Earth science. Medical CT is able scan centimetre-

scale samples in minutes with millimetre resolution while micro-CT provides 

micrometre-scale images with scans that take several hours. PET imaging, by contrast, 

relies on the detection of photons from positron-emitting radiotracers that are injected 

into the rock. Detection of the photons enables time-resolved quantification of 
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radiotracer migration through the sample.  Thus with PET imaging it is possible to 

quantify fluid transport behaviour, while CT provides high-resolution information 

about rock structure and fluid saturation distribution (Pini, et al., 2012; Zahasky, et al., 

2019). 

Imaging and analysis of core flooding experiments enables quantification of 

rock and fluid properties, such as porosity and absolute permeability (Krause, et al., 

2013; Ochi & Vernoux, 1998; Perrin, et al., 2009; Zahasky & Benson, 2018), fluid 

saturation, capillary pressure and relative permeability (Akbarabadi & Piri, 2013; 

Krevor, et al., 2012; Pini, et al., 2012; Ruprecht, et al., 2014; Vinegar & Wellington, 

1987). Many of these studies indicated that sandstones are characterized by subtle 

small-scale heterogeneities that actively affect fluid flow. Variations in porosity and 

permeability affect the fluid velocity field, with high velocities being associated with 

regions of high porosity and permeability (Bloomfield, et al., 2001; Grathwohl & 

Kleineidam, 1995; Vasco, et al., 2018; Zahasky & Benson, 2018) and for multiphase 

fluid flow, variations in capillary pressure and relative permeability affect plume 

migration and residual saturation at both the pore and the field scale (Hingerl, et al., 

2016; Krevor, et al., 2012; Krevor, et al., 2015; Li & Benson, 2015; Perrin & Benson, 

2010; Pini & Benson, 2017; Saadatpoor, et al., 2010). In particular, Krevor et al. (2011) 

reported that regions presenting high capillary entry pressures (i.e. small pore throats) 

act as capillary barriers for the non-wetting fluid, leading to an increase in saturation 

of the latter in the preceding pores. 

Until now, sub-core scale flow and transport behaviour in heterogeneous 

porous media has focused on sandstones characterized by the presence of bedding 

planes, laminae and/or fractures (Corey & Rathjens, 1956; Hingerl, et al., 2016; Kim, 

et al., 2018; Krevor, et al., 2011; Li, et al., 2019; Manzocchi, et al., 2002; Medina, et 

al., 2011; Pasala, et al., 2013; Shipton, et al., 2002; Tueckmantel, et al., 2012). 

Relatively little attention has been given to experimentally understanding the impact 

of deformation bands on fluid flow. Deformation bands are low porosity bands that 

form in response to shear and they are extremely common in sandstones with a porosity 

greater than 0.15 (Aydin, 1978; Fossen, et al., 2007; Schultz & Siddharthan, 2005). 

Several types of deformation bands can be defined based on their kinematic 
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mechanisms. The most common are compactional shear or cataclastic bands (Aydin, 

et al., 2006). These form by a combination of shear and compaction mechanisms and 

are always characterized by cataclasis. Cataclastic bands are millimetres-thick tabular 

structures (Aydin, 1978; Aydin & Johnson , 1978), along which grain rolling and grain 

fracturing lead to a reduced porosity and permeability. Multiple studies have reported 

that deformation bands are several orders of magnitude less permeable than the host 

rocks in which they form (Antonellini & Aydin, 1994; Aydin & Johnson , 1978; Ballas, 

et al., 2015; Fossen, et al., 2007; Taylor & Polland, 2000). , a pre-existing band 

experiences strain hardening (Aydin & Johnson , 1978; Shipton & Cowie, 2003). As a 

result, new bands form to accommodate additional strain. This is why conjugate sets 

or anastomosing clusters of deformation bands are common. Cataclastic bands usually 

form at burial depths greater than 1 km, but there is evidence of their presence at 

shallower burial depths in unconsolidated sandstones (Cashman & Cashman, 2000; 

Rawling & Goodwin, 2003). They are often found in fault damage zones, i.e. in the 

volume of rock that accommodates deformation during initiation and propagation of 

slip along fault (McGrath & Davison, 1995; Rotevatn & Fossen, 2011; Shipton & 

Cowie, 2001; Shipton & Cowie, 2003). Since deformation bands are well below the 

resolution of seismic data, their extent within the damage zone is not easy to predict 

(sub-seismic faults are generally faults with an offset of < 10 m that cannot be detected 

using seismic reflection data, although strike slip faults of much larger offsets are also 

not resolvable). Moreover, it has been found that no relationship exists between fault 

displacement and frequency of deformation bands (Schueller, et al., 2013): the same 

frequency of deformation bands may be associated with seismically resolvable faults 

and sub-seismic faults. 

It is highly likely that deformation bands will be present in most high porosity 

sandstone reservoirs, hence understanding how they influence fluid flow, and 

determining their petrophysical properties, is key to accurate reservoir 

characterization.  Several studies have highlighted how deformation bands can 

negatively affect fluid flow, leading to pressure compartmentalization, a higher degree 

of tortuosity, fluid bypass and a lower than expected reservoir permeability (Ogilvie, 

et al., 2001; Qu & Tveranger, 2016; Rotevatn & Fossen, 2011; Rotevatn, et al., 2017; 

Schultz & Siddharthan, 2005; Shipton, et al., 2002; Shipton, et al., 2005; Wilkins, et 
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al., 2019). However, most of these studies have relied on results from reservoir 

simulations and analysis of field data. Here, it is presented the first in situ visualization 

and quantification of sub-core scale single phase and multiphase fluid flow 

experiments in a sandstone rock core that contains deformation bands and fine-grained 

laminae. Laminae are mm-thick sedimentary layers forming due to episodic changes 

in depositional energy (Campbell, 1967). Single phase flow experiments were 

conducted using PET imaging. Multiphase flow experiments were performed by 

injecting CO2 into a water-saturated rock sample and acquiring several consecutive 

medical X-ray CT scans. Results demonstrate that deformation bands significantly 

influence single phase flow and that in a multiphase flow setting, they have a profound 

effect on fluid phase distribution within the rock. 

4.2. Methodology 

The 5 cm diameter, 10 cm long rock core used in this study was retrieved from 

a borehole depth of 57 m in the Navajo sandstone formation. The borehole was drilled 

into the hanging wall of the Big Hole normal fault, in the north of the San Rafael Swell, 

Utah (Shipton, et al., 2002). The core was sampled from the 17 m thick damage zone 

that surrounds the Big Hole Fault at this location. The host rock is characterized as a 

fine-grained sandstone with cataclastic deformation bands (Figure 4-1a).  

4.2.1.  Micro-CT 

To characterize the geometry of the deformation bands, the core was scanned 

at the University of Strathclyde with an X-ray micro-CT scanner (Nikon XT H 225 

LC) that produced three-dimensional (3D) tomographic images with a voxel size of 

0.029x0.029x0.029 mm. The above mentioned facility was, however, not available for 

imaging during the core flooding experiments. Core flooding experiments were 

conducted at Stanford University using medical CT and PET imaging. The high-

resolution micro-CT images provide more detailed information on the deformation 

band geometries that could not be inferred by the lower resolution of medical CT and 

PET scanner. 

4.2.2. Porosity characterization  

The 3D porosity distribution within the core was determined using a medical 

X-ray CT scanner (General Electric Hi-Speed CT/i) at Stanford University. Image 
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acquisition was performed at 120 kV and 200 mA, obtaining a voxel dimension of 

0.3125x0.3125x0.625 mm. Images of the core were taken when fully dry ( ὅὝ ) and 

when fully water-saturated (ὅὝ  ). The porosity, l , was then calculated using the 

following relationship (Withjack, 1988; Akin & Kovscek, 2003): 

ˡ
 

    
                                                (4-1) 

where I water and I air  are the water and air X-ray attenuation values respectively, 

which differ by 1000 Hounsfield units (Wellington & Vinegar, 1987). To reduce noise 

in CT images at least three series for each condition were acquired and averaged (Pini, 

et al., 2012). The images of the entire core were discretized into 38x38x76 cells, each 

with a dimension of 0.125 cm.  

4.2.3. Single phase permeability characterization 

Bulk intrinsic permeability was determined using the core-flooding set-up 

described in the section 4.2.4 and under the same conditions of temperature, pressure 

and confining pressure as for the multiphase flow experiment. Injecting water at 

several flow rates into the water-saturated core sample and measuring corresponding 

differential pressure across the core, allowed permeability calculation with Darcyôs 

Law.  

To investigate the 3D distribution of permeability within the core, a tracer 

experiment was conducted within the micro-PET scanner (Siemens Inveon D-PET) 

using the experimental setup described in Zahasky & Benson (2018). Before fluid 

injection, the core was wrapped in two heat-shrinkable Teflon layers and a rubber 

sleeve to avoid any leakage of the confining fluids into the core. The core was then 

placed in an aluminum core holder with inlet and outlet caps etched with a pattern of 

connected grooves for an even distribution of injected fluids. Finally, the core holder 

was placed in the micro-PET scanner and connected to the core flooding equipment.  

To ensure full core water saturation, the core was first dried. CO2 was then 

injected to displace the air, followed immediately by water that was injected for 

displacing and dissolving the CO2. Once the core was fully saturated, a solution of 

Fludeoxyglucose (18F-FDG) diluted in tap water was injected at 4 mL/min. The 
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approximate radioactive concentration was 0.52 mCi/mL. Throughout the experiment 

a PET scan continuously acquired photon detection data.  The experiment was carried 

out at a constant temperature of 20 °C, with a confining pressure of 2.4 MPa. The back 

pressure was maintained just above atmospheric pressure. 

To calculate the 3D concentration field of the radiotracer within the core, the 

PET scan data was reconstructed with a time-step length of 40 seconds. The image-

based core was discretized into a grid of 22x22x42 cells giving a voxel size for each 

concentration measurement of 0.23x0.23x0.23 cm. Analysing concentration 

measurements as a function of time from the PET scans, enables estimates of the mean 

arrival time and fluid velocity at any location within the core. The radiotracer 

concentration in each voxel over time was fitted with a first order Gaussian function 

to remove background noise (Vasco, et al., 2018). The total mass of radiotracer was 

calculated for each voxel using the temporal zero moment equation 

ὓπ ᷿ὧ Ὠὸ                                                  (4-2)  

where c is the radiotracer concentration in each voxel. The mean arrival time is 

identified as the centre of mass of the Gaussian function and calculated with the 

temporal first moment equation (Naff, 1990). 

ὓρ ᷿ὧὸ Ὠὸ                                                  (4-3) 

The normalized first moment then defines the mean arrival time of the plume centre.  

ὲὓρ                                                       (4-4) 

Knowing the distance between two adjacent units, i.e. the distance between voxels, a 

map of the velocity field can be derived. The velocity is normalized, enforcing a mass 

balance, by setting the total flow rate of each cross-sectional slice within the core equal 

to the inflow rate imposed in the experiment (4 mL/min). This analysis assumes flow 

is parallel to the axis of the core, a good approximation as the cylindrical faces of the 

core were no-flow boundaries  
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4.2.4. Multiphase core flooding experiments  

To determine the multiphase flow properties of the rock core, CO2/water 

drainage capillary pressure experiments (Pini, et al., 2012) at steady-state conditions 

were conducted at 25 °C and 9 MPa, with a confining pressure of 11 MPa. Drainage 

is the process of displacing the wetting phase (water) with non-wetting phase (CO2). 

Near ambient temperature was used here because previous studies have shown that 

temperature has no influence on the saturation end point when CO2 is injected in a 

water saturated sample  (Niu, et al., 2015).The core flooding setup is similar to the one 

used in previous experiments (Krevor, et al., 2012; Ni, et al., 2019; Perrin & Benson, 

2010) and a schematic diagram can be found in Appendix 2 (Figure A1). The core was 

not fired before the experiment, due to the low clay content (Shipton, et al., 2002) and 

because previous studies have shown that firing in CO2/water/sandstone (with low clay 

content) system does not change experimental results and wetting properties (Garing 

& Benson, 2019). The core was first dried in the oven for several days and then 

wrapped using the same layering protocol as for the single phase experiment (section 

4.2.3). Since the CO2 can permeate through Teflon, an additional layer of aluminum 

foil has been placed between the Teflon layers to avoid any radial diffusion of CO2 out 

of the rock core. The core was then placed in an aluminum core holder and connected 

to a core flooding setup suitable for conducting high pressure and temperature-

controlled experiments. 

The flooding system consisted of a syringe pump (Teledyne Isco 260D) for 

pressurizing the confining fluid, connected to the outer part of the core holder. 

Backpressure in the core was maintained by a syringe pump (Teledyne Isco 1000D), 

connected to two dual water syringe pumps (Teledyne Isco 500D) and a two phase 

separator (TEMCO AMS-900). The phase separator collected and separated water and 

CO2 coming out the core. Water sitting on the bottom of the separator, progressively 

refilled the back-pressure pump, which then refilled the water pumps. CO2 on the top 

of the separator was connected to the refilling system of two dual CO2 syringe pumps 

(Teledyne Isco 500D) used for injection of CO2 into the core. Both fluids were injected 

in the core at constant temperature using a heat exchanger bath ahead of the inlet. 

Pressure was recorded with two high accuracy pressure transducers (Paroscientific) 

measuring pressure at the inlet and outlet of the core. The medical X-ray CT scanner 
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(section 4.2.2) was used for obtaining scan images of the CO2 saturated core, water-

saturated core and partially saturated core with a voxel size of 0.3125x0.3125x0.625 

mm.  

Before CO2 injection, the rock core was fully saturated with water that had been pre-

equilibrated with CO2 at the experimental conditions. For the drainage experiment, 

100% CO2 was continuously injected at progressively higher flow rates, from 0.3 

mL/min to 20 mL/min. At these conditions the capillary number  ὅὥ
 

 ranges 

from 10-7 to 10-8, where ɜ is the fluid velocity (m/s), ÕCO2 = 7.06 × 10ī5 (Pa Ās) is the 

viscosity of the CO2 at experimental conditions and ‎ = 35 (mN/m) is the CO2/water 

interfacial tension. This suggests that capillary forces dominate over viscous forces in 

this system. A Bond number, ὄέ
Ў

 (density difference Ў” of 201 kgĀm-3 and a 

pore length L of 50 micron) on the order of 10-5 indicates that buoyancy forces are 

smaller compared to capillary forces. 

At each flow rate each flow rate, a minimum of least 5 PV (1 PV = 38 mL) of 

CO2 were injected to ensure steady state was reached (Perrin, et al., 2009). Once steady 

state conditions were reached, partially saturated scan images (ὅὝ ) were taken for 

measuring CO2 saturation ( Ὓ ), using the following formula (Akin & Kovscek, 

2003): 

Ὓ
  

    
                                       (4-5) 

where ὅὝ   are scan images taken when the core was fully saturated with 

equilibrated water, ὅὝ   are the scan images of the fully CO2 saturated core. For 

each condition, at least three series of scans were taken; and the average of the three 

was computed for reducing uncertainties on saturation results (Pini, et al., 2012). The 

resulting images were then coarsened for further noise reduction, obtaining a final 

voxel resolution of 0.125x0.125x0.125 cm.  

Capillary pressure at the inlet portion of the core was measured for each flow 

rate as the difference between the core inlet and outlet pressure readings. This assumes 
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that during steady state CO2 injection the pressure recorded at the inlet is the CO2 

pressure and the pressure recorded at the outlet is the water pressure (Pini, et al., 2012). 

4.3. Results 

4.3.1. Deformation band geometry 

Figures 4-1a and 4-1b show a photograph of the core alongside a 3D image of the 

distribution of attenuation values from the X-ray micro-CT scanner: higher attenuation 

values, in white, correspond to higher density materials. A deformation band is clearly 

visible in both images traversing the full sample horizontally from end-to-end, at an 

angle of approximately 18° to the long-axis of the core. Two core-perpendicular 

laminae of finer grained material are also apparent in the micro-CT scan (Figure 4-1b). 

Analysis of sequential cross-sectional slices in the X-ray micro-CT scan (Figures 4-

1c-1f) show that, rather than a single band, there are two bands. These offset the first 

and second laminae by 3 mm and 5 mm respectively in the slice shown in Figures 4-

1c and 4-1e. On all the X-ray micro-CT slices, the two main deformation bands are 

separated by host rock and therefore they do not isolate any portion of the core (Figure 

4-1d). Toward the end of the core (Figure 4-1f), only one deformation band is present, 

which takes the form of a small anastomosing cluster.  

 

Figure 4-1. a) Sandstone core sample with cataclastic diagonal deformation band. b) 

3D micro-CT scan of the sandstone core: the sample is characterized by a cataclastic 

deformation band and laminae. c) 2D Slice image showing that the two deformation 
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bands offset the first lamina by 3 mm. Deformation bands do not connect to each other 

on the left side of the image. d) A third deformation band appears in this slice. The 

bands are not joined and hence they do not form any isolated compartments. e) Second 

lamina cut by a single deformation band. Offset of about 5 mm. f) Small anastomosing 

network of deformation bands at the end of the core.  

4.3.2. Porosity distribution 

The distribution of porosity within the core, based on the dry and water-

saturated medical X-ray CT scans (section 4.2.2), is shown in Figure 4-2. The 

deformation bands and laminae are clearly visible as low porosity features. Bulk 

porosity of the core was calculated as 0.196. Deformation band porosity ranges from 

0.07 to 0.15, while porosity of laminae varies from 0.13-0.15. 

 

Figure 4-2. Porosity map calculated by using water-saturated and dry scan images with 

the medical X-ray CT scanner. Voxel resolution 0.125x0.125x0.125 cm. An 

uncertainty (ůű) of 0.0082 in voxel porosity due to random error of CT number was 

calculated using methods explained in Pini et al. (2012). 

4.3.3. Intrinsic permeability 

Based on measurement of the inlet and outlet pressures at a constant flow rate, 

a bulk sample permeability of 53 md was estimated using Darcyôs Law. The 

heterogeneous distribution of permeability within the core was investigated using the 

PET scanner. Figure 4-3 shows the concentrations of the single phase radiotracer 

injection experiment during six different timeframes of the PET scan taken at 

consecutive 2-minute intervals. Stylized deformation bands and laminae (derived from 

the micro-CT images) have been superimposed on the PET images to illustrate their 
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effect on the tracer plume migration. Results show that the tracer plume above and 

below the bands is beginning to diverge 4 min after the start of injection. This effect is 

more pronounced with increasing distance from the inlet. There is a very low 

radiotracer concentration in the bands.  

 

Figure 4-3. Axial plane snapshots of radiotracer concentration measured at 2-minute 

time intervals after injection at 4 mL/min into a sandstone core with deformation 

bands. In black, the approximate deformation bands (continuous black lines) and 

laminae (dashed black lines) locations are superimposed on the PET images. Voxel 

size is 0.23x0.23x0.23 cm.  

The 3D map of mean arrival time calculated from the PET images (Figure 4-

4a) shows a significantly delayed arrival time for the portion of the host rock that is 

below the deformation bands compared to above. In the corresponding 3D map of fluid 

velocity (Figure 4-4b) there is a clear distinction between velocity in the rock above 

and below the deformation bands. These differences are related to the geometry of the 

deformation band within the sample. The deformation band, along which the estimated 

velocity is almost zero, subdivides the host rock into two regions. In the upper region, 

the cross-sectional area decreases towards the outlet and hence, according to the 

principle of continuity, if the flow rate is held constant, the velocity increases. Vice-

versa for the region below the bands, the cross-sectional area increases towards the 

outlet and, hence, the fluid velocity decreases. In both the estimated mean arrival time 
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(Figure 4-4a) and the velocity (Figure4- 4b) maps there is no discernable effect of the 

two sub-vertical laminae on flow. 

To estimate the mean intrinsic permeability for both the host rock and the 

deformation bands, the PET experiment was modelled numerically using the Stanford 

University General Purpose Research Simulator software (GPRS) (Cao, 2002; Jiang, 

2008; Li, 2011; Boon, et al., 2018; Cao & Aziz, 2002; Krause, 2012; Krause, et al., 

2013; Li, et al., 2012; Li & Benson, 2015). Details of model set-up are included in 

supporting information (Table A1, Figure A2). Multiple combinations of the host rock 

permeability and deformation band permeability were tested. Each combination had 

an equivalent bulk core permeability equal to the experimentally measured value of 53 

md. Flow within the core was modelled in 2D, using a grid of 35X78 cells with a grid 

cell resolution of 0.125 cm, a homogeneous host rock and a single, straight, diagonal 

deformation band are shown in Figure 4-4c). The velocity of the fluid for each cell in 

the simulations was calculated using Darcyôs law, assuming an axial flow direction. 

The simulation results for three combinations of host rock and deformation band 

permeability were 55 md and 10 md, 100 md and 0.5 md, 500 md and 0.0005 md. A 

comparison of the velocity fields calculated from model simulations with the PET-

derived velocity field shows that, although all three models have the same bulk 

permeability, the local velocity distributions differ. The results for a permeability of 

100 md for the host rock and 0.5 md for the deformation band most closely resemble 

the experimental data (Figure 4-4b). 
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Figure 4-4. a) Mean arrival time of the radiotracer solution in the sandstone core with 

deformation bands. Delayed arrival time in compartment below the deformation bands. 

b) Fluid velocity along the axis of the core calculated from the experimental data. c) 

Fluid velocity calculated simulating water injection in three pseudo 3D models with 

different permeability in the host rock (HR) and deformation band (DB). The model 

with 100 md in the HR and 0.5 md in the DB provides the best match with the velocity 

field obtained in the experiments. 

The heterogeneous permeability distribution was estimated using the porosity-

permeability relationship proposed by Torabi et al. (2013):  

Ὧ ρὩ ω •                                            (4-6) 

 Ὧ ςὩ χ•                                            (4-7) 

where Ὧ , • , Ὧ , •  are permeability (md) and porosity (in percentage) of the 

host rock and deformation bands respectively and AHR and ADB are dimensionless 

constants. Among several porosity-permeability relationships, this is preferred 

considering that it specifically relies on core-plug laboratory measurements of 

undeformed and deformed samples (single and clusters of bands). For this specific 

study case, porosity for each voxel in the core was taken from the data in Figure 4-2. 
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The AHR and ADB coefficients found by Torabi et al. (2013) are 9.09 and 6.31, 

respectively. However, by using these coefficients the resulting bulk core 

permeability, calculated performing single phase simulations, was 280 md as opposed 

to the 53 md experimentally calculated. The constants AHR and ADB were then fitted by 

constraining the bulk core permeability to have the measured value of 53 md and the 

bulk host rock and deformation band permeabilities to have values of 100 md and 0.5 

md respectively, as estimated from the analysis shown in Figure 4-4. This resulted in 

estimates for the constants AHR and ADB of 8.6 and 5.4 for the host rock and deformation 

bands. respectively. The estimated permeability in each cell is shown in Figure 4-5.  

 

Figure 4-5. Permeability distribution in millidarcy (md) calculated using an adapted 

version of the porosity-permeability relationship found in Torabi et al. (2013).  

4.3.4. Multiphase flow properties  

Results of the core flooding CO2 injection experiments are shown in Figure 4-

6. The injection flow rate was steadily increased in a step-wise fashion over time 

(Figure 4-6a). At each step, the flow rate was maintained for a sufficient duration to 

achieve a steady-state CO2 saturation distribution (as determined from consecutive 

medical CT scans). Figure 4-6b shows that as the flow-rate increases, CO2 saturation 

increases in the host rock compartments above and below the deformation bands, but 

that there remains a lower CO2 saturation in the compartment below the bands. At low 

flow rates (0.3 mL/min ï 0.6 mL/min ï 1 mL/min ï 2 mL/min) CO2 is not able to 

saturate the outlet of the core below the deformation bands, creating a shadow zone of 

reduced CO2 saturation. 


















































































































































































