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Abstract 

Deformation bands can act as barriers and baffles in sandstone reservoirs. An 

increasing number of deformation bands have been studied in poorly cemented 

sandstones, yet there are questions about how grains can break (rather than slide past 

one another) in such loose sediments/rocks. The strength and distribution of cement 

may provide an answer. Detailed 3D observations are required to understand the 

cement and porosity variability that may control the formation of deformation bands. 

Integrating x-ray microtomography (X-CT) with microscopic observations, the first 

part of this thesis analyses cement and porosity distribution across deformation band 

samples from Utah, Hungary and Arran by comparing 2D slice to 3D sub-volume 

analysis methods.  

Characterisation of cement in outcrops of sand(stone)s is complex due to variable 

mineralogy and multiple periods of cementation. The second half of this thesis strips 

back the compositional complexities of sand(stone)s to recreate poorly cemented 

synthetic sandstones in the laboratory. Here gypsum and calcite were used as 

cementing phases with percentage of cement in the synthetic samples ranging from 

3.5 – 26.7%. X-CT analysis shows that gypsum cement forms a network of needles 

encasing the sand grains meanwhile the calcite (formed by microbially induced 

calcite precipitation) forms at point contacts between the sand grains. 

In order to quantify the strength of each of the synthetic sandstones a series of shear 

box, uniaxial compression testing (UCS) and triaxial experiments were carried out. 

The results from these experiments show that as the percentage of cement increased 

the shear and compressive strengths of these samples also increased. The maximum 

shear strengths of the synthetic samples produced ranged from 103 to 458 kPa. 

Meanwhile, maximum UCS results ranged from 139 to 2408 kPa.  In addition, the 

mineralogy of these poorly cemented synthetic sandstones was shown to impact the 

mechanics and hydraulics of the synthetic sandstones.  
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Chapter 1 – Introduction 

1.1 Aims and Objectives 

The primary aims of this thesis are to analyse the distribution of cement across 

deformation bands, and by reducing the mineralogical and structural variability of 

sandstones test the impact of cement volume on the deformation of sandstones. 

In order to achieve these aims the following objectives were determined:  

- Characterise the cement and porosity distribution of deformation bands in 

natural sandstones. 

- Design, test and review methodology for 2D and 3D analysis of deformation 

band petrophysical parameters in both consolidated and poorly consolidated 

sandstones. 

- Create simplified poorly consolidated synthetic sandstones in the laboratory 

with varying percentages of cement. 

- Determine the impact of cement mineralogy, distribution and quantity on the 

deformation of poorly cemented sandstones. 

- Determine if grain crushing can occur in poorly consolidated synthetic 

sandstones when mechanically deformed in the laboratory. 

 

1.2 Thesis Outline 

The thesis is divided into nine chapters. 

Chapter 2: Literature Review 

Reviews the background literature to the key areas of research in this thesis. It 

summarises the literature on deformation bands in sandstone and poorly consolidated 

sandstone. 
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Chapter 3: X-ray computed microtomography (X-CT) 

Reviews previous X-CT studies, describes X-CT methodology used in this thesis and 

compares the impact of scan resolution on segmentation analysis specifically for the 

scanner used in this thesis. 

Chapter 4: Geological history 

Outlines the geological history, tectonic setting, stratigraphy and host rock lithology 

for each of the three field areas where deformation bands were examined. 

Chapter 5: Deformation bands in sandstone 

Analyses each of the deformation band samples collected from Utah, Hungary and 

Scotland. In addition, this chapter creates a methodology for non-destructive 

quantification of the petrophysical properties of deformation band samples using X-

CT. 

Chapter 6: Calcium sulphate phases 

Investigates the transition between the calcium sulphate phases and the growth of 

gypsum crystals by hydrating basanite to determine the impact of basanite 

calcination temperature on gypsum crystal formation and the stability of gypsum at 

varying temperatures. 

Chapter 7: Making synthetic sandstones 

Investigates the formation and properties of synthetic sandstones using gypsum and 

microbial induced calcite precipitation (MICP) as cementing agents. This chapter 

focusses on the formation of synthetic sandstones using varying volumes of cement. 

Chapter 8: Mechanical deformation 

Use mechanical deformation techniques (shearbox, unconfined compression strength 

testing and triaxial) to deform the synthetic sandstones under comparable conditions 

to deformation band forming conditions in the earth and previous laboratory 

experiments. In addition, this chapter tests the impact of varying volumes of cement 

on the mechanical properties of the synthetic sandstones. 
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Chapter 9: Discussion, Conclusions and Future work 

The discussion includes the impact of heterogeneities in all sandstones, comparing 

and contrasting the cement and porosity in the synthetic sandstones to the real 

sandstone samples and the use of the X-CT as an analysis technique. Thesis 

conclusions and future work are also listed. 
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Chapter 2 - Literature review 

2.1 Rationale 

This chapter reviews the geological formation of deformation bands and the type, 

distribution, strength and impact of cement in sandstones. 

2.2 Faults 

Faults begin as fractures in low porosity rock which develop in the brittle upper crust 

as a result of applied stress. This fracture or set of fractures can then propagate to 

form a fault. The majority of faults form along the edge of tectonic plates where most 

movement is accumulated. In porous sandstones faults can develop by pore collapse 

and grain crushing during the formation of deformation bands (Antonellini 1994). It 

is has been proven that the orientation of the deformation bands control the initial 

and propagation direction of the fault (Johnson 1995; Johansen et al. 2005; Okubo 

and Schultz 2006).  

However, fault characteristics and deformation mechanisms also vary with depth 

(Figure 2.1). An overarching goal of research in this area has been to improve the 

predictability of the flow and mechanical properties of faults with depth but there are 

many variables which remain. Fagereng and Toy (2011)’s diagram builds on the 

original model of a shear zone by Sibson 1983. In Sibson (1983) shear zone model 

the T< 300°C zone is blub shaped whereas in Fagereng and Toy (2011) they keep the 

width of the fault zone constant above 300°C. They also extend the friction rate 

behaviour and more clearly define the shear strength curve down to 450°C. Of 

particular interest to this study is the T< 300°C zone. Here Fagereng and Toy (2011) 

acknowledge the impact of diagenesis on soft sediments in shallow burial conditions 

by expanding the level of detail in this zone.  

However, both diagrams do not reflect the mineralogy, fluid flow or fluid pressures 

over which deformation occurs. Further work in this zone of less than 300°C would 

include more details and be subdivided based on a better understanding of processes 

in this zone. This would allow studies to better constrain the parameters of granular 

flow, dissolution and frictional faulting therefore summarising deformation band 
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research to date. This thesis looks to apply case studies of deformation bands from 

Utah, Arran and Hungary to expand the understanding of faulted sandstones in the 

shallow crust (<3 km depth – highlighted in Figure 2.1). 

 

2.3 Deformation bands 

A deformation band is a naturally occurring tabular zone formed within bodies of 

rock/granular material displaying porosity greater than 10% (Holcomb et al. 2007). 

The zone is composed of the same lithology as the host rock however, the fabric of 

the rock has been mechanically altered. Despite a high volume of research into 

deformation bands (Aydin and Johnson 1978; Underhill and Woodcock 1987; 

Rykkelid and Skurtveit 2018; Zuluaga et al. 2018), there is less research into 

deformation bands in poorly consolidated sediments (Skurtveit et al. 2013; Alikarami 

Figure 2.1:  Fault zone model modified from (Sibson 1983; Scholz 2002; 

Fagereng and Toy 2011). This model is drawn assuming a 25°C/km geothermal 

gradient. In order to achieve quartz cementation at lower burial depths the 

geothermal gradient must be higher (30°C/km or above) or a groundwater 

silcrete is present. Shallow conditions (<3 km depth) are highlighted in orange. 

Quartz 

cementation 

at 90°C 
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et al. 2014; Torabi 2014). Deformation bands are precursors to faults and are often 

found in the fault zone.  

Primarily deformation bands have been studied as they act as a barrier or baffle in 

reservoir rocks (Edwards et al. 1993; Ogilvie and Glover 2001; Lothe et al. 2002; 

Cavailhes et al. 2009; Busch et al. 2017; Qu and Tveranger 2017; Griffiths et al. 

2018). However, defining how and when deformation bands form in shallow vs deep 

burial depths allows deformation bands to be used as a chronological indicator (e.g. 

Petrik et al. 2014), and a method to measure diagenetic alteration (Busch et al. 2017).  

Cashman and Cashman (2000), Balsamo and Storti (2010) and Shipton et al. (2017) 

raise the possibility that grain fracturing in the shallow subsurface may indicate 

coseismic behaviour. If this is the case then the desocery of deformation bands in 

shallow sediments may alter future building codes.   

2.3.1 Deformation band characteristics 

Deformation bands can appear as millimetre to centimetre wide singular bands, 

zones of singular bands or anastomosing zones (Aydin 1978; Aydin and Johnson 

1978; Underhill and Woodcock 1987). It is common to see cross cutting relationships 

between deformation bands therefore indicating two separate deformation band 

forming events.  Deformation bands can vary in width, field studies suggest that 

widths are generally <2 cm (Du Bernard et al. 2002; Sigda and Wilson 2003; 

Johansen et al. 2005; Exner and Tschegg 2012; Torabi 2014). Johansen et al. (2005) 

suggests that deformation band width could be related to the available pore space in 

the host sediment, whereby thicker deformation bands are present in sandstones with 

a higher porosity, and those with thinner deformation bands are from sandstones with 

a lower host porosity.   

Aydin (1978) and Underhill and Woodcock (1987) divides deformation bands into 

three zones; parent sandstone, outer and the inner. The parent sandstone has a high 

porosity and cement (although this is not always present) can be visibly acting as a 

contact between grains. The outer zone encompasses the edges of the inner zone 

where there is an overall reduction in porosity, there is evidence of some grain 

fracturing and there are increased grain to grain contact in comparison to the host 

rock as the cement holding the grains together is destroyed. The inner zone consists 
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of predominantly angular, fractured grains (and cement) with only a few residual 

undeformed grains resulting in an overall smaller average grain size and low 

porosity. Within the majority of deformation bands there is a general decrease in 

porosity and permeability in comparison to the host rock. However, the 

porosity/permeability properties along a deformation band are inconsistent and vary 

depending on which part of the deformation band the measurement is taken from 

(Torabi & Fossen 2009).  

Generally deformation bands, in particular cataclastic deformation bands, are 

stronger, and therefore more resistant than the original host rock from which they are 

formed (Mair et al. 2000; Kaproth et al. 2010). 

Deformation bands can stretch for up to 10’s of metres in length (Fossen et al. 2007; 

Tembe et al. 2008). Offsets on a single band are rarely more than a few mm, but have 

been observed up to 1 m (Lommatzsch et al. 2015). Deformation bands prove 

difficult to identify using geophysical techniques e.g. they are below seismic 

resolution, therefore the majority of studies to date focus on deformation bands from 

outcrops.  

Deformation bands can form parallel to bedding (Tondi et al. 2006; Zuluaga et al. 

2014) or in conjugate sets (Soliva et al. 2013). Studies of deformation bands in 

poorly consolidated sandstone report branch like features which form at the 

termination point of each band.  

There are three key stages in the development of deformation bands (Figure 2.2). The 

initial stage is singular band development. As strain localization increases it leads to 

the formation of a deformation band zone and finally the formation of a slip surface 

(Aydin 1978; Aydin and Johnson 1978; Shipton and Cowie 2001). Aydin (1978) 

suggest that zones of deformation bands are formed due to a combination of strain 

localization in the sample and individual band strain hardening.  

The conditions which control deformation band formation include the properties of 

the host rock (pore space, grain size/grain size distribution, grain shape, sorting, 

cementation), burial depth, tectonic environment, and pore fluid pressure (Cheung et 

al. 2012). However, with so many variables and many field examples there remains 
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ambiguity over the main properties which control deformation band formation. As a 

result, this area of research still requires considerable focus. My thesis will focus on 

quantifying the distribution of porosity and cement in deformation bands and 

investigate the impact of levels of weak cementation on sandstones during 

deformation. The majority of work so far on deformation bands shows their 

formation and impact in sandstone (Fossen et al. 2007). 

However, deformation bands can also form in poorly cemented sands (Figure 2.3) 

(Cashman and Cashman 2000; Rawling and Goodwin 2003; Wen and Aydin 2004; 

Ballas et al. 2012; Petrik et al. 2014; Shipton et al. 2017), carbonate grainstone 

(Tondi et al. 2006); ignimbrite (Wilson et al. 2003), basalt (Adelinet et al. 2013) and 

basaltic tuff (Hoffman and Tewksbury, 2006). It has been shown that the majority of 

deformation bands studied in poorly consolidated sandstone are in extensional 

tectonic regimes (at the time of deformation band formation) (Fossen 2017). 

 

 

 

Figure 2.2: Increased strain localization during the stages of deformation band 

formation. A) Stage 1 - Single DB formed due to localisation of strain. B) Zone of 

DFB formed due to continued localisation of strain.  C) Zone of DBs form a slip 

surface and displacement increases. Fault surface is formed. Image modified from 

Shipton et al. (2005). 

 

A 
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Despite the volume of studies carried out to date the terminology used remains 

inconsistent across both field and lab studies which makes summarising previous 

studies challenging. In this study we use the term deformation band (DB) to describe 

all forms of bands e.g. compaction, shear, cataclastic etc. The terminology in this 

chapter follows that of Fossen et al. (2007). Table 2.1 summarises the deformation 

band properties (deformation mechanisms, kinematics and appearance) from a 

selection of previously published literature on sandstone and sand outcrops. 

 

3 sets of deformation 

bands 

 

1 

2 

 
3 

B 

Deformation band cuts through 

deformation bands and host 

sediment pods. 

C 

Figure 2.3: Examples of deformation bands in poorly consolidated sandstone 

from France and Hungary. A) Cataclastic deformation bands from Riedseltz, 

France. Photo credit: Zoe Shipton. B) Three generations of cross-cutting 

deformation bands from Szilvasvarad, Hungary. C) A single deformation band 

cross cutting bedding in clay rich sediment from Novaj, Hungary. 

A C 
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Table 2.1: Summary of deformation band terminology used in literature. 

Type of deformation 

band 
Abbreviation 

Example of study using 

abbreviation 

Pure compaction band PCB Eichhubl et al. (2010); Fossen 

et al. (2011, 2017); Ma and 

Haimson (2013) 

Compaction band CB Olsson (1999); (Schultz 

2009) 

Cataclastic shear band CSB Cavailhes et al. (2009); 

Fossen et al. (2015); 

Lommatzsch et al. (2015); 

Philit et al. (2015) 

Cataclastic deformation 

band 

CB/CDB Fossen et al. (2007); 

Mesdeiros et al. (2010); 

Saillet and Wibberley (2013); 

Tindall (2014) 

Dilation band None used Du Bernard et al. (2002) 

Dilation shear band DSB Fossen et al. (2017) 

Pure dilation band PDB Fossen et al. (2017) 

Shear band SB Desrues and Viggiani (2004); 

Borja et al. (2013); Lin et al 

(2015) 

Simple shear band SSB Fossen et al. (2017) 

Shear enhanced 

compaction band 

SECB Eichhubl et al. (2010); Wong 

and Baud (2012); Ballas et al. 

(2013); Klimczak and Schultz 

(2013); Skurtveit et al. (2013) 

Shear enhanced dilation 

band 

SEDB Fossen et al. (2017) 
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2.3.2 Deformation mechanisms 

There are three deformation mechanisms reported in the literature by which 

deformation bands form: cataclasis, disaggregation and dissolution. The deformation 

mechanisms control the microfabric of deformation bands. 

2.3.2.1 Cataclastic DB 

Cataclastic bands are formed as a result of grain fracture and/or breakage (Aydin 

1978, Aydin & Johnson 1983). Cataclasis appears to impact grains of 0.3-0.8 mm in 

size in sandstones (Mollema & Antonellini 1996). During grain fracturing the 

interlocking of grains increases the likelihood of strain hardening (Fossen et al. 

2007). Cataclastic bands can be identified by a general reduction in grain and pore 

size and display offsets up to 3-4 cm (Fossen et al. 2007). As a result of the grain 

breakage these bands often exhibit compaction and a reduction in permeability. 

Permeability in cataclastic bands can be reduced by up to six orders of magnitudes in 

comparison to the host rock (Pittman 1981; Jamison and Stearns 1982, Harper and 

Moftah 1985; Knott 1993; Antonellini and Aydin 1994; Gibson 1994, 1998; Knipe et 

al. 1997; Crawford 1998; Antonellini et al. 1999; Fisher and Knipe 2001; Jourde et 

al. 2002; Shipton et al. 2002; Fossen 2007; Saillet 2013).  

Studies have shown that in general the degree of cataclasis increases with increasing 

burial depth (Fossen et al. 2007, Beke et al, 2019). However, cataclasis has also been 

found within shallowly buried sand(stones) (Cashman and Cashman 2000; Rawling 

and Goodwin 2003; Balsamo and Storti 2010a; Ballas et al. 2012; Torabi 2014; 

Shipton et al. 2017). It has been suggested that cataclastic bands in sandstone form 

after lithification between 1.5- 2.5km depth but before uplift (Fossen et al. 2007). 

However, this may not be the case for poorly/unconsolidated sediments displaying 

deformation bands.  

2.3.2.2 Disaggregation DB/ Particulate flow 

Disaggregation bands can form within grain breakage due to grain boundary sliding, 

grain rotation or breaks in cement resulting in the development of disaggregation 

bands. This process is known as either granular (Twiss and Moores 1992) or 

particulate flow (Rawling and Goodwin 2003).  
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Disaggregation bands can either increase or decrease porosity depending on their 

kinematic component (e.g. dilation or compaction). Some studies report up to 10% 

porosity increase in the bands compared to the host rock (Antonellini et al 1994; Du 

Bernard et al. 2002;). Other studies report disaggregation bands with porosity 

reduced by 25% (Mollema & Antonellini 1996).  

2.3.2.3 Dissolution DB 

Secondary deformation can occur in deformation bands syn or post deformation. 

Dissolution can take place in the shallow subsurface (<3km) or at depth (Walderhaug 

1996) and is more likely to take place (and at a faster rate) when clay minerals are 

present around grain boundaries because they can retain a water boundary at the 

grain surface (Renard et al. 1997). 

2.3.2.4 Burial depth 

Fulljames et al. (1997) suggested that burial depth (confining pressure) and porosity 

are the primary controls on cataclasis in sandstones, but clearly there are other 

factors that promote cataclasis in shallow settings (Figure 2.4). When comparing 

estimated burial depths of poorly consolidated sandstones containing cataclastic 

deformation bands five studies (Cashman and Cashman 2000; Exner and Tschegg 

2012; Kristensen et al. 2013; Torabi 2014; Shipton et al. 2017) suggest that their 

maximum burial depth is below 500 m (Figure 2.5). This implies that the minimum 

burial depth for cataclasis to occur is lower than previously believed. One possible 

explaination for cataclasis in shallow buried sediments is mineralogy. Feldspar and 

clay minerals will break preferentially over quartz. Feldspar has a hardness of 6, 

meanwhile quartz has a hardness of 7 in the Mohs hardness scale. 

Furthermore, as clay content increases clay smears can develop and it is more likely 

that slip surfaces will form as opposed to deformation bands. Kristensen et al. (2013) 

describe ‘intense’ cataclasis in both sand and clay layers at their Galgeløkke site in 

Denmark (Jurassic aged sediments). They conclude that cataclasis at shallow depth is 

controlled by burial depth and mineralogy, and an increased clay content can reduce 

the level of cataclasis observed. However, Torabi (2014) conclude that ‘intense’ 
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cataclasis at shallow burial depths is not controlled by mineralogy. 

 

Meanwhile, Cashman and Cashman (2000) and Shipton et al. (2017) speculate that 

seismic slip may be required in order to achieve cataclasis at shallow burial depths 

(where overburden pressure is limited). 

Beke et al. (2019) use samples from across Hungary to demonstrate the impact of 

progressive burial on deformation mechanism. They show that with increasing depth 

deformation bands progress from forming disaggregation bands, to cataclastic (weak-

advanced), before finally developing a slip surface. Weak vs advanced cataclasis is 

qualitatively defined based upon the grain breakage mechanism (e.g. flaking, 

trangranular) and the pore size inside the deformation bands (Figure 2.6).  This same 

classification is applied to the deformation bands described in Chapter 5. 

2.3.3 Deformation band kinematics 

Kinematically there are three end members of deformation band: shear, compaction 

and dilation. Shear bands display a macroscopic offset with respect to the 

surrounding rock, compaction bands display evidence of a volume decrease, and 

dilation bands display evidence of a volume increase. It is also suggested that there 

can be hybrid or intermediate versions of these (Aydin et al. 2006; Fossen et al. 

Figure 2.4:  Simplified DB burial diagram demonstrates that DB bands require 

10% porosity to form and the minimum burial depth for cataclasis to occur is 

~500m. After Fulljames et al. (1997). 
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2017) e.g. shear-enhanced compaction band (Table 2.1). 
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2.3.4 Review of deformation bands in sand and sandstone 

This section sumarises the deformation mechanism and kinematics of deformation 

band data collated from 66 deformation bands described in sandstone and poorly 

consolidated sandstone literature (Figure 2.7).  

From Figure 2.7 it is clear that the majority of DB studies published describe the 

dominant deformation mechanism as being cataclasis in both consolidated and 

poorly consolidated sandstone states. One possible suggestion for the noted 

occurrence of cataclastic deformation bands at shallow depths is the influence of the 

surrounding tectonic regime (Fossen et al. 2017). For example, the majority of 

studies on deformation bands in poorly consolidated sandstones are in extensional 

Figure 2.6: Plane polarised light thin sections of cataclastic deformation as 

categorised by Beke et al. (2019). Weak vs advanced cataclasis is defined by 

the grain breakage mechanism (e.g. flaking, trangranular) and the pore size 

inside the deformation bands.  A) Weakly cataclastic deformation band from 

TaNe, Hungary. Quartz grains are fairly uniform in size across both the host 

rock and the deformation band zone with deformation primarily occurring 

where quartz grains are in contact. The deformation band zone is highlighted 

by an increase in phylosillicates.  B) Advanced cataclastic deformation band 

from Ha, Hungary 375 -1100m burial depth. Quartz grains inside deformation 

band are considerably smaller than the quartz grains of the host sediment.  

Images from Beke et al. (2019). 

Weak cataclasis Advanced cataclasis 

  A B 
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regimes (Figure 2.5). However, this could be due to the preferential selection of 

geological studies in extensional regimes as opposed to contractional. It is also 

possible that the greater number of cataclastic band descriptions are because 

cataclastic bands can be easier to identify in the field (in comparison to 

disaggregation and dissolution bands). 

The DB studies referenced in Figure 2.7 indicate shear bands are the most studied 

kinematic class. However, in poorly cemented sandstone studies shear is the most 

common kinematic class in field studies. Intruigingly 30% of papers on deformation 

bands in poorly consolidated sandstone do not report the kinematics. It is possible 

this lack of data is as a result of the confusion or misuse of kinematic descriptions.  

2.3.5 Laboratory studies of deformation bands  

Lab studies have focussed on the conditions that control the formation of 

deformation bands in both sand and sandstones (e.g. Wong et al. 1997; Mair et al. 

2000; Andò et al. 2015). Variables investigated include the properties of the host 

rock (pore space, grain size, grain shape, sorting, cementation), burial depth 

(confining pressure) and pore fluid pressure.  

There has been a lot of research into the deformation and failure, of granular 

materials in geomechanical research (Brok et al. 1997; Alshibli and Sture 2000; 

Desrues and Viggiani 2004; Saidi et al. 2005; Alshibli and Alramahi 2006). There is 

also increasing work on grain fracture in brittle deformation mechanics e.g. under 

what conditions grains break. This is particularly relevant when trying to understand 

the conditions which lead to the formation of cataclastic deformation bands. In 

granular material studies shear bands have been categorised as materials which 

display intense strain in particular areas (e.g. strain localisation) however the 

surrounding areas are unaffected by the strain (Ando 2013). Shear bands have been 

studied through a range of mechanical deformation tests.  
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Figure 2.7: Deformation band properties summarised from published studies on 

sandstone and poorly consolidated sandstone (see Appendix 1 for master data 

set).  
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2.3.5.1 Mechanical deformation 

One of the main areas of focus 

is the formation of deformation 

bands. Investigations into the 

formation of deformation 

bands (or shear bands) by 

means of mechanical testing 

have included sand box 

experiments (McClay and Ellis 

1987), shear box, ring shear 

(Mandl et al. 1977; Agung et 

al. 2004; Torabi et al. 2007)  

and, the more popular, triaxial 

testing (Mair et al. 2000; 

Skurtveit et al. 2013; Alikarami 

et al. 2014). During all of the 

tests one of the main reference 

points to assertain the depth at 

which deformation bands form 

is the level of grain fracturing 

(Figure 2.8) observed during 

deformation.  

Uniaxial compressive strength (UCS)  

Although there are no studies to our knowledge which show deformation bands 

forming in uniaxial compressive strength (UCS) test, UCS has been used to study the 

conditions which lead to grain breakage (Chuhan et al. 2002). Chuhan et al. (2002) 

suggests that grain breakage can begin at ~2MPa (approximate equivalent depth of  

78m) effective vertical stress however, the effects of grain breakage are more clearly 

defined in samples deformed at effective vertical stresses greater than 10 MPa 

(approximate equivalent depth of 392 m calculated using formula from Sharma 

(1997)). 

Figure 2.8: Types of grain fracture which can 

occur with estimated depths. From Fossen (2010). 
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Shear box 

The majority of shear box studies in literature have been used in geotechnical 

engineering to understand the load deformation characteristics and shear behaviour 

(maximum shear strength, ultimate/residual shear strength and failure envelope) of 

clays and soils (Roscoe 1970; Vangla and Latha Gali 2016; Yavari et al. 2016; 

Habibbeygi and Nikraz 2018). For example, the residual shear strength of soils is of 

particular interest for predicting the behaviour of landslides. A shear box works by 

forcing a shear plane to develop along a predefined surface. It is an inexpensive 

method to achieve accurate results in geotechnical tests. Across the shear box studies 

it is understood that a shearband forms in the material as the top plate of the shear 

box is pushed along a defined plane however it is challenging to remove and analyse 

an intact sample post-deformation from the shearbox without causing structural 

changes to the deformed sample.  

Kaproth et al. (2010) found that during their single-direct shear test experiement on 

unlithified sandstone (tested at 0.5-1.85 MPa normal stress with a shear strain rate of 

1x10-5 m/s) grain breakage took place at all tested normal stresses. Therefore 

highlighting that at slow strain rate conditions and low normal stress, grain breakage 

is possible in the subsurface. 

Ring shear 

Ring shear is able to give a better understanding of the structural changes which lead 

to shearing of a sample because it can create larger displacements than the shear box 

tests (Khidas and Jia 2012). Ring shear experiments (Clausen and Gabrielsen 2002; 

Agung et al. 2004; Sassa et al. 2004; Torabi et al. 2007; Cuisiat and Skurtveit 2010; 

Kimura et al. 2018) are growing in number across geosciences as a method to 

produce shear bands in the laboratory. Deformation of unconsolidated sands by ring 

shear has shown to display grain crushing and shear zone development (Agung et al. 

2004; Cuisiat and Skurtveit 2010).  
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The high pressure ring shear experiment by Torabi et al. (2007) demonstrates that 

sands with wide and poorly defined shear zones are more likely to form at lower 

stress levels (5 MPa) whereas shear zones in sands with clear, sharp boundaries are 

more likely to form in areas of higher stress (20 MPa). As depth increases the 

dominant grain breakage mechanism transitions from grain flaking to transgranular 

fracturing.  

Meanwhile, Cuisiat and Skurtveit (2010), demonstrate that grain fracturing is 

observed from 10 MPa effective vertical stress (corresponding to approximately 500 

m burial depth) in their high pressure ring shear experiments of clay smears. 

Kimura et al. (2018) present a detailed study of the pore and grain sizes in sand shear 

zones created using ring shear (between 1-8 MPa effective vertical stress, with a 

shear rate of 2mm/min). Observations from Kimura et al. (2018) indicate that grain 

fracturing and ultimately shear zone development is dependent upon the total shear 

displacement (Figure 2.9) of a ring shear experiment. Therefore shear band formation 

Figure 2.9: From Kimura et al. (2018) this figure shows the development of  

shear zones in sand (Tohoku silica sand No. 7) as displacement continues 

under high (e.g. 8 MPa) and low (e.g. 1 MPa) vertical stress from ring shear 

tests. This suggests that when a sample is subjected to low vertical stress and 

up to 100 mm displacement no shear band can be identified. As displacement 

continues the shear zone becomes wider and more developed. 
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is unlikely to be observed at low vertical stresses with displacements less than 200 

mm. 

Across these experiments there is no consistency for the depth at which grain 

crushing can take place. However, it is worthwhile to note that for each shear 

box/ring shear experiment the results are only applicable to that individual soil/sand 

sample. In addition, Torabi et al. (2007), Cuisiat and Skurtveit (2010) and Kimura et 

al. (2018) do not account for cement (or poorly cemented sandstones) in their ring 

shear studies or materials which contain no cement phase.  

With both shear box and ring shear experiments there are limited studies which track 

the movement of grains insitu as the shear tests take place. To the best of my 

knowledge I do not know of any studies which have successfully imaged grain 

movement of sandstones in a shear box using an X-CT. However, Tobler et al. 

(2018) were able to image the effects of shear on microbially induced calcite 

precipitation (MICP) sealed granite cores (of 37 mm diameter) by scanning sample 

pre and post deformation and using a plaster cast to hold the cylindrical sample in 

place in the square shearbox.  

Triaxial 

Triaxial testing to form compaction bands and shear bands has been widely used over 

the last 20 years (Wong et al. 1997; Mair 2002; Baud et al. 2004; Fortin et al. 2006; 

Louis et al. 2007; Tembe et al. 2008; Yang and Jiang 2010; Hall et al. 2010; 

Charalampidou et al. 2011; Cheung et al. 2012; Ando 2013; Ingraham et al. 2013; 

Ma and Haimson 2013; Heap et al. 2015). These studies have shown that 

deformation bands can form over a range (~0.1-550 MPa) of effective pressures. 

Some of these studies describe evidence of grain crushing (Fortin et al. 2006; 

Charalampidou et al. 2011; Skurtveit et al. 2013). However, studies have also 

explored strand development (Mair et al. 2000) the impact of creep conditions (Heap 

et al. 2015) and the formation of deformation bands in unconsolidated sands (Ando 

2013; Alikarami et al. 2014). 

Skurtveit et al. (2013) used triaxial tests to identify that grain rearrangement is most 

significant in the deformation of high porosity sands under low stresses of 2 and 5 
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MPa hydrostatic loading pressures (hydrostatic loading pressures were used as the 

samples were frozen when they were mounted into the triaxial cell). However, when 

the stress is increased (15 MPa hydrostatic loading pressure) grain fracturing 

becomes the dominant deformation mechanism. Grain fracturing is most significant 

in coarser grained materials. 

Mair et al. (2000) investigated the increase in the number of deformation band 

strands with increased axial strain under triaxial deformation. The study showed that 

at 34 MPa cataclastic deformation bands formed in consolidated sandstone.  

Heap et al. (2015) investigate the formation of compaction bands due to creep. They 

show that compaction bands can form as a result of exposure to constant creep 

conditions. Under creep conditions compaction bands form at a lower differential 

stress (80 MPa) than constant strain experiments (100 MPa). Furthermore, the 

compaction band growth rate in sandstones is dependent upon the applied stress to 

the sample. Therefore as the strain rate increases the growth rate of compaction 

bands increase.  

Ando (2013) carried out insitu triaxial testing of three sands (Hostun, Ottawa and 

Caicos ooids) inside the X-CT at Laboratoire 3SR to form shear bands. Samples 

were 22 x 11mm in size. Ando (2013) allows for the porosity changes during the 

formation of deformation bands to be measured and imaged in 3D. Furthermore,  

kinetmatic measurements can be performed on individual grains during deformation. 

2.3.5.2 Sample size 

Ando (2013) discuss that the size of the sample analysed does not matter to enable 

the formation of deformation band in sand by triaxial experiment. However, the lab 

studies carried out by Mair et al. (2000) find that deformation bands only form in 

sandstone samples of large enough dimensions (100 mm diameter with lengths 

ranging from 189.5-229 mm). Despite shear bands being well studied in granular 

materials the size of the samples being deformed are rarely larger than 40  mm in 

height and 20 mm diameter (Alikarami et al. 2014; Torabi et al. 2014; Heap et al. 

2015). This therefore creates uncertainty as to whether deformation band formation 

in sand versus sandstone are sample size dependent. 
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2.3.5.3 Varying porosity 

Understanding evolution in porosity and permeability of sandstones under confining 

pressures is important to understanding the formation and properties of cataclastic 

deformation bands.  

UCS test studies have shown that the compressive strength of sandstones increase as 

porosity decreases (Palchik 1999; Lin et al. 2005; Weng et al. 2005, 2008). This 

therefore shows that the porosity present in a sandstone is key to the mechanical 

properties of the rock. However, as mentioned previously, to my knowledge no UCS 

studies have formed deformation bands.  

Porosity and permeability evolution of triaxial experiments have shown that as 

porosity and grain size increases a sandstone becomes less brittle during deformation 

(Wong et al. 1997). Wong and Zhu (1999) show that in a triaxial rig at confining 

pressures less than 100 MPa sandstone will initially display evidence of dilatancy 

and a reduction in permeability followed by a period of compaction. This is 

associated with microcracking and the formation of a cataclastic shear band in the 

sandstone (Main et al. 2000).  A porosity decrease of up to one order of magnitude 

can be seen inside deformation bands, in comparison to the host rock (Fossen et al. 

2007). Furthermore, as the bulk sample permeability increases during the period of 

dilatancy the sample porosity will increase (Main et al. 2000). 

This increase in porosity assists the formation of deformation bands. If porosity and 

grain size decreases it is believed the opportunity for the development of cataclastic 

deforamtion bands will decrease (Chuhan et al. 2003). This therefore suggests that 

porosity is a key variable in the formation of cataclastic deformation bands.  

One method to reduce the porosity in sandstones is to fill the pores with cement 

(Scherer 1987; Selley and Sonnenberg 2015).  

2.4 Cement in sandstones 

During diagenesis cementing minerals are formed between grains. As sand is 

deposited (e.g. in a dune or beach environment) it will be buried under continuing 

sedimentation. As burial increases, the temperature and pressure increases, and the 
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sediment is exposed to groundwater of varying chemical composition. During this 

process of diagenesis unconsolidated sand becomes consolidated (or lithified) as the 

grains compact (mechanical compaction) and intergranular cement (chemical 

compaction) forms in the pore space between grains.  

 

Cement can form as grain overgrowths and as bridges between grains. As the 

percentage of cement in a sandstone increases the porosity decreases. Cement which 

forms during diagenesis is called primary cement. Cement which has formed as a 

result of subsequent mechanical or chemical interactions is known as secondary 

cement. This work focuses on primary cement and does not take into consideration 

the impact of secondary cement on the consolidation level of sandstones. 

 

Depending on the degree of consolidation sands and sandstones can be classified into 

unconsolidated, poorly consolidated or consolidated sandstone (Figure 2.10).  

Unconsolidated, loose sand with no cement holding the grains together; poorly 

consolidated sand which can be broken easily by hand; consolidated, sandstone 

which remains intact and requires a hammer to break it. With increasing cement 

content the porosity decreases the sandstone becomes denser and as a result stronger.  

 

Whilst looking at poorly cemented sandstones it is important to consider that the 

deformation which is identified on the present day landscape may have developed 

Unconsolidated

Loose sand with no 
cement holding the grains 

together

Poorly 
consolidated

Sand which can be 
broken easily by hand

Consolidated

Sandstone which remains 
intact and requires a 
hammer to break it

Figure 2.10: Process of consolidation. In this classification there are two end 

members: unconsolidated and consolidated. However, there are a range of levels of 

consolidation which fit under the term ‘poorly consolidated’. This classification 

was created based on the fieldwork carried out during this thesis. 
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before lithification of the rock. This includes the formation of deformation bands as 

it is possible that they can form before and after lithification.  

2.4.1 Types of cement 

Two of the most common natural cements in sandstones are silica (e.g. quartz) and 

calcite (CaCO3) .  

Silica cement 

Silica cement takes the form of pressure solution, quartz overgrowths, microquartz, 

megaquartz, chalcedonic quartz and opaline silica (Tucker 2001).  

One area which has not been widely discussed in literature, and is relevant to the 

diagenesis of sandstone, is the formation of quartz cement in shallowly buried 

sandstones (Milliken et al. 2005). Traditionally quartz cementation is particularly 

significant above 90°C (Fisher et al. 2003; Lander et al. 2008), or ~ 3-3.6 km burial 

depth (assuming a geothermal gradient between 25-30°C/km) (Ramm and Bjørlykke 

1994). However, Philit et al. (2015) show that at shallow burial depths (<2 km) 

quartz cementation is possible by groundwater silicretes.  

Calcite cement 

The two main types of calcite cement are poikilotopic crystals and drusy calcite spar 

(Tucker 2001). Poikilotopic is when a single cement crystal encompasses many 

smaller crystals. Drusy calcite spar are equant crystals which fill the pore space 

between the grains (Tucker 2001). 

2.4.2 Cement distribution  

The distribution of cement varies at the grain scale and the outcrop scale. Cement 

distribution in the outcrop scale can be dependent on depositional environments, 

tectonic setting, pore throat distribution (no porosity, unconnected pores or 

connected pores) and the burial history (with particular focus on the flow of liquids 

through the outcrop) over time. In addition, the distribution of cement can also 

depend upon secondary elements such as weathering. Whereby acid rain/fluids, and 

strong winds can preferentially decay the cements that join the grains together. At the 

grain scale cement distribution can vary on how the cement sticks to the grains. For 

example, the cement may fill the complete pore space between the grains. However, 
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it can also coat the grains or form at the joins between grains. As the percentage of 

cement increase the available pore space decreases (Figure 2.11). 

In some cases cement distribution is referred to by how the cement fills the pore 

space (e.g. intergranular vs intragranular cements) however, there are limited studies 

which consider the shape of the cement distribution across the sandstone body or 

where the cement grows around to the grains. Fonseca et al. (2013) show that if 

cement is distributed along an extended contact (e.g. along the a full grain side, 

instead of cement point contacts between grains) the formation of intra-granular 

cracking will be hindered between sand grains. This suggests that the distribution of 

cement around sand grains has a direct impact on the mechanisms which take place 

during sandstone deformation. 

There is a growing community of studies which use X-CT to visualise grain, cement 

and porosity distribution in natural or synthetic sandstones (Cnudde et al. 2011; 

Ando 2013; Fonseca et al. 2013; Wennberg and Rennan 2017). However, the 

majority of studies which look at cement distribution primarily image cement by 

scanning electon microscopy (SEM) (Saidi et al. 2005; Gomez et al. 2017; Qian et al. 

2018).  

 

Increasing percentage of cement 

A B C D 

Figure 2.11: Cement distribution A) Grain supported packed sand with closed 

pore throats in 2D. B) Cement on grain to grain contacts holding the grains 

together. C) Primarily cement supported grains. Significant loss in pore space. D) 

All pore space filled with cement.  
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Calcite cement distribution 

The geometry of first generation calcite cements can be described as isopachous 

(uniform thickness) or gravity and meniscus cement. Figure 2.12 displays examples 

of carbonate cement fabrics. The environment in which the unconsolidated material 

(e.g. sand) was present controls the geometry of the cement.  Isopachous cements are 

indicative of precipitation in the phreatic zones where all the pores are filled with 

water. Gravity (stalactitic) and meniscus cement are indicative of vadose-zone 

precipitation (not saturated with water). 

Other cements can be made of any mineral that has been deposited in pore space to  

form grain-to-grain contacts. This can include, and is not limited to, calcite, clay 

minerals (e.g. smectite), haemitite and gypsum. The presence of clay minerals in 

sandstone inhibit quartz cementation at greater burial depths. These sandstones are 

therefore more likely to maintain porosity during burial (Ramm and Bjørlykke 1994). 

The type of cement formed depends on the grain chemistry, groundwater chemistry, 

volume of fluids present and burial conditions.  

  

Figure 2.12: Isopachous (uniform thickness) and meniscus cement fabrics from 

Scholle and Ulmer-Scholle (1979). 
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Degree of cementation 

One key aspect when examining work published on poorly consolidated sandstones 

is to understand the degree to which cementation has taken place. Studies published 

on deformation bands in sediments describe the level of cementation in a qualitative 

manner (Fonseca et al. 2013; Philit et al. 2015). However, the degree to which the 

sediments are cemented can vary across different units in the same outcrop (Fischer 

et al. 2013). Furthermore, Fonseca et al. (2013) shows the degree of cement present 

affects the failure mode of sandstones during triaxial deformation. Thus it is 

important to understand the degree of cementation quantitatively. The degree to 

which cementation occurs can depend upon numerous variables including the 

volume of cement containing fluids present, the external pressures, the available pore 

space and the environmental conditions during cementation. This thesis investigates 

how the level of cementation in poorly consolidated synthetic sandstones impacts its 

mechanical strength properties. 

2.4.3 Cement textures 

Previously cements textures have been studied and referred to as a crystalline form 

because traditionally all rocks, including clays, are crystalline (Pettijohn 1975). In 

the case of arkose sandstones cemented by calcite the term crystalline aggregate was 

previously used. However, due to the detrital nature of sandstones the term ‘clastic’ 

is applied (Pettijohn 1975). 

A clastic texture is defined as grains and clasts cemented together (with no grain 

interlocking) (Pettijohn 1975). However, this definition does not differentiate 

between clastic textures which display different cement distribuitions (e.g. cement 

forming point contacts, cement coating grains, cement filling all available porosity).  

To my knowledge there are limited studies which explore the types of clastic texture 

and their distribution. Furthermore, unlike Folk (1959) and  Dunham (1962) 

classifications for carbonate rocks there is no scheme which has been used as a 

reference to describe the distribution of cement in sandstones. 

2.4.3.1 Recrystallisation textures 

Recrystallisation textures can be formed in sedimentary rocks (including carbonates 

and calcium sulphate rocks) at normal pressure and temperatures (Pettijohn 1975). 
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For example, anhydrite can recrystallise to gypsum as it becomes hydrated. This 

thesis does not study cements undergoing recrystallisation. However, Chapter 6 

shows the hydration and dehydration of calcium sulphate phases is relevant to the 

formation of gypsum and anhydrite recrystallisation textures.  

2.4.4 Cement strength 

Cement is the primary control in the mechanics of granular materials (Clough et al. 

1981; Bruno and Nelson 1991) and when cement is deposited at grain to grain 

contacts it will increase the strength and stiffness of the material (David et al. 1998; 

Saidi et al. 2005). Furthermore, Al-Tahini et al. (2006) report a direct correlation 

between concentration of cement and the strength of sandstone.  

ASTM D2488 Standard Practice for Description and Identification of Soils (Visual 

Manual Proceedure classifies coarse grained soils based on their reaction when finger 

pressure is applied (Table 2.2). In this study the level of cementation in the sandstone 

and synthetic sandstone samples is classified using this scheme.  

Table 2.2: Description of the level of cementation in coarse soils by ASTM D2488 

Standard Practice for Description and Identification of Soils (Visual Manual 

Proceedure). 

Description Criteria 

Weak Crumbles or breaks with handling or little finger pressure 

Moderate Crumbles or breaks with considerable finger pressure 

Strong Will not crumble or break with finger pressure 

 

To my knowledges there has been no published research which investigates the 

impact of cement strength on the formation of deformation bands in synthetic 

sandstones. Fossen et al. (2017) suggests that cement strength affects the degree of 

cataclasis in deformation bands.  Whereby strong cements e.g. Silica (SiO2) produce 

deformation bands with a higher degree of cataclasis than deformation bands 

cemented with carbonate (CaCO3) or iron oxide (Fe2O3).  
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2.4.5 Cement, grain and porosity interactions 

The interaction between grains and porosity has previously been studied due to their 

applications in aquifers and hydrocarbon reservoirs (Selley 1976). Sippel (1968) 

shows that as burial depth increases the grain contacts progress from 1) tangential 

contacts to 2) long contacts to 3) sutured contacts at depth. As a result, there is a 

decrease in porosity and increase in the number of contact points per grain. However, 

this research does not consider the distribution of cement around the grains. 

Cementation and cataclastic (or compaction) deformation band formation both 

reduce the available pore space in a sandstone. Milliken et al. (2005) state that 

cementation is the main cause of porosity loss (as opposed to cataclasis) in studied 

sandstones. The importance of the relationship between cementation and cataclasis 

was highlighted by Philit et al. (2015) and Philit et al. (2018). In Philit et al. (2015)  

it is noted that cementation is increased in areas displaying higher degrees of 

cataclasis. This may be due to an increased number of ‘fresh’ nucleation sites in 

contact with mineral rich cementing fluids (Fisher and Knipe 1998; Lander et al. 

2008; Williams et al. 2015). It is therefore possible that increased cementation in 

areas of cataclasis increases the strength of the deformation bands (Philit et al. 2018).  

However, the timing of cementation is important in understanding the diagenetic 

history of the deformation band formation. The timing of cementation can be 

speculated based on the distribution of cement in the sandstone sample. In addition, it 

is possible that excess cementation can act as a barrier to cataclasis hence reducing 

the number of fragmented grains inside the deformation band (Milliken et al. 2005).  

Throughout the background research, porosity (de Lima Rodrigues et al. 2015) and 

cementation are key variables in order to understand the formation of cataclastic 

deformation bands. For this reason these properties have been chosen for detailed 

investigation (distribution and volume) in this thesis. In this study I use X-CT to 

characterise the cement and porosity distribution in each samples (Chapter 5 and 7).  

2.5 Sampling consolidated and poorly consolidated sandstones 

Consolidated sandstone samples can be removed from outcrops using a hammer and 

chisel. Due to the friable nature of poorly consolidated sandstones they can prove 



Chapter 2 - Literature review 

 

31 

 

difficult to remove intact. Different methods have been tested to remove intact poorly 

consolidated sandstones from outcrop. Methods have included using epoxy in-situ 

(Lommatzsch et al. 2015), sampling by hand (Exner and Tschegg 2012) and cutting 

samples out using small core holders (Beke et al. 2019) (Figure 2.13). In this study 

poorly consolidated samples were cut out from the outcrop using a knife and 

wrapping the samples in bubble wrap/Duct tape. However, it remains difficult to 

remove poorly consolidated sandstones without grain rearrangement taking place. 

 

2.6 Summary 

- Deformation bands are a precursor to fault formation.  

- Deformation bands in consolidated sandstone have been widely studied to 

date due to their presence in oil and gas reservoirs, across the world, and the 

fact that they change the mechanical and hydraulic properties of sandstones.  

Figure 2.13: Two methods for removing poorly consolidated sandstones. On the 

left hand side, the sample was cut out using a machete to avoid grain 

rearrangement, to be reduced in size once taken back to the laboratory. 

However, difficulty came in keeping the sample intact whilst transporting it. On 

the right hand side, a core tube was pushed into the sediment. This was an 

effective transportation method however the sand structure was disrupted as the 

core was pushed into the sediment.  
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- Most recently there have been an increasing number of fieldwork studies of 

deformation bands in poorly consolidated sandstones. This therefore has 

raised the question: at what stage during burial history do deformation bands 

form?  

- Cataclastic deformation bands observed in poorly consolidated sandstone 

samples make it particularly difficult to believe that all deformation bands 

form post lithification during uplift. However, this then raises the question of 

how do you achieve grain crushing (cataclasis) at shallow burial depths?  

- Field studies have focussed on characterising porosity and deformation band 

structure across each of the samples. In this thesis, three case studies are used 

to help pick apart the relationship between cementation and deformation band 

formation (Chapter 5).  

- Based on studies of sandstones and sands, grain crushing of sand grains 

appears to take place at a range of normal stress stresses from 0.5 MPa 

depending on the size and composition of the grains being tested. 

- To date lab experiments have focussed on the conditions at which grain 

crushing takes place in sandstones and sands. However, there are limited 

studies which investigate grain crushing in poorly cemented sandstones, or 

which investigate how the level of cement effects the grain crushing. 

- Sand(stone)s have been deformed using ring shear and triaxial experiments to 

form deformation bands. 

- Methods of imaging cement have previously relied on thin sections and SEM 

scans however; this has not given enough detail of the 3D cement structures. 

X-CT imaging provides a means in which 3D structures can be imaged and 

mapped out in 3D (Chapter 3).    
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Chapter 3 - X-ray Computed Microtomography 

3.1 Rationale 

This chapter begins with a literature review of X-ray computed tomography (X-CT), 

the X-CT methodology used in this study and concludes by presenting data on the 

impact of scan resolution on segmentation data analysis.  

X-ray computed tomography (X-CT) allows for non-destructive view of solid objects 

and their internal structures.  The X-CT is used to characterise the internal structures 

of objects both quantitatively and qualitatively. Terminology of X-CT studies varies 

across research groups and it can sometimes be referred to as micro-CT, x-ray 

tomography, XRCT, XMT, HRXCT and CMT (Wildenschild and Sheppard 2013). 

3.2 Types of X-CT 

There are three main types of X-CT: medical, synchrotron and laboratory. A medical 

X-CT spins the x-ray source and detector around a stationary object (or person). 

Medical X-CT scanners generally have a fan beam configuration (Figure 3.1). 

  

Figure 3.1: X-CT configurations a) Fan beam b) Cone beam c) Parallel beam 

from Landis and Keane (2010) (Landis and Keane 2010). 
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Fan beam uses a 1D detector to collect 2D slices of the scanned object. Medical X-

CT scanners are fast and can produce resolutions of up to 70 µm (du Plessis et al. 

2016). In both laboratory and synchrotron X-CT, the x-ray source and detector 

remain stationary and the object rotates on a stage.  Synchrotron X-CT uses a large 

electron ring (Diamond Light Source UK, 562 m circumference) which produces 

white light (polychromatic) or monochromatic X-rays upon collision with a target.  

Slightly higher resolution is possible i.e. 700 nm (Coenen et al. 2004) compared to 

laboratory X-CT which produces image resolution in the range of 2-150µm. In 

addition, synchrotron X-CT requires shorter scan times of a few seconds, reduces 

beam hardening, and improves the signal to noise ratio. However, synchrotron X-CT 

is only accessible via competitive biannual applications to the UK national facility, 

Diamond Light Source. In the case of a laboratory X-CT the x-ray beams form a 

cone shape around the object and can work in either transmission or reflection, 

whereas synchrotron X-CT x-ray beam runs parallel through the object to the 

detector (Figure 3.1).  

3.3 How the X-CT works 

The laboratory X-CT is set up with an x-ray source (or x-ray tube), a rotating sample 

stage and a detector (either an x-ray detector or scintillator). X-ray photons are fired 

at the sample, which absorbs and scatters photons (attenuation) and the remaining 

photons are collected at the detector.  The amount of X-ray photons absorbed 

depends on the sample thickness, density, atomic number and incident beam energy. 

The captured photons are used to produce a ‘projection’ or radiograph. Each 

projection is defined for a particular angular position. By rotating the sample relative 

to the detector and X-ray source, a collection of projection images is produced. These 

images are reconstructed into a 3D volume using an appropriate algorithm.  

Beer’s Law is used to define the linear attenuation coefficient for each pixel of a 

homogeneous material: 

𝛪

𝛪0
= 𝑒𝑥𝑝(−µ𝑥) 
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Where Ι0 is the incident x-ray intensity, Ι is the remaining x-ray intensity after sample 

absorption, 𝑥 is the sample thickness (length of X-ray path through the material), and 

µ is the linear attenuation coefficient (Kak and Slaney 2001; Ketcham and Carlson 

2001; Cnudde and Boone 2013). However, this equation does not take into account 

any inhomogeneity in the sample. As the majority of studies are inhomogeneous 

samples therefore this equation is most relevant in defining the linear attenuation 

coefficient as follows: 

𝐼 = 𝐼0 exp [−∑𝜇𝑖𝑥𝑖
𝑖

] 

Where a value for μ (𝜇𝑖) is calculated for each phase in the material and 𝑥𝑖 is the 

phase thickness (Ketcham and Carlson 2001; Wildenschild and Sheppard 2013), 

although more commonly Beer’s law is expressed in terms of the mass attenuation 

coefficient, which is μ/ρ for each phase and has units of cm2/g. 

3.4 X-CT Limitations 

In the conventional cone beam geometry, the sample is positioned between the 

source and detector. This means that the resolution achievable is affected by the X-

ray source spot size, detector resolution and sample to source distance. Resolution is 

mainly limited by the focal spot size (Cnudde and Boon, 2013) and is usually around 

c. 1 micron but the reconstructed projection data is discretized by the pixelated 

detector into a 3D matrix of volume elements called voxels. The main trade off in 

imaging is that smaller samples produce a smaller voxel size, which is desirable 

when looking at finer pored rocks and not insurmountable as it would be for cultural 

or archaeological samples. Artefacts arise when there are features present (ie. pores) 

which are smaller than the minimum voxel size. The interface between features has 

an average value of μ over the volume of the voxel and therefore the boundary 

between features with a different μ value will not be clearly seen, such as the matrix-

pore interface. In order to achieve the best scan resolution, the size of the study 

sample must be decreased but by decreasing the size, the sample becomes less 

representative of the original outcrop. 
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3.4.1 Beam hardening and ring artefacts 

Polychromaticity is produced in lab X-ray instruments by ‘braking radiation’ known 

as Bremsstrahlung which is caused by electron beam deceleration when it hits the 

target. When a polychromatic beam passes through an object the lower energy x-rays 

are more readily absorbed, leaving the beam spectrum with a greater number of 

higher energies. As the higher energies pass into the sample (from all directions) 

attenuation is greater around the edges than in the centre of the sample (Wildenschild 

and Sheppard 2013). Once a scanned sample is reconstructed this uneven attenuation 

distribution can be identified as a ‘halo’ like effect around the edges of the sample. 

Filters (e.g. copper, aluminium etc.) can be used at the time of scanning to remove 

low energy. Beam hardening can be reduced during image reconstruction stages. In 

this work, the beam hardening correction on PRO 3D software was used (© 2004- 

2016 Nikon Metrology) (Figure 3.2). 

Ring artefacts are concentric rings visible in the sample. These are caused by 

irregularities in either source or detector. As with beam hardening the effects of ring 

artefacts can be reduced during the image reconstruction stages. 

In general with all X-CT studies it is accepted that the larger the scan volume (or 

sample size), the larger the size of the artefacts which will be present (Atkin and 

Kovscek 2003).  
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Figure 3.2: Images from PRO 3D software (© 2004- 2016 Nikon Metrology) 

reconstruction software A) Stage 1: finding the centre of rotation. During this 

stage lighter grey coloured grains are identified around the edge of the image. 

This is the halo effect. B) Stage 2: reducing the effects of beam hardening.  

A 

B 
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3.5 Use of X-CT in geological research 

Due to its high quality imaging capabilities the X-CT has become widely used in 

various fields of research. Fields include medicine (Hendee 1979; du Plessis et al. 

2016; Thompson et al. 2017), material science (Landis and Keane 2010; Adrien et al. 

2016), geology (Cnudde and Boone 2013; Peng et al. 2014; Bendle et al. 2015; 

Griggs et al. 2015; Macente et al. 2017; Beaudoin et al. 2018) and geotechnics 

(Wang et al. 2011).  

In geosciences the X-CT has been used to image reservoir cores (Wu et al. 2015), 

calculate petrophysical properties, fracture visualisation (Kobchenko et al. 2011) and 

analyse the texture of fossils (Warke 2017). In particular X-CT has been used on 

sandstone examples to investigate the porosity distribution (Bera et al. 2011; 

Bossennec et al. 2018), clay minerals present (Kareem et al. 2017), image 

deformation structures e.g. compaction bands (Louis et al. 2006) and deformation 

bands (Zambrano et al. 2017). In this work, laboratory X-CT was used to image the 

pore network and cement distribution through fieldwork and synthetic rock samples 

and calculate the porosity of the 3D sample. 

Traditionally thin sections have been used to observe deformation bands however the 

use of the X-CT allows for deformation bands to be imaged non-destructively in 3D 

at the grain scale. This gives a more complete picture of the porosity and cement 

distribution across the sample. Previous X-CT studies of deformation bands are few 

but include (Antonellini et al. 1994; Charalampidou 2011; de Lima Rodrigues et al. 

2015; Radzik et al. 2015; Fossen et al. 2017; Zambrano et al. 2017).  

Rodrigues et al. (2015) focus on three samples of shear compaction band samples 

from Brazil. Initially the field samples were cut into cuboids (<20 mm in width) and 

scanned in the X-CT. From there data sub-volumes were segmented and cropped 

around selected areas of interest (e.g. deformation bands). The data sub-volumes 

were segmented into 3 phases: rock (e.g. silicaceous material and quartz/feldspar 

clasts), pore space and dense minerals. Rodrigues et al. (2015) compares the total 

porosity, variation in porosity and pore connectivity from the host rock and inside the 

deformation bands. Rodrigues et al. (2015) describe an increase in the number of 
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isolated pores but a decrease in total porosity and connected pores inside the 

deformation band. 

Radzik et al. (2015) used X-CT to preform microstructural analysis on Outer 

Carpathian sandstone deformation band samples (cores of 25 mm diameter and 38 

mm height). Radzik et al. (2015) conducted X-CT scans using resolutions from 2.1 – 

20 microns but were unable to give accurate porosity measurements as the pore size 

inside the deformation bands was smaller than the resolution of the X-CT. 

Fossen et al. (2017) uses X-CT to calculate the porosity, pore connectivity and 

visualise the porosity distribution of deformation band (CSB, PCB and SECB) sub-

volumes (~ 1 to 2 cm in length) from Utah and Nevada sandstones. The 

measurements show that there is an undoubtable reduction in porosity across all three 

types of deformation bands.  

Zambrano et al. (2017) uses both synchrotron and laboratory X-CT to quantatively 

calculate the porosity distribution and connectivity in carbonates from Sicily. 

Analysis was performed on several sub volume samples from across the scanned 

carbonate samples (approximately 30 x 5 x 5 mm in size) and conclude that in 

deformation bands porosity and pore connectivity are reduced in comparison to host 

rock. 

The use of X-CT to quantively image deformation bands is still in early stages. X-CT 

is an expensive technology to use, however, it’s ability to quickly image a sample in 

3D and section a sample into 2D slices makes it a useful piece of equipment to 

understand the properties (both internally and externally) of a rock over a larger area 

than conventional SEM or optical microscopy. 

The majority of studies to date have used singular sub-volumes in their studies to 

illustrate the  porosity distribution and connectivity. However in order to achieve 

more robust data for these complex structures a more detailed statistical approach 

should be applied to the sub volume sampling technique. This could include multiple 

sub volume samples or an algorithm which automatically samples every x µm. In this 

thesis I implement two sampling techniques to better understand the distribution of 

cement and porosity across each of the samples.  
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3.6 X-CT at Strathclyde 

Each sample was scanned using a Nikon XT H 320/225 X-CT (Figure 3.3). The X-

CT uses a cone beam configuration (Figure 3.1B). After scanning the samples were 

reconstructed using PRO 3D software (© 2004- 2016 Nikon Metrology) and image 

analysis was carried out on Avizo® Software (v.9.0.1, ©FEI). The X-CT has a 225kV 

x-ray tube and a 2000 x 2000 pixel photodetector with a cell size of 0.2 x 0.2mm. 

 

3.7 Use of X-CT in this study 

X-CT was used throughout this study to image the sandstone samples collected from 

fieldwork and the synthetic sandstones made in the laboratory. Using these images 

samples were processed and segmented following the procedure in this chapter 

(Figure 3.4) to calculate the petrophysical parameters of the samples.  

 

 

 

 

 

Figure 3.3: A) X-ray source, stage and detector setup inside the Nikon XT H 

320/225. B) X-CT control station at the University of Strathclyde. 

A B 
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3.8 X-CT Process 

 

3.8.1 Sample preparation for X-CT 

Due to their friable nature the poorly cemented deformation band sandstones were 

impregnated for analysis using blue epoxy resin and then cut to size using a saw.  

Synthetic samples were initially scanned prior to deformation but the resolution 

achieved (~20 µm) was too low to adequately quantify the cement. To achieve a 

higher quality of resolution, and image the cement distribution, a smaller sample (~4 

mm3) of each cement strength was made for scanning in the X-CT. The smaller 

samples were made from cut offs from the original synthetic sample before they were 

trimmed to size. 

3.8.2 Sampling for analysis 

3.8.2.1 Deformation band sandstone samples 

For each deformation band sample, physical volumes of less than 20 x 10 x 10 mm 

(2000 mm3) were scanned in the X-CT. From these scans a long sub volume (6 x 2 x 

Scan object using Nikon XT 
H 320/225 X-CT

Reconstruct data using PRO 
3D software 

(© 2004- 2016 Nikon 
Metrology) 

Beam hardening correction

Crop scan file

Input scan data into Avizo 
(v.9.0.1, ©FEI) 

Remove background on 
image

Segment image 

(e.g. grains, cement 
porosity)

Label segmented image 

Filter image by scan 
resolution

Extract data sub volumes

Figure 3.4: Flowchart for X-CT analysis using Avizo®. This process was 

applied to all sandstone samples. 
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2 mm = 24 mm3) was selected for analysis and a comparison of cement and porosity 

across the deformation band was calculated (Figure 3.5). Along these long volumes 

0.125 mm3 cubes were selected (5 inside the deformation band and 5 in the host 

sediment) to improve statistical significance and give a better understanding of the 

impact of sampling on both cement and porosity volumes and distribution.  

Analysis was also carried out on 2D slices cutting through the sample so the 

percentage of cement and porosity could be measured in small increments through 

both the host rock and deformation band (Figure 3.5B). Therefore, allowing the 

identification of any patterns in cement or porosity in the transition from host rock to 

deformation band. 

3.8.2.2 Synthetic sandstones 

Synthetic rock samples analysis was carried out on data sub volumes of 1 mm3. For 

each synthetic sandstone sample a small (~16mm3) volume was cut off the top of the 

cylindrical samples (Chapter 7) before they were filed to length for mechanical 

testing (Chapter 8). This small ~16mm3 volume was scanned in the X-CT and one 

data sub volume (~1mm3) from each sample was cropped for compositional analysis 

(Chapter 7). Seven samples were analysed from the synthetic sandstones in total. 

3.8.3 Image processing and analysis 

For each sample 3,141 projections (standard settings for the laboratory X-CT scanner 

used) were collected with an exposure time of 1s. The individual scan conditions are 

listed in Appendix 2.  

It has been proven that beam hardening can alter the porosity measurements from X-

CT analysis particularly around the edges of scans (Romano et al. 2019). To reduce 

the impact of bean hardening on each of the samples, data sub-sampling was 

conducted away from the edge of the scan.  

3.8.4 Background removal 

The background is required to be removed when the voxels have the same grey 

values as the porosity in the object or when the object has a coating e.g. mould or 

membrane (Figure 3.6). 
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This was applicable to each of the synthetic samples. In order to remove the 

background from the image first the image must be converted to binary. The binary 

image is dilated by increasing the voxels which in turn reduce the volumes of void 

space present. 

A mask is then created which includes all particles and void space.  After the mask is 

created it is then shrunk back to its original size (prior to dilation) using the erode 

function. The mask now forms a separate layer and can be applied to the original 

image. By applying it to the original image it gives all background features a grey 

value of 0 and the object has grey values between 1- 65000. This process of 

background removal was applicable to all sandstone samples and made it possible to 

analyse the samples without showing the mould or membrane. 

A 

 

B 

 

C 

z 
ax

is
 

  

Figure 3.5: Three methods of sampling used to analyse the natural deformation band 

samples. A) Full volume. B) 2D slices. 3) 3D sub volumes. 
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Figure 3.6: Object background removal during post processing of the X-CT scan. 

This is an example from a gypsum cemented synthetic sandstone sample. 
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3.8.5 Image segmentation 

Image segmentation is used to separate the phases in an object based on their grey 

values. The grey values obtained from the X-CT arise from the linear attenuation 

coefficient contrast between phases present, including air. For example, the majority 

of sandstone studies are segmented based on two phases, particles (grains) and the 

voids between the grains (pore space, air). For the purpose of this study all of the 

samples were segmented to show three distinct phases; grains, cement and porosity 

in 2D and 3D (Figure 3.7). To enable segmentation each volume was manually 

thresholded by grey values to select the grains, cement and porosity. All quartz and 

feldspar grains were classified as grains. No distinction was made between grain 

mineralogy. From this volume segmentation the percentage of grains, cement and 

porosity was calculated by dividing the total volume of each phase from the volume 

of the selected area. 

The data from the segmentation of each sample is either used for 2D or 3D analysis.  

Figure 3.7: Image segmentation of sample HN11 to show three phases: grains, 

cement and porosity. A) Original grey rendered 3D image. B) 3D image with 

grains, cement and porosity highlighted. C) Grains selected only. D) Cement 

selected only. E) Porosity selected only. 

A 

 

B 

 

C 

 

D E 
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3.8.5.1 Segmentation error 

In order to estimate the maximum errors present in segmentation each deformation 

band sample was segmented into three phases (grains, cement and porosity) and from 

there each phase was numerically eroded or dilated by 1 voxel (Figure 3.8) 

Understanding maximum errors is important as they affect the phase volume 

calculations  (Figure 3.9) for each sample (Arns et al. 2002). Further details of this 

process are described in Fusseis et al. (2012) and Macente et al. (2017). Overall this 

is a robust method for calculating the maximum errors present. However, the method 

can in some cases overestimate the errors. This is discussed further in Chapter 5. 

 

Figure 3.8: Impact of erosion and dilation by 1 voxel on porosity phase (blue) 

from sample AR01. 

Figure 3.9: Volume fraction of each segmented phase for each of the full 

volume deformation band samples. The error bars on these graphs show the 

maximum possible error created due to segmentation of these samples. 

UT02 

 

HN11 AR01 
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3.8.5.2 Separating grains 

In Avizo® the Separate Objects module (Figure 3.10) splits connected particles using 

water-shedding (Figure 3.11). This method works well to split grains from synthetic 

sandstones. However, for the natural sandstones, and in particular the deformation 

bands, the grains are touching and make it difficult to separate the grains. In some 

cases, there is evidence of grains being cut in half by a false straight line or a single 

colour being assigned to neighbouring grains. This therefore produces false readings 

of grainsize distribution. Instead, image segmentation was used to calculate the 

percentage of grains, cement and porosity present in a given sample. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: Separate objects module in Avizo®. 
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3.8.5.3 Labelling of segments 

Cement and pore connectivity of the sample was determined using the Labeling 

function. By selecting Labeling each cement deposit or pore is given a number and a 

colour. If cement deposits or pores are connected, they will be given the same colour 

(Figure 3.12). 

This can give a visual representation of the distribution and connectivity of pores and 

cement. In addition, Labeling will also calculate the volume of each pore or cement 

pod.  

Two separate 

grains have 

been labelled 

red because 

they are 

touching. 

 

 

Figure 3.11: 3D Separate objects module applied to sample AR01 A) Original 

grey-scale image of sandstone with deformation band. B) Binary image of grains 

only after segmentation. C) Image post Separate objects using a 3D 

interpretation, a neighbourhood of 6, marker extent of 5, module in Avizo®. Here 

the module is unable to determine the individual grains inside the deformation 

band. 

A B C 
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3.8.5.4 Filtering 

Each sub volume was filtered based upon the limits of the scan resolution. Any 

pixels which were below the scan resolution were deleted from the data set (Figure 

3.13) to enable the most accurate representation of data available.  

 

3.8.6 Impact of resolution 

To better understand and quantitatively determine the impact of X-CT scan 

resolution error on data from analysed images, sample HN11 was scanned three 

times using the X-CT at three different resolutions (4µm, 7µm and 10µm). This data 

was used to help determine the uncertainty in measurements (e.g. percentage porosity 

and cement) conducted using the Nikon XT H 320/225. As highlighted by Radzik et 

al. (2015), sandstones with deformation bands require to be scanned with a higher 

resolution to accurately determine the porosity through the deformation bands. The 

raw 2D resolution slices and segmented slices for sample HN11 are shown in Figure 

3.14.  

Figure 3.12: Labelling of porosity from sample HN11. A) All the pores 

from sample HN11. B)  Here connected areas of porosity are given the 

same colour. This shows the pores are disconnected across the full sample. 

A B 
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Each resolution was initially segmented in 2D to highlight the same features on each 

whilst taking into consideration the varying resolution. By repeating scans at 

different resolutions the grey value labels change (no scan is identical due to the 

gradual deterioration of the filament over time) therefore care must be taken when 

reselecting grey values for comparison across the resolutions. The visual method of 

segmentation used across the three resolutions has a clear impact on the phases 

present. For example, there is clearly more pixels labelled as cement (red) in the 10 

µm resolution compared to the 4 µm resolution image. 

 

From the segmented images, ten data sub-volumes of 0.5 x 0.5 x 0.5 mm were 

selected in the host sediment and inside the deformation band (5 data sub volumes in 

each respective zone). This work has demonstrated that there is a considerable 

difference between the porosity and cement values obtained for each scan resolution 

(Table 3.1). For each of these measurements it should be considered that they are 

based on the application of three different thresholds (one per scan) by one person. 

Thresholding is subjective to the user undertaking the threshold and it would be 

expected that a different user would acquire results which vary slightly from those in 

this study. 

Removed pixels  

Figure 3.13: Sub volume sample from AR01 before (A) and after (B) resolution 

analysis filter applied. 
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Table 3.1: Average volume percentage and standard error from five sub 

volumes of 0.5 mm3 inside the host rock and deformation band (DB). 

Resolution 

(µm) 

Inside DB Outside DB 

Grains% Cement% Porosity% Grains% Cement% Porosity% 

4 88.5 ± 2.6 10.1 ± 2.2 1.4 ± 0.6 69.5 ± 3.3 20.0 ± 1.8 10.6 ± 1.5 

7 92.8 ± 1.4 6.4 ± 1.3 0.8 ± 0.3 74.1 ± 1.8 18.6 ± 0.6 7. 3 ± 1.7 

10 80.7 ± 5.7 18.4 ± 5.8 0.9 ± 0.3 67.9 ± 1.1 20.2 ± 0.6 11.9 ± 1.0 

 

From the results the 7µm resolution scan has the smallest overall standard error both 

inside and outside the deformation band. Meanwhile, the 10µm scan has the greatest 

standard error for grains and cement inside the deformation bands. Inside the 

deformation bands there is an increase in the number of smaller grain fragments and 

smaller, isolated cement volumes. This along with the poorer resolution capabilities 

of the 10 µm scan are likely to account for the larger standard errors. The 4µm 

resolution scan displays errors which fall between the errors from the 7 and 10 µm 

scans. From this work the percentage error in each of the measurements can be 

estimated based on the scan resolution.  
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3.9 Summary 

- X-CT scanning is an effective non-destructive technique to map out 3D structures 

in all materials, including sandstones. 

Figure 3.14: X-CT greyscale and segmented 2D slices from HN11 sample 

scanned at 4, 7 and 10µm resolution. As the resolution of the scan is 

increased the edges of the grains and cement become sharper and the contrast 

between grey values is improved. 

4 µm 7 µm 10 µm 
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- X-CT technique is still developing as a means to quantify deformation band 

properties at the micro scale.  

- Currently most of the X-CT work focuses on individual samples at the micro scale. 

Methodology needs to be developed to show how X-CT can be used to 

systematically analyse large field areas (for examples see Chapter 4).  

- It is possible with higher resolution X-CT or synchrotron X-CT that porosity and 

cement distributions can be more accurately calculated. 

- Although the process to scan each of the samples and visualise them is quick, 

attention should be paid to potential limitations of the reconstruction process and 

resulting data interpretation. 

- There is a large variation in calculated values of porosity and cement (< ± 30%) 

between X-CT scans at 4, 7 and 10 µm. Further work (e.g. mercury intrusion 

porosimetry tests) is required to determine which is the most accurate of these 

resolutions using a laboratory X-CT.  
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Chapter 4 Geological history of field sites  

4.1 Rationale 

In this chapter the geological history, site description and details of the deformation 

bands for each field locality are introduced.  Samples of host rock and deformation 

bands from four sites have been selected as part of this study: Arran, Scotland 

(AR01); Pannonian basin, Northern Hungary (HN11); and Utah, USA (UT02). These 

sites cover a range of compositions, burial history, tectonic settings and cement 

properties (type, distribution etc.). Table 4.1 summarises the details of each site. The 

three examples allow us to investigate cement type, timing and distribution of 

cement. 
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Table 4.1: Summary of field locations used in this study. Includes previous 

literature which studies this area and geological setting.  

 1 2 3 

Location Great Britain South Central Utah Hungary 

Field Area Isle of Arran Paradox Basin Pannonian Basin 

Fault(s) 
Merkland Point 

Fault 
Iron Wash Fault Etes graben 

Literature 

(Underhill and 

Woodcock 1987; 

Bright 2006) 

(Richey 2013; Heather-

Cooley 2017) 
(Petrik et al. 2014) 

Sample number AR01 UT02 HN11 

Host lithology Corrie sandstone 
Earthy member, 

Entrada Sandstone 

Eggenburgian 

Sandstone 

Type of exposure Shoreline Canyon Hillside 

Grain size 
Fine- medium 

grained 
Fine grained Fine- medium grained 

Grain size range 

(µm)a 

57.88 

-242.66 
 

33.99 

- 199.52 
 

36.29 

- 397.11 
 

Sorting Well sorted Well sorted Poorly sorted 

Composition Subarkosic Sublitharenite Arkosic 

Mean host porosity 

(%)b 
15.25 13.74 7.17 

Dominant cement 

type 
Quartz Quartz Clays 

Secondary cements Hematite and clays Hematite and calcite N/A 

Level of cementation Well cemented Well cemented Poorly cemented 

Depositional 

Environment 
Aeolian Shallow marine Marine 

Type of deformation 

band 
Cataclastic Cataclastic Cataclastic 

a Grain size is defined here as the length along the longest grain axis.  

b Mean host porosity calculated from five X-CT subvolumes in the host rock. See Chapter 5 for full 

results. 
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4.2 Methods  

4.2.1 Field data collection 

All three sites have been the subject of previous studies. Data were collected on each 

site for geological history, burial history, mineralogy and deformation band 

identification (Underhill and Woodcock 1987; Richey 2013; Petrik et al. 2014; 

Heather-Cooley 2017). All three sites have been mapped to varying degrees, so field 

visits focussed on characterising the host rock lithologies and sample collection. 

4.2.2 Microscopy 

Thin sections of deformation bands and their host rocks were prepared in order to 

characterise the porosity, cement type and distribution, and grain shape and size. All 

thin section samples were analysed and photographed using the Nikon Eclipse 

LV100ND microscope with the DS-Ri2 camera in the Civil and Environmental 

Engineering Department at the University of Strathclyde. 

4.2.3 X-ray diffraction  

X-ray diffraction (XRD) analysis was carried out to characterise the chemical 

composition of the rock. XRD data were collected at the Advanced Materials 

Research Laboratory (AMRL), University of Strathclyde. Using the BRUKER D8 

ADVANCE with DAVINCI, from 5 – 70 02θ with step size of 0.02 02θ and a count 

time of 1s at 40kV and 40 mA. For each of the samples the XRD results were 

classified using a Quartz, Feldspar, Lithics (QFL) composition diagram. 

4.2.4 Grain size 

Grain size is one of the key factors in determining deformation band formation (see 

Section 2.3.1). Grain size analysis was conducted to in order to compare the samples 

to each other and determine how grain size varies across the deformation band. For 

each of the following examples grain size analysis is produced using 2D microscopy. 

The longest grain axis and the shortest grain axis were measured on sandstone thin 

sections using the microscope software. A total of 50 grains were used for each 

selected area.  
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4.3 Utah 

The site in Utah was chosen because it had been previously studied by Richey (2013) 

and Heather-Cooley (2017) and has been known to display cataclastic deformation 

bands. 

4.3.1 Geological context of the Iron Wash fault zone 

This area of Utah has a very well characterised geological history. Early mapping of 

the fault structures is available in Richey (2013). Sample UT02 was located in the 

main fault zone of the Iron Wash fault. 

The field sites sit within the Paradox Bain on the Colorado Plateau of central Utah 

(Figures 4.1 Figure 4.2). The Paradox Basin consists of units from the Cambrian to 

Jurassic in age (Figure 4.3). Underneath the Paradox Basin lies Early Proterozoic 

metamorphic gneiss and schist. A sequence of terrestrial, fluvial and lacustrine 

sediments was deposited within the basin (Figure 4.3). The Colorado Plateau has 

been subjected to three main periods of regional tectonic deformation (Davis 1999). 

The first stage, a period of faulting and folding, took place as the North American 

plate converged with the Farallon plate during the Laradmide Orogeny (90-50 Ma). 

The San Rafael Swell is a large NE-anticline formed during the Laramide Orogeny. 

The second stage of deformation took place in the Miocene (25-19 Ma). During this 

period plate convergence slowed, the angle of subduction was increased and igneous 

activity followed.  Most recently they area has been subjected to faulting during the 

Basin and Range extension (~15 Ma - present) (Davis 1999).  

Deformation bands in Utah’s Jurassic Navajo and Entrada formations are well 

exposed and have therefore been the subject of many detailed studies on their 

development and growth. Studies looked at deformation band petrophysics (Aydin 

1978; Fossen 2010; Fossen and Rotevatn 2012), mechanics of deformation band 

formation (Skurtveit et al. 2013), general field observations (Mollema and 

Antonellini 1996) and the deformation band formation in relation to the fault damage 

zone (Shipton and Cowie 2001). 
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Iron Wash Fault field site is located in the North west edge of the Paradox Basin 

(Figure 4.1), to the east of the San Rafael Swell, in central Utah (Lat 38°41’40’’ N, 

Long -110°27’16’’ W) (Richey 2013; Heather-Cooley 2017).  

The unit studied in this thesis is the Entrada formation which is mid-Jurassic (Figure 

4.3) in age (~140-180 Ma). In particular the field site focuses on the Earthy member 

which is approximately 31m thick in the field area (Heather-Cooley 2017). 

Estimations suggest a maximum sediment burial depth of 3km in areas south of 

Green River (Heather-Cooley 2017).  

 

 

Figure 4.2: Location map of field area UT02 along the Iron Wash Fault 

zone. FW= Footwall, HW= Hanging wall. Image from Google Earth (2018). 

Iron Wash Fault  

FW  

HW  
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4.3.2 Iron Wash field site 

Sample UT02 is taken from the centre of the Iron Wash Fault zone (Heather-Cooley 

2017). The host sediment from UT02 is the Entrada Earthy member (Jee) sandstone, 

it is sublitharenite in composition but it has been strongly altered by fault-related 

fluid flow (Figure 4.4). The porosity of the host rock from Brush valley UT02 

sample is approximately 10.8 - 19.0%.  The level of cementation in UT02 can be 

classified as strong (see Table 2.2). 

 

 

 

Figure 4.3: Stratigraphy of Utah study area from Richey (2013). This thesis 

focuses on deformation bands from the Entrada formation.  



Chapter 4 – Geological History 

61 

 

 

 

Figure 4.4: Sample UT02 host rock analysis. A) PPL thin section of host 

sediment which shows the grains are well sorted and subrounded in shape. B) 

XPL thin section of host sediment. C) QFL diagram shows the sample to be 

sublitharenite in composition. D) Grain size distribution along the longest axis 

shows the predominant grain length to be 80-100 µm. E) Grain size 

distribution along the shortest axis shows the predominant shortest axis to be 

40-60µm. 
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4.4 Hungary 

The site in Hungary was chosen because of its clear tectonic history, excellent 

exposure and good level of cementation in the sandstone (the sandstone could be 

sampled without the sample failing). 

 

 

 

C 

Figure 4.5: A) Location 

map of Hungary in 

Europe. Yellow star 

marks specific sample 

study site at Etes. B) 

Zoomed in location map 

of northern Hungary field 

area. C) Aerial 

photograph of hillside 

field site Etes. Photos 

from Google Earth 

(2018). 

  

 

B A 

N S 

W E 

Carpathian 

Mountains 

Hungary 

Slovakia 

Etes 



Chapter 4 – Geological History 

63 

 

4.4.1 Geological history of The Pannonian Basin 

The Pannonian Basin is a complex extensional basin which formed during the 

Miocene (Royden et al. 1983; Horváth et al. 2015; Balázs et al. 2016; Lukács et al. 

2018). The basin extends for approximately 600 x 500km and is bordered by the 

Carpathian Mountains (Figure 4.5) to the north and east; the southern and Eastern 

Alps on the West and the Southern Carpathian  (Dinaric Alps) to the south (Dolton, 

2006).  Following the Miocene extension phase a period of subsidence, syn-rift 

deformation and volcanic activity took place approximately 18.2 Ma. Rifting then 

occurred between 11.6 and 9 Ma, lasting until the late Miocene (Dombrádi et al. 

2010; Petrik et al. 2016; Lukács et al. 2018). For a full description of the deformation 

events during the formation of the Pannonian Basin please see Petrik et al. (2014).  

Due to the extensional tectonics the geothermal gradient in Hungary is higher than 

average at 5-6°C/100m. Therefore during burial the sediments were exposed to 

elevated temperature conditions.  

The Pannonian Basin demonstrates a wide array of deformation bands types (Petrik 

et al. 2014). These include dilation bands, disaggregation bands and cataclastic bands 

(of varying cataclastic intensity). It is believed that deformation band formation is 

synchronous with the Miocene rifting phase.   
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4.4.2 Etes field site 

In this study we focus on pre-rift sediments to the SE of the  Etes graben (Figure 4.6) 

which were deposited between 21 – 19 Ma (Beke et al., 2019) during the 

Eggenburgian stage (Figure 4.7). The Etes graben is formed syn-rift.  

The host rock for HN11 is the Pétervására Formation sandstone (Error! Reference 

source not found.). The Pétervására Formation is a poorly consolidated sandstone 

which is solid to touch however it breaks easily to form a sand when force is applied. 

It therefore makes it an ideal example of poorly consolidated sandstone.  

The Pétervására Formation is an arkosic, fine-medium grained, poorly sorted 

sandstone with angular-subangular grains (Figure 4.9). The mean grain size is 

197.35µm and it ranges from 36.29 to 397.11µm (Figure 4.9D). Clay forms at point 

contacts between the grains (Figure 4.9A) to create a ‘cement’ like bond.  

At the outcrop there is evidence of conjugate deformation bands with some 

deformation bands protruding from the outcrop. However, the bands are much softer 

Figure 4.6: Geological map of Hungary field area. Etes field site is marked 

with a pink star. The site is from the SE corner of the Etes graben in pre-rift 

sediments. From Beke et al. (2019).  
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than the band in Utah and the maximum height these bands protrude to is 20-30 cm. 

The level of cementation in sample HN11 can be classified as moderate (see Table 

2.2). 

 

 

 

 

 

 

Figure 4.7: Lithostratigraphic column of Hungary. Field site Etes was deposited 

during the Eggenburgian stage (it is marked with a pink star). Adapted from 

Petrik et al. (2014). 
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Figure 4.8: Summary of field site and sample from Etes, Hungary. A) 

Overview of outcrop with conjugate deformation bands present. B) Sample 

from protruding deformation band. C) Deformation band sample cut open 

across deformation bands.  
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Figure 4.8: Sample HN11 host rock analysis A) PPL thin section of host 

sediment. The grains are poorly sorted and subangular-angular in shape. 

B) XPL thin section of host sediment. C) QFL diagram shows the 

sample to be arkose in composition. D) Grain size distribution along the 

longest axis shows the predominant longest axis to be 240-260 µm in 

length. E) Grain size distribution along the shortest axis shows the 

predominant shortest axis to be 120-140 µm in length.  
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4.5 Scotland 

A field survey was carried out on the island of Arran (Scotland) to analyse the 

relationship between and collect samples of deformation bands previously studied 

here by Underhill and Woodcock (1987) and Bright (2006).  

 

 

NW-SE fault 

trend 

OUTCROP LOCATION 

Figure 4.9: A) Simplified geological map of Arran with highlighted outcrop 

location (from Arran Museums 2015). B) Map of Scotland with location of 

Arran shown. C) East coast of Arran at Merkland Point. D) Zoomed location of 

coastal outcrop. Images from Google Earth (2018).  
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4.5.1 Geological Context of the Arran site 

The geology on Arran dates back to the Cambrian (~541- 485.4 Ma) at which time 

sediment was deposited in the form of grewackes and shales.  Since then Arran has 

had a history of metamorphism (Cambrian), volcanics (Ordovician), folding 

(Silurian), further extended period of sedimentation (Devonian – Cretaceous in age), 

dykes and intrusions (Tertiary) and most recently glacial erosion (Quaternary). The 

main focus of this study is the sediments which were deposited from the Devonian – 

Cretaceous period and their interaction with the Tertiary volcanics. The samples we 

collected from the Corrie Sandstone Stewartry Group were formed in an aeolian 

environment (Clemmensen and Abrahamsen 1983; McKeever 1992) and are Permian 

in age (271-299 Ma). 

 

Arran is dominated by NW-SE trending extensional fault system on the east coast of 

the island (Figure 4.10). Fault formation is thought to have taken place synchronous 

with sedimentation during basin development in the Permian (Woodcock and 

Underhill 1987). However, it is also probable that the faults were reactivated during 

granitic intrusion during the Tertiary period (Underhill and Woodcock 1987), in 

which case during fault formation the overburden would have between 1-2 km 

(Woodcock and Underhill 1987). 

 

4.5.2 Arran field site 

The outcrop study is situated on the east coast of Arran at Merkland Point (Figure 

4.10). At Merkland Point there is a network of deformation bands which form in the 

damage zone to two faults. There are also two basaltic dykes (23-66 Ma) which run 

NW-SE.  

The host rock sandstone for AR01 is a subarkosic, predominantly medium grained, 

well sorted sandstone with subrounded grains. The grains are cemented together with 

quartz via pressure solution. The dominant grain length is 240-260 µm (Figure 4.11).  

The level of cementation in AR01 can be classified as strong (see Table 2.2). 
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Figure 4.10: Sample AR01 host rock analysis. A) PPL thin section of host 

sediment. B) XPL thin section of host sediment. C) QFL diagram shows 

that the sample is subarkosic in composition. D) Grain size distribution 

along the longest axis. The dominant grain length is 240-260 µm. E) Grain 

size distribution along the shortest axis where the dominant short axis 

grain length is 120-140 µm. 
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4.6 Summary 

The geological histories of Crow’s Nest Fault, Etes and Arran are all quite different. 

Arran has the largest grain size (240-260 µm) from all the sample localities. Etes has 

the highest clay percentage across all of the deformation band samples. The main 

difference between UT02 and AR01 host sediments is the grain size and depositional 

environment.  
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Chapter 5 – Cement and porosity variation across 

deformation bands 

5.1 Rationale 

In this chapter I examine the petrophysics of sandstones, and the deformation bands 

that they contain, to look at the range of textures and cement distributions formed 

within real deformation bands. In addition, this chapter develops a quick and 

qualitative method to analyse the geometry and textures of the deformation bands 

using X-ray computed tomography (X-CT). 

In the following sections I will describe and analyse each of the deformation bands in 

turn using thin sections and both 2D and 3D X-CT scans. The descriptions will 

include analysis of size, distribution and connectivity of the grains, cement and pores 

in each sample. For the grain size analyses long and short axes of 50 grains per 

sample were measured using point counting 

Each of the cataclastic deformation bands are semi-quantified by the level of 

cataclasis present in each band using the scheme defined by Beke et al. (2019) (see 

Section 2.3.2). 

Understanding the effect that the percentage of cement in a host rock has on the 

mechanical properties of the host and the resulting evolution of deformation bands 

requires unpicking the relative timing of the cement phase from the deformation 

band formation. For all three samples in this chapter I investigate if the Segmentation 

application in Avizo® v.9.0.1 can be used to adequately pick the cement phase and 

therefore the connected volumes of cement and pores. The connected volume of 

pores is crucial to understand the permeability. 

The results from this chapter allow for a comparison of both X-CT 2D and 3D 

analysis techniques to determine which is most suitable for deformation band 

analysis. 
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5.1.1 Data sampling 

The X-CT analysis is based on three different data sets. The first of these is full 

volume (Figure 5.1A) which includes data from both the deformation band and host 

rock. The second data set is from 2D slices (Figure 5.1B). This data set consists of 

2D slices (4mm2) along the z axis of each sample. The third data set is 3D sub 

volumes (Figure 5.1C). Each of the 3D sub volumes is 0.125mm3 (0.5mm on each 

side). Five of the sub volumes for each site are from inside the deformation band and 

the other five sub volumes are from the host rock. 

 

5.2 Deformation bands from Iron Wash Fault, Utah 

As described in Chapter 4 the main field site is at the Iron Wash Fault, Utah. 

Previous fieldwork (Heather-Cooley 2017) has shown that there are several 

generations of deformation bands present. In this section I focus solely on the 

cataclastic deformation bands found at the Iron Wash Fault.  

Figure 5.1: Three methods used to sample data in this chapter.  A) Full 

volume. B) 2D slices. C) 3D sub volumes. 
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5.2.1 Outcrop 

The deformation bands cut the bleached Earthy member (Jee) of the Entrada 

sandstone (Figure 5.2). The bedding in this outcrop dips less than 30° to the North 

and North-West. There are two clear sets of deformation bands in the Earthy 

member: the first runs subparallel to the fault zone with a shallow dip (<30°) to the 

south-east; the second are high angle deformation bands (70-88°) which run almost 

perpendicular to bedding. The deformation bands are predominantly <1cm thick, 

tightly packed together (less than 10cm spacing between bands) and form an 

anastomosing pattern as they protrude from the host sandstone in the hanging wall of 

the Iron Wash Fault.  

5.2.2 Thin section analysis 

Sample UT02 is an example of a cataclastic deformation band. In thin section a zone 

of host lithology and a large (6.5mm in length) deformation band zone can be 

identified (Figure 5.3). The deformation band zone can be further split into an area of 

intense cataclasis where no pore space is visible (the main deformation band) and an 

intermediate zone whereby pore space and fractures can be identified.  

A summary of the grain length distributions along both long and short axes for fifty 

grains from each zone is shown in Figure 5.4. The host rock displays evidence of 

spalling and transgranular fracture and has a mean grain length along the long and 

short axis of 82.6 µm and 57.3 µm respectively. The predominant longest grain axis 

in the deformation band and intermediate zone is 20-40 and 40-60µm respectively. In 

the intermediate zone there is an overall decrease in average grain size in comparison 

to the host zone. The mean grain length along the long and short axis is 64.6 µm and 

50.4 µm respectively. 
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Figure 5.2: UT02 deformation bands from the field. A) Sample location from 

inside the Iron Wash Fault zone. Here we see the Entrada Earthy member which 

has been bleached in the foreground. B) Location of sample for thin sectioning. C) 

Lambert equal area stereonet projection of bedding in the Entrada Earthy member. 

D) Lambert equal area stereonet projection of deformation band strike and dip 

measurements. E) Photograph of thin section slide for sample UT02 with locations 

of thin sections marked. Scale bar is 5 mm. 

Jee = Entrada Sst. Earthy Member (See stratigraphic table in Figure 4.3). 

B A 

C D 

E 

Figure 5.3  

Figure 5.6  
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In the zone of cataclasis the mean long and short axes are 50.9 µm and 38.9 µm. This 

represents a mean reduction in grain size of 38.4 and 22.8% respectively.  From the 

variation in the size of the quartz grains present inside the deformation band this can 

be subcategorised as an advanced cataclastic deformation band using the Beke et al. 

(2019) classification (Chapter 2). From the observations in this section, it is possible 

that the deformation band has been subjected to localised secondary calcite 

cementation. 

While not a focus of this study it is worth noting that the bands are associated with 

iron oxides in coatings and patches, and dots of oil (Heather-Cooley 2017). In Figure 

5.3 an orange rim coats the edges of the cataclastic zone, and is likely to be hematite: 

within this hematite rim calcite (Figure 5.5) can be seen and the porosity is lower (as 

highlighted by the blue dye). There is also evidence of black opaque dots (Figure 

5.6) which are concentrated inside the deformation band. Heather-Cooley (2017) 

used observations of these geochemical changes to constrain the burial history of the 

site. 
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Figure 5.3: Thin section of sample UT02 deformation band zone (PPL and XPL). The deformation band (DB) has quite a clear cut off with 

the host rock on the left-hand side.  
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Host Deformation band Intermediate zone 

Figure 5.4: Sample UT02 grain length distributions along the long (blue graphs) and short axis (grey graphs) in each of the three areas 

described in Figure 5.2; host, deformation band and intermediate zone. Fifty grains were measured for each area in sample UT02. 
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Calcite cement 

between grains 

Hematite ring 

300µm 300µm 

Figure 5.5: Zoomed PPL and XPL images of UT02 with focus on hematite ring and calcite cement inside deformation band 

between grains.  
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Figure 5.6: Zoomed in image of UT02 and focus on dots of oil (<25µm in diameter). The oil is concentrated inside the zone of 

most intense cataclasis.  

 

Oil 
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5.2.3 Avizo® analysis 

A sub-sample (21 x 11 x 17 mm) of UT02 was scanned in the X-CT at a resolution 

of 5.7 µm (Appendix 2.).  Figure 5.7 displays the three phases of Avizo® 

segmentation. UT02 is predominantly quartz cemented with secondary calcite and 

hematite cementation (Figure 5.5). Because the grains and first cement phase consist 

of quartz, I am unable to segment the first cement phase due to the overlap in grey 

values (see Section 5.5.4).  Instead the secondary calcite and hematite cementation 

phases are segmented. 

 

A 

Figure 5.7: UT02 segmented slices showing: A) original grey image, B) Grains 

phase, C) Cement phase and D) Pores phase. 0.25mm scale bar. 

B 

C D 
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Figure 5.8 shows the results of segmentation of successive slices through sample 

UT02. The 3D volume is segmented using the methodology outlined in Chapter 3, 

and the values for percentage open pores, cement and grains are calculated for each 

of the 1046 slices through the sample.  

Figure 5.9 shows the segmented phases in 3D present in the long (6 x 2 x 2 mm) data 

subsample.  

By comparing both these figures host rock (H1 and H2) and three deformation band 

sections (labelled DB1, DB2 and DB3 respectively) are separated into five zones 

(Figure 5.9).  DB1 is the widest of the deformation bands (up 1.5mm wide) in the 

sample and displays the greatest level of cataclasis. DB 2 is a narrower deformation 

band up to 1mm wide, while DB3 is the narrowest with a thickness of up to 0.75mm 

in this section.  

Figure 5.10 shows the cement (Fig 5.10A) and porosity (Fig 5.10 B) connectivity. If 

individual cement pockets or pores are connected, then they are labelled with the 

same colour. These range from tiny, isolated pockets of cement, to large 

interconnected bodies filling, or partially filling, many hundreds of pore spaces.   

5.2.3.1 Grain and cement distribution 

Analysis of 2D slices of the scanned sample shows there is an overall decrease (from 

95.25-49.73%) in the percentage grains present across this sample. Table 5.1 displays 

the segmentation results of the 2D slices from each of the labelled zones. DB 1 has 

the largest percentage of grains present across the sample. This percentage is then 

followed by DB 2 and DB 3 respectively. 
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Table 5.1: Average percentage of grains, cement and porosity for each zone (defined 

by the 2D slice numbers – see Figure 5.6) in UT02. DB = deformation band zone, H 

= host rock zone. 

Zone Z slice number Grains (%) Cement (%) Porosity (%) 

H 1 0-78 79.80 14.07 6.13 

DB 1 79-306 87.76 9.80 2.44 

DB 2 439-628 77.98 17.81 4.21 

H 2 629-837 62.84 18.71 18.45 

DB 3 838-1004 66.08 24.77 9.16 

     

The percentage of cement inside the deformation bands ranges from 4.29–28.63 %. 

The average percentage of cement increases from DB 1 to DB 3. DB1 is the zone 

with the lowest percentage of cement. The 2D slices show that, as expected, the 

percentage of grains is inversely correlated with the percentage of cement and pores. 

DB 3 seems anomalous. While the zone is clearly formed from a deformation band, 

it has a combined porosity and cement phase of 35%, higher than the host rock, and 

yet is clearly not a dilation band. From Figure 5.8 a small fracture running vertically 

through the sample is connected to a zone if dilation. From Heather-Cooley (2017) 

fracturing in this area has taken place after deformation band formation.  

In the 3D Avizo® segmentation the definition of the individual grains is lost 

significantly through D1, D2 and D3 (Figure 5.9B).  Inside the deformation bands 

the grains appear as one mass due to the low-resolution, whereas in the host rock 

individual grains can be resolved.   
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Table 5.2: Percentage of grains, cement and porosity from UT02 0.125mm3 sub 

volumes inside the deformation band and the host rock. 

 Deformation band Host 

0.125 mm3 

sub 

volumes 

Grains 

(%) 

Cement 

(%) 

Porosity 

(%) 

Grains 

(%) 

Cement 

(%) 

Porosity 

(%) 

1 95.24 4.30 0.46 70.18 11.47 18.35 

2 91.70 7.78 0.52 74.75 13.78 11.46 

3 77.51 19.74 2.74 58.32 18.51 23.17 

4 76.99 21.19 1.81 66.05 17.68 16.27 

5 80.10 17.66 2.24 66.26 15.69 18.05 

Average 84.31 14.13 1.56 67.11 15.43 17.46 

 

The 3D cement phase is shown in Figure 5.9C. Figure 5.10A shows that the cement 

is connected throughout the host rock, and across DB 2 and 3. However, the cement 

is disconnected across DB1. 

The average percentage cement from the five 3D sub volumes is lower across the 

deformation bands than in the host rock (Table 5.2).  

For each of the five 3D 0.125mm3 sub volumes histograms of the volumes of 

connected cement bodies in the deformation band (Figure 5.11) and host rock (Figure 

5.12) are displayed. The linked cement volumes in the host rock range from 3.80x10-

7 - 2.34x10-2 mm3 with a median of 7.60x10-7 mm3. Whereas the linked cement 

volumes in the deformation band range from 3.80x10-7 - 2.71x10-2 mm3 with a 

median of 1.14x10-6 mm3. This shows that the host rock has the largest range and 

median values of linked cement volumes. Cataclasis has reduced the size of the 

cement bodies inside the deformation bands. 

5.2.3.2 Distribution of pore space 

In the 2D slices the porosity is lowest in DB 1 (2.44%) and then gradually increase in 

DB 2 (4.21%) and 3 (9.16%) respectively (Table 5.1). This suggests that the level of 

cataclasis experienced across the three deformation bands is unequal. It is interesting 
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that between three bands in the same sample the characteristics of the deformation 

band can vary significantly.  

Meanwhile, the porosity in zones H1 and H2 is host rock porosity was calculated at 

6.13% and 18.45% respectively. This difference of 12.32% between the two host 

rock zones is quite significant and suggests that H1 is inside a zone of deformation.  

Most of the pores in the host rock above D1 are disconnected.  

In Figure 5.10B the porosity is unconnected across DB1. Across DB2 there are areas 

of connected porosity, and across DB3 it appears that the porosity is predominantly 

connected. This suggests that across narrower deformation bands porosity may be 

connected. However, in larger deformation bands (~1.5mm wide) porosity is less 

likely to be connected across the deformation band. 

The average porosity from the five 3D sub volumes is lower across the deformation 

bands than in the host rock (Table 5.2).  

For each of the five 3D 0.125mm3 sub volumes histograms of the volumes of 

connected pores in the deformation band (Figure 5.13) and host rock (Figure 5.14) 

are displayed. The pore volumes in the host rock range from 1.90x10-7- 2.97x10-2 

mm3 with a median of 9.50 x10-7 mm3. Meanwhile in the deformation band they 

range from 3.80x10-7 - 4.26x10-4 mm3 with a median of 1.33x10-6 mm3. The pore 

volumes inside the host rock have a larger range of values, but a smaller median. 
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Figure 5.8: A) 2D vertical slice through a 6x2x2mm sub-sample of UT02: grain (blue), cement (purple) and porosity (green) percentage. 

B) Corresponding values of percentage grains, cement and porosity percentage for each horizontal slice along the z axis of the subsample. 

Three deformation band zones have been highlighted in grey.  Here there is an overall increase in percentage grains and decrease in 

percentage cement as z slice number increases. At each deformation band there is a decrease in porosity. However, the amount by which 

the porosity decreases varies for each deformation band. 

DB 1 

DB 2 

DB 3 

H 1 

H 2 

A B 
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DB 1 

DB 2 

DB 3 

H 1 

H 2 

Figure 5.9: Sample UT02 full volume segmented in Avizo® A) Original grey scale 3D image. B) Grains segmented image. The grains 

segment is 74.54% of the total volume. Almost all the grains are in contact with each other inside the deformation band. C) Cement 

segmented image. The cement segment is 17.11% of the total volume.  D) Porosity segmented image. The porosity segment is 8.35% of the 

total volume.  

A B C D 
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Figure 5.10: Cement and porosity 

connectivity UT02. Pores that are connected 

are coloured in a single colour. A) Connected 

cement. Most of the cement in the host rock is 

connected. B) Connected porosity. Porosity is 

connected in the host sandstone however, in 

the deformation band and the pores are 

isolated. 

 

A B 
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Figure 5.11: 

Histogram 

showing the 

number of 

connected cement 

volumes from five 

0.125mm3 sub 

volumes in the 

UT02 deformation 

bands. The bin 

width is 0.5. The 

column on the left 

is an overflow bin 

for all cement 

volumes less than 

0.000001 mm3. 

The largest 

connected cement 

volume was 0.027 

mm3. 
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Figure 5.12: 

Histogram 

showing the 

number of 

connected cement 

volumes from five 

0.125 mm3 sub 

volumes in the 

UT02 host rock. 

The bin width is 

0.5. The column 

on the left is an 

overflow bin for 

all cement 

volumes less than 

0.0000001 mm3. 

The largest 

connected cement 

volume was 0.023 

mm3. 
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Figure 5.13: 

Histogram 

showing the 

number of 

connected pore 

volumes from five 

0.125 mm3 sub 

volumes in the 

UT02 deformation 

bands. The bin 

width is 0.5. The 

column on the left 

is an overflow bin 

for all pore 

volumes less than 

0.0000001 mm3. 

The largest 

connected pore 

volume was 

0.00043 mm3.  
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Figure 5.14: 

Histogram 

showing the 

number of 

connected pore 

volumes from 

five 0.125 mm3 

sub volumes in 

the UT02 host 

rock. The bin 

width is 0.5. The 

column on the 

left is an 

overflow bin for 

all pore volumes 

less than 

0.0000001 mm3. 

The largest 

connected pore 

volume was 0.03 

mm3.   
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5.3 Deformation bands in Etes 

This section presents examples of deformation bands from the Etes field site in the 

Pannonian basin. The deformation bands are thought to have formed here during the 

Miocene (Beke et al. 2019).  

5.3.1 Outcrop 

The deformation bands at Etes are singular, less than 3cm wide, with the occasional 

conjugate set and are widely spread out across the 20m field site (Figure 5.15). Due 

to surrounding vegetation and construction it is difficult to determine the full extent 

of the deformation bands. The bedding around sample HN11 strikes NW-SE, parallel 

to the Etes graben.  

 

Figure 5.15: 

Summary of field 

site and sample 

from Etes, Hungary. 

A) Overview of 

outcrop with 

conjugate 

deformation bands 

present. B) 

Photograph of thin 

section slide for 

sample HN11 with 

locations of thin 

section marked. 

Scale bar is 5 mm. 

A 

B 

30 cm 

N S 

HN11 

Figure 5.16 
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5.3.2 Thin section analysis 

Sample HN11 is a cataclastic deformation band which runs perpendicular to the Etes 

graben. One deformation band (approximately 3 mm wide) is visible in thin section 

(Figure 5.16). The grains are poorly cemented in the host rock by clays. Despite the 

limited cementation the sandstone is strong enough to be handled and subsampled 

without crumbling.  In the quartz grains of the host rock transgranular fracture is 

most common and there is evidence of grain spalling. The mean grain length along 

the long and short axis is 197.4 µm and 140.2 µm respectively. 

Inside the deformation band there is a shift to smaller grain length distributions along 

both the long and short axis (Figure 5.17). In the zone of cataclasis the mean long 

and short axes are 73.9 µm and 49.0 µm. This represents a mean reduction in grain 

size of 62.6 and 65.0% along the respective long and short axes.  Due to the 

reduction in pore space and range of grain size present inside the deformation band 

HN11 can be subcategorised as an advanced cataclastic deformation band using the 

Beke et al. (2019) classification (see Chapter 2).   
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5.3.3 Avizo® analysis 

A long cubeoid sample of Sample HN11 was scanned in the X-CT at a resolution of 

4.35 µm (Appendix 2). As before the 3D volume is segmented using the 

methodology outlined in Chapter 3. Figure 5.18 displays the three phases from 

Avizo® sectioning.  

Figure 5.32 shows the results of segmentation of successive slices through sample 

HN11. The 3D volume is segmented using the methodology outlined in Chapter 3, 

and the values for percentage open pores, cement and grains are calculated for each 

of the 1248 slices through the sample.  

Figure 5.17: Sample HN11 grain length distributions along the long (blue 

graphs) and short axis (grey graphs) of fifty grains in both the host rock and the 

deformation band (see Figure 5.16).   
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Figure 5.20 shows the segmented phases in 3D present in the long (6 x 2 x2 mm) 

data subsample. By comparing both these figures the host rock (H1) and the 

deformation band (DB1) zone is identified. DB1 is approximately 2-2.5mm wide. 

Figure 5.21 shows the cement (Fig 5.21 A) and porosity (Fig 5.21 B) connectivity. 

As before, if the cement pockets or pores are connected, then they are labelled with 

the same colour. 

 

A 

Figure 5.18: Three phases of HN11 segmented. A) original grey image, B) 

Grains phase, C) Cement phase and D) Pores phase. 0.25mm scale bar. 

B 

C D 
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5.3.3.1 Grain and cement distribution 

Analysis of 2D slices of HN11 shows the percentage of grains across the sample vary 

from 81.13% at the top of the sample to 67.19 % at the base (Figure 5.19). Table 5.3 

displays the average segmentation results of the 2D slices from each of the labelled 

zones. There is a clear increase (18.20%) in the percentage of grains present inside 

DB1 in comparison to H1. This is due to cataclasis which is likely to have decreased 

cement and porosity inside DB1. The percentage of grains present inside DB 1 

ranges from 64.27-90.79%.   

Table 5.3 shows a reduction (36.36%) in the percentage of cement inside DB1 in 

comparison to H1. The percentage of cement inside DB1 ranges from 8.32 -24.41 %. 

As with samples UT02 the percentage of grains present is inversely correlated with 

the percentage of cement and pores. 

In the 3D Avizo® segmentation the definition of the individual grains is lost inside 

the deformation band (Figure 5.20 B).  Instead the grains appear as one mass in the 

deformation band, whereas in the host rock individual grains can be resolved.  

The 3D cement phase is shown in Figure 5.20 C. Figure 5.21 shows the cement is 

connected throughout the host rock and across the deformation band. However, the 

cement becomes disconnected in some areas inside the deformation band.   

The average percentage cement from the five 3D sub volumes is lower across the 

deformation band than in the host rock (Table 5.4). This is due to grain crushing 

taking place inside the deformation band. 

Table 5.3: Average percentage of grains, cement and porosity for each 2D 

slices zone in HN11. DB = deformation band zone, H = host rock zone. 

Zone 
Z slice 

number 
Grains (%) Cement (%) Porosity (%) 

DB1 0 - 461 85.60 12.34 2.06 

H1 461-1248 72.42 19.39 8.19 
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For each of the five 3D 0.125mm3 sub volumes histograms of the volumes of 

connected cement bodies in the deformation band (Figure 5.22) and host rock (Figure 

5.23) are displayed. The linked cement volumes in the host rock range from 8.25x10-

8 – 3.62x10-2 mm3 with a median of 4.95x10-7 mm3. Whereas the linked cement 

volumes in the deformation band range from 8.25x10-8 –2.13x10-2 mm3 with a 

median of 5.77x10-7 mm3. This shows that the deformation band has the largest range 

and median of linked cement volumes.  

5.3.3.2 Distribution of pore space 

In the 2D slices the porosity present ranges from 0.60-17.34%. The average porosity 

inside DB 1 is 2.06%.  Meanwhile the average host rock porosity is 8.19%. 

In the 3D Avizo® connectivity image (Figure 5.21B) most of the pores in the sample 

are disconnected and there is a noticeable reduction in the pore size inside DB 1. 

This is confirmed with results from the 3D sub volumes where the porosity in the 

host rock has a calculated average 10.55% and the deformation band has an average 

porosity of 1.4% (Table 5.4).  

Table 5.4: Percentage of grains, cement and porosity from HN11 0.125mm3 

sub volumes inside the deformation band and the host rock. 

 Deformation band Host 

0.125 mm3 

sub 

volumes 

Grains 

(%) 

Cement 

(%) 

Porosity 

(%) 

Grains 

(%) 

Cement 

(%) 

Porosity 

(%) 

1 80.88 14.96 4.17 73.38 17.34 9.28 

2 93.13 6.49 0.38 68.68 21.47 9.85 

3 94.30 4.97 0.72 72.58 17.69 9.73 

4 92.51 7.09 0.41 76.91 16.07 7.02 

5 81.74 16.95 1.31 55.80 27.33 16.87 

Average 88.51 10.09 1.40 69.47 19.98 10.55 
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For each of the five 3D 0.125mm3 sub volumes histograms of the volumes of 

connected pores in the deformation band (Figure 5.24) and host rock (Figure 5.25) 

are displayed. The linked pores in the host rock range from 8.25x10-8 – 2.12x10-2 

mm3 with a median of 4.95x10-7 mm3. Whereas the linked cement volumes in the 

deformation band range from 8.25x10-8 –4.26x10-3 mm3 with a median of 5.77x10-7 

mm3. This shows that the host rock has the largest range but the smallest median of 

linked pores volumes. A possible reason for this is the poor image resolution inside 

the deformation bands.  
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Figure 5.19: A) 2D vertical slice through a 6x2x2mm sub-sample of HN11: grain (blue), cement (purple) and porosity (green) 

percentage. B) Corresponding values of percentage grains, cement and porosity percentage for each horizontal slice along the z axis of 

the subsample. The location of the deformation band is highlighted in grey. There is an overall increase in the average number of grains 

present inside DB 1. The average cement is lower inside DB 1 (12.34%) than in H1 (19.39%).  

DB 1 

H 1 

A

v 

B 
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Figure 5.20: Sample HN11 full volume segmented in Avizo®. A) Original grey scale 3D image. B) Grains segmented image. 

The grains segment is 77.07% of the total volume. C) Cement segmented image. The cement segment is 16.79% of the total 

volume.  D) Porosity segmented image. The porosity segment is 6.15% of the total volume.  

 

A B C D 

DB 1 

H 1 
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Figure 5.21: Cement and porosity 

connectivity A) Connected cement. The 

cement in the host rock is connected but is 

disconnected by the deformation band. B) 

Connected porosity. Porosity is 

predominantly unconnected across the 

whole sample.  

 

B A 
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Figure 5.22: 

Histogram showing 

the number of 

connected cement 

volumes from five 

0.125mm3 sub 

volumes in the 

HN11 deformation 

bands. The bin 

width is 0.5. The 

column on the left 

is an overflow bin 

for all cement 

volumes less than 

0.000001 mm3. 

The largest 

connected cement 

volume was 0.021 

mm3. 
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Figure 5.23: 

Histogram showing 

the number of 

connected cement 

volumes from five 

0.125mm3 sub 

volumes in the 

HN11 host rock. 

The bin width is 

0.5. The column on 

the left is an 

overflow bin for all 

cement volumes 

less than 0.000001 

mm3. The largest 

connected cement 

volume was 0.036 

mm3. 
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Figure 5.24: 

Histogram showing 

the number of 

connected pore 

volumes from five 

0.125 mm3 sub 

volumes in the 

HN11 deformation 

bands. The bin 

width is 0.5. The 

column on the left is 

an overflow bin for 

all pore volumes less 

than 0.0000001 

mm3. The largest 

connected pore 

volume was 0.0043 

mm3. 
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Figure 5.25: 

Histogram 

showing the 

number of 

connected pore 

volumes from five 

0.125 mm3 sub 

volumes in the 

HN11 host rock. 

The bin width is 

0.5. The column 

on the left is an 

overflow bin for 

all pore volumes 

less than 

0.0000001 mm3. 

The largest 

connected pore 

volume was 0.021 

mm3. 
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5.4 Deformation bands in Arran 

Previous deformation band fieldwork at Merkland Point is described by Bright 

(2006). The structure of these deformation bands replicates those found in the 

Entrada and Navajo formations in Utah (Aydin & Johnson 1978). In the deformation 

bands we see evidence of step over structures (Figure 5.26A) and lozenge shape 

zones of accumulated strain (Figure 5.26B).  

The cataclastic deformation bands at Merkland Point can be split into two based 

upon visual inspection. The first of these are 0.7 cm wide by 10’s of metres long, 

individual, N-S trending sub parallel bands. These offset < 10 cm wide deformation 

band zones (Figure 5.26C). The offsets displayed are a maximum of 20 cm.  The 

second set of deformation bands are less than 1 cm in width and display evidence of 

lozenge shapes (Figure 5.26 B). 

5.4.1 Outcrop 

In Figure 5.26 there is evidence of the wider deformation bands offsetting the single 

bands. This therefore suggests that the narrow deformation bands were formed first, 

and the wider deformation band was formed during a second phase of deformation.  

A possible explanation for both the width of these deformation bands and the timing 

is that the older, narrower deformation bands were formed first at deeper depths in 

the earth where confining pressures are higher and therefore restricted the width of 

the deformed grain zone. If this was the case the wider deformation bands formed 

subsequent to this, at lower confining pressures and crosscut the initial phase of 

narrow deformation bands.  

5.4.2 Thin section analysis 

Sample AR01 is an example of a cataclastic deformation band which runs 

perpendicular to the basaltic dykes and fault trend in the area. The wider deformation 

band is ~1.3cm wide and offsets a narrower 0.4 cm wide deformation band. The 

majority of the grains are in contact with another grain.  The most common form of 

grain breakage in this thin section is transgranular fracture of the quartz grains. As 

with the other deformation examples there is also evidence of grain spalling. 

In Figure 5.28 the deformation band has been split into 5 areas; DB1, Intermediate 

zone, DB2 Section 1, DB2 Section 2 and Host rock. A summary of the grain length 
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distributions along both long and short axis for fifty grains from each zone is show in 

Figure 5.29. 

The host rock section is approximately 2.5mm wide and has an average grain size 

along the long and short axis of 143.3 and 103.4µm. 

 

DB1 is approximately 2 mm wide and consists of a partial view of a wider cataclastic 

deformation band and the average grain size along the long and short axis is 52.0 and 

39.7 µm. This represents a mean reduction in grain size of 63.7 and 61.6% along the 

respective long and short axes. DB1 can be subcategorised as an advanced cataclastic 

deformation band (Beke et al. 2019) due to the significant reduction in grain size and 

pore space in comparison to the host rock. 

The intermediate zone is 1.75 mm wide and an average grain length of 88.7 µm. DB 

2 is approximately 2.5mm wide and is a cataclastic deformation band. DB 2 has been 

split up into two sections due to an area of increased porosity down the middle of the 

band.  

 

To give the most accurate analysis of the deformation band the two sides of the 

deformation band were studied separately and called Section 1 and 2 respectively.  

The mean grain length of DB2 Section 1 and Section 2 is 61.9 and 43.1 µm 

respectively. This represents a mean reduction in grain size of 56.8 and 58.3% along 

the respective long and short axes. Both sections in D2 can be subcategorised as an 

advanced cataclastic deformation band (Beke et al. 2019) due to the significant 

reduction in grain size and pore space.  

 

The results from the grain length analysis show that there is a significant decrease 

across the both the deformation bands and the intermediate zones in comparison to 

the host rock. This therefore confirms the existence of the so-called intermediate 

zones whereby the grain lengths do not align with either those in the deformation 

band or in the host rock. 

 

Underhill and Woodcock (1987) describe the composition of sandstone samples from 

nearby locations in Arran to contain Fe oxide and clay. Under the microscope it is 
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clear to see the Fe oxide coating the quartz grains and forming wedge features 

between the grains (Figure 5.30). Therefore, Sample AR01 is a grain supported 

sandstone consisting primarily of quartz grains with Fe oxide grain coatings and clay 

between grains.  
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Figure 5.26: Photos of deformation bands on Arran. A) < 1 cm wide deformation bands creating step structure. B) Within the 

thin (<1cm wide) deformation bands are thickened sections which create lozenge shapes- looks like a shear indicator/slip 

surface C) >10 cm wide deformation zones. Evidence of a crosscutting relationship between narrow and wider deformation 

band. D) Anastomosing deformation bands. 

A B 

C D 

Lozenge 

shape 

X-cutting relationship 

Singular DB 

DB zone 



Chapter 5 - Deformation bands 

 

112 

 

 

Figure 5.27: Arran deformation band sample AR01. A) Field sample site. B) Sample for thin sectioning. C) Thin section displaying 

contact (dashed orange line) between deformation band and host sediment. D) Photograph of thin section slide for sample AR01 

with locations of thin section marked. Scale bar is 5 mm. 

Figure 5.28 

A 

B 

C 

D 
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Figure 5.28: AR01 thin section in PPL and XPL. The thin section has been split up into five sections to reflect changes in grain size (see 

Figure 5.29). 
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Figure 5.29: Sample AR01 grain length distributions along the long (blue graphs) and short axis (grey graphs) of fifty grains in in each of 

the five areas shown in Figure 5.27.  
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62.5µm 

Fe oxide grain coatings 

Clay and Fe oxide 

between grains 

Figure 5.30: Fe oxide and clay coating grains of sample AR01. 
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5.4.3 Avizo® analysis 

A long cuboid sample of Sample AR01 was scanned in the X-CT at a resolution of 

5.41 µm (Appendix 2). Figure 5.31 displays the three phases from Avizo® sectioning. 

 

The 3D volume is segmented using the methodology outlined in Chapter 3, and the 

values for percentage open pores, cement and grains are calculated for each of the 

1111 slices through the sample. Figure 5.32 shows the results of segmentation of 

successive slices through sample AR01. 

Figure 5.31: Three phases from AR01 segmentation A) original grey 

image, B) Grains phase, C) Cement phase and D) Pores phase. 0.25mm 

scale bar. 

A B 

C D 
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Figure 5.33 displays each of the 3D segmented phases present in the long (6 x 2 x2 

mm) data subsample. From these segmented phases the distribution of cement and 

pore space in relation to the deformation band can be analysed.   

By comparing both figures the host rock zones (H1 and H2) and the deformation 

band section (DB1) is identified (Figure 5.32).  DB1 is approximately 2 mm wide 

and displays evidence of cataclasis.  

Figure 5.34 shows the cement (Fig 5.34 A) and porosity (Fig 5.34 B) connectivity. 

As before if individual cement pockets or pores are connected, then they are labelled 

with the same colour.  

5.4.3.1 Grain and cement distribution 

Analysis of 2D slices of AR01 shows the percentage of grains across the sample vary 

from 81.47% at the top of the sample to 82.26 % at the base. Table 5.5 displays the 

average segmentation results of the 2D slices from each of the labelled zones. There 

is a slight increase (11.62%) in the percentage of grains present inside DB1 in 

comparison to H1. The percentage of grains present inside DB 1 ranges from 77.85-

95.50%.  This increase in percentage of grains and decrease of cement in the 

deformation band is similar to other localities in this study. 

Table 5.5 shows a 27.16% reduction in the percentage of cement inside DB1 in 

comparison to H1. The percentage of cement inside DB1 ranges from 2.92 - 9.03 %. 

As with sample UT02, the percentage of grains present is inversely correlated with 

the percentage of cement and pores. 

In the 3D Avizo® segmentation the definition of the individual grains is reduced 

inside the deformation band (Figure 5.33B) due to cataclasis taking place and poor 

resolution of the broken grains.  In the host rock individual grains can be resolved. 

The 3D cement phase is shown in Figure 5.33C. Figure 5.34 shows the cement is 

connected throughout the host rock and connects across the deformation band. 

However, the cement becomes disconnected inside the deformation band where 

smaller volumes of connected cement are identified.  
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Table 5.5: Average percentage of grains, cement and porosity for each 2D slices 

zone in AR01. DB = deformation band zone, H = host rock zone. 

Zone 
Z slice 

number 
Grains (%) Cement (%) Porosity (%) 

H 1 0 - 70 80.45 6.96 12.58 

DB 1 71 - 543 89.80 5.07 5.14 

H 2 544 -1111 81.41 6.70 11.89 

 

For each of the five 3D 0.125mm3 sub volumes histograms of the volumes of 

connected cement bodies in the deformation band (Figure 5.35) and host rock (Figure 

5.36) are displayed. The linked cement volumes in the host rock range from 3.16x10-

7 - 1.55x10-2 mm3 with a median of 7.90x10-7 mm3. Whereas the linked cement 

volumes in the deformation band range from 3.16x10-7–6.55x10-3 mm3 with a 

median of 1.11x10-6 mm3. This shows that the host rock has the largest range but the 

smallest median of linked cement volumes. 

5.4.3.2 Distribution of pore space 

In the 2D slices the porosity is lowest in DB1 with an average of 5.14 % (Table 5.5). 

Meanwhile, the average porosity in zones H1 and H2 is host rock porosity was 

calculated at 12.58% and 11.89% respectively. This difference of 0.69% between the 

two host rock zones is very small and suggests the porosity across the host rock is 

consistent.   
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Table 5.6: Percentage of grains, cement and porosity from AR01 0.125mm3 sub 

volumes inside the deformation band and the host rock. 

 Deformation band Host 

0.125 mm3 

sub 

volumes 

Grains 

(%) 

Cement 

(%) 

Porosity 

(%) 

Grains 

(%) 

Cement 

(%) 

Porosity 

(%) 

1 93.28 4.20 2.51 79.69 6.67 13.64 

2 91.78 5.16 3.06 80.53 5.71 13.76 

3 93.15 4.65 2.20 78.32 8.32 13.37 

4 94.07 4.20 1.73 70.84 12.24 16.92 

5 97.37 2.11 0.51 82.47 5.08 12.46 

Average 93.93 4.06 2.00 78.37 7.60 14.03 

 

In the 3D segmentation (Figure 5.34B) the porosity is split into three areas: above the 

deformation band, inside the deformation band and below the deformation band. The 

pores in H1 zone, above the deformation band (light purple), are connected. This is 

then followed by the DB1 which is filled with predominantly unconnected pores. The 

final pore zone (H2) is at the base of the deformation band (green zone). Although 

the porosity inside H2 is connected the zone remains unconnected from H1. This 

therefore makes AR01 unlike the other examples of cataclastic deformation bands 

because the porosity is not connected across the deformation band.  

The average porosity from the five 3D sub volumes is lower across the deformation 

bands (an average porosity of 2.00%) than in the host rock (an average porosity of 

14.03%) (Table 5.6).  
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For each of the five 3D 0.125mm3 sub volumes histograms of the volumes of 

connected pores in the deformation band (Figure 5.37) and host rock (Figure 5.38) 

are displayed. The linked pores in the host rock range from 3.16x10-7 – 2.15x10-2 

mm3 with a median of 9.48x10-7 mm3. Whereas the linked cement volumes in the 

deformation band range from 3.16x10-7 –1.63x10-3 mm3 with a median of 1.26x10-6 

mm3. This shows that the host rock has the largest range but the smallest median of 

linked pores volumes. 

In order to sense check the X-CT porosity results a sample (~ 3 x 3 x 10 cm in size) 

of AR01 was tested using vacuum saturation. The sample was a mixture of 

deformation bands and host rock. After measuring the initial dry mass of the sample, 

it was saturated in a vacuum chamber with deionised H2O. The volume was 

determined by immersing the sample in de-aired water and the porosity was 

calculated. The results showed that sample AR01 had 22% porosity.  This is double 

the result obtained from the X-CT analysis which showed the sample to have 9.06% 

porosity (Figure 5.33).  One possible reason for this difference is that the sample 

measured by vacuum saturation was not the same as the sample scanned in the X-CT. 

For an accurate comparison the same sample should be used for vacuum saturation 

and X-CT analysis.
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Figure 5.32: A) 2D vertical slice through a 6x2x2mm sub-sample of AR01: grain (blue), cement (purple) and porosity (green) 

percentage. B) Corresponding values of percentage grains, cement and porosity percentage for each horizontal slice along the z axis of 

the subsample. Deformation band is highlighted in grey. A sudden drop in percentage cement towards the base of the deformation 

band in comparison to the top. This is mirrored by a 9% increase in the percentage grains present inside the deformation band.  
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H2

 

H1
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Figure 5.33: Sample AR01 full volume segmented in Avizo®.  A) Original grey scale 3D image. B) Grains segmented image. The grains 

segment is 84.91% of the total volume. No isolated grains are present.  C) Cement segmented image. The cement segment is 7.67% of the 

total volume.  D) Porosity segmented image. The porosity segment is 9.06% of the total volume.  
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Figure 5.34: Cement and porosity 

connectivity across sample AR01 

A) Connected cement. The cement 

is connected across DB1, therefore 

connecting H1 and H2. Inside the 

deformation band most of the 

cement is connected (green colour) 

however, the size of the connected 

cement pockets is smaller than 

those in the host rock.  B) 

Connected porosity. Porosity is 

connected in H1 and H2 however, it 

is disconnected inside DB1. Inside 

DB1 there is a decrease in the size 

of the connected pores. The pores in 

H1 and H2 do not connect across 

the deformation band. 

 

A B 
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Figure 5.35: 

Histogram 

showing the 

number of 

connected 

cement volumes 

from five 

0.125mm3 sub 

volumes in the 

AR01 

deformation 

bands. The bin 

width is 0.5. The 

column on the 

left is an 

overflow bin for 

all cement 

volumes less 

than 0.000001 

mm3. The largest 

connected 

cement volume 

was 0.0066 mm3. 
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Figure 5.36: 

Histogram 

showing the 

number of 

connected cement 

volumes from five 

0.125mm3 sub 

volumes in the 

HN11 host rock. 

The bin width is 

0.5. The column 

on the left is an 

overflow bin for 

all cement volumes 

less than 0.000001 

mm3. The largest 

connected cement 

volume was 0.016 

mm3. 
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Figure 5.37: 

Histogram showing 

the number of 

connected pore 

volumes from five 

0.125 mm3 sub 

volumes in the 

AR01 deformation 

bands. The bin width 

is 0.5. The column 

on the left is an 

overflow bin for all 

pore volumes less 

than 0.0000001 

mm3. The largest 

connected pore 

volume was 0.0016 

mm3. 
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Figure 5.38: 

Histogram 

showing the 

number of 

connected pore 

volumes from five 

0.125 mm3 sub 

volumes in the 

AR01 host rock. 

The bin width is 

0.5. The column 

on the left is an 

overflow bin for 

all pore volumes 

less than 

0.0000001 mm3. 

The largest 

connected pore 

volume was 0.022 

mm3. 
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5.5 Discussion 

5.5.1 Full sample analysis 

A summary of the percentage of grains, cement and porosity across the three 6 x 2 x 

2 mm samples with calculated error bars is shown in Figure 5.39. These full samples 

contain both host rock and deformation bands, so although Figure 5.39 gives an 

overview to the composition of each sample it is not possible to separate the impact 

of the deformation band. Ideally the volumes would be cropped into areas that 

contained only host rock and areas that only contained deformation bands. However, 

the boundaries between the bands and host rock are irregular and diffuse so this is 

not straightforward in three dimensions. 

The error bars are calculated based on a one-pixel dilation and erosion (based on the 

technique used by Fusseis et al. (2012); see Section 3.8.5 for details). This method of 

calculation results in a very large error, and in the smaller volume phases, can be 

larger than the calculated volume for that phase (e.g. cement in HN11). This is in 

part because the cement occurs in small pores or along grain boundaries (a maximum 

of one pixel wide), so in some instances dilating by one pixel can double the 

apparent volume of an area of cement. It is therefore recommended that this 

technique is not used for disseminated phases, and that it may be more appropriate to 

estimate error by thresholding and segmenting the image multiple times. From 

optical microscope observations, the deformation bands have smaller grains and less 

cement that is disseminated in smaller patches. Therefore, the errors calculated with 

the dilation and erosion method would be higher in the deformation bands. 
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5.5.2 2D Slice analysis 

One way to try and extract distinct properties for the deformation bands and host 

rock is to examine the calculated petrophysical properties from all the possible 2D 

slices through the 3D sample. This requires that the deformation bands cross the 

sample at right angles to the long axis. 

Overall this method was very successful at determining the location of the 

deformation bands. It was also good at finding subtle variations inside the 

deformation bands and transitions from the host rock to the deformation band. For 

example, when the technique is applied in AR01 (Figure 5.32) it shows a gradual 

decrease in cement and porosity going into the deformation band from the top of the 

sample. However, at the base of the deformation band the boundary between the 

deformation band and host rock is more abrupt.  

Another benefit of this method is that the background variability in the host rock can 

be identified. By comparing the maximum and minimum values of grains, cement 

and porosity in the host rock it is possible that the background variability could be 

used as an approximation for the segmentation error. For example, in the combined 

host rock of sample AR01 the percentage of cement has an average of 6.83% and 

ranges from 5.07-8.71%.  This range could be classified as the measurement error. 

A B 

Figure 5.39: Volume fraction of each segmented phase for all deformation band 

samples (6 x 2 x 2 mm) A) UT02 B) HN11 C) AR01 from erosion and dilation 

calculations (see Chapter 3). 

C 
Utah Hungary Scotland 
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One possible suggestion to improve this technique is to repeat the 2D slices on larger 

and smaller sample volumes. By carrying out these repeats trends across the larger 

sample can be identified. The smaller sample volumes would also allow finer 

variations to be picked up and tracked along the sample. However, this repetitive 

technique would be time consuming. 

5.5.3 Sub-volume analysis 

There has been long discussion about the difficulty of capturing 3D properties from 

2D images. To investigate this, I undertook sub-volume analysis.  

Sub-volume should be larger than the ‘REV’, and ideally contain several grains. The 

number of repeats is a function of the background spatial variability. From the 2D 

slice analysis it appears that the background spatial variability in phase density is 

relatively low in the host rock (Section 5.5.2). In the deformation bands the fact that 

there are trends across a band may mean that the number of sub-volumes to 

characterise the band is higher.    

3D sub volume analysis is a less robust method of sub sampling the data and is 

reliant on the representative elementary volumes (REV). If the sample size or REV is 

too small in comparison to the sample size the phase percentage results may 

oscillate. One possible improvement to this system would be to write a code which 

automatically segments and separates each deformation band sample into REV’s 

suitable for the size of the sample. This code would allow for an increase in the 

number of 3D sub volumes so the full sample could be analysed. By altering the code 

REV size comparisons can be made. Furthermore, the criteria for the REV code can 

be altered to reflect the internal micro-structure of the deformation band. This type of 

code would take time to write and was beyond the scope of this thesis however, once 

written it could be applied to any deformation band.  

5.5.4 Cement and Porosity Calculations  

One of the main issues with using X-CT to undertake cement analysis is that it is 

reliant on a density contrast between the grains and the cement phases. Both samples 

UT02 and AR01 are primarily made of quartz grains and are quartz cemented. This 

therefore makes it almost impossible to segment the two phases. Instead I focussed 
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on segmenting their secondary cement phases (e.g. hematite and calcite in UT02; 

hematite and clays in AR01). 

Sample HN11 has a higher percentage of feldspar than the other two host rocks 

(Chapter 4) and is primarily cemented by clays. This therefore made it easier to 

segment the primary cementation phase. However, the attenuation value for quartz 

and clays can overlap at given X-ray energies. The energy that each sample was 

scanned at was optimized to give the best image. Figure 5.40 shows that there is a 

clear separation between quartz (grains + cement) and hematite however the 

difference between quartz and the other cementing phases (illite, kaolinite, calcite) is 

smaller, and this is more problematic at the higher scanning energies for these three 

samples. Therefore, it is recommended that scanning is undertaken at the lowest 

possible X-ray energy while still maintaining image quality. 

 

 

Figure 5.40: X-ray linear attenuation coefficient calculated for each listed mineral 

using MuCalc (Hanna and Ketcham 2017). The three deformation band samples and 

the energy which each sample was scanned at is highlighted.  

In the 2D Avizo® slice analysis there is a reduction in the percentage of cement and 

porosity inside the deformation band for all three samples. HN11 has the lowest 

porosity (2.1%) inside the deformation band compared to the other samples. AR01 

has the lowest percentage of cement (5.1%) and second highest porosity inside the 

deformation band compared to the other samples. The highest porosity is in Utah 

DB3, which may have been affected by later fracturing.  
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One sample of interest is UT02 which displays evidence of three deformation bands 

in the scanned sample. As noted in Section 5.2.3 the properties of the deformation 

bands change going down the sample (Figure 5.8).  

This reduction in the percentage of cement and porosity inside the deformation band 

can also be seen across the 3D sub volumes. HN11 has the lowest porosity (1.4%) 

inside the deformation band compared to the other samples. AR01 has the lowest 

percentage (4%) of cement inside the deformation band compared to the other 

samples. 

Despite the differences in absolute numbers from the 2D slice analysis and the 3D 

sub volume analysis the overall trends are the same. For example, HN11 has the 

lowest porosity and AR01 has the lowest percentage of cement inside the 

deformation bands across both techniques. 

The 2D slice analysis has proven to be the most successful technique at visualising 

and quantifying the changes in the percentage of grains, cement and porosity across 

the deformation bands.  It can also be used to help identify deformation bands in 

areas where they are not as clear to identify by eye. This will be particularly 

important in bands with lower degrees of cataclasis. 

A summary of the 2D slice analysis and 3D sub volume analysis is shown in Figure 

5.41. The range of values presented in this figure allows for comparison of results 

between both analysis techniques. The overall trend shows that regardless of analysis 

technique used or the width of the deformation bands, there is an overall decrease in 

the percentage of cement and pores present inside the deformation band. The range 

of values calculated from both techniques are very similar implying that both 

techniques are robust.  

5.5.5 Connectivity of cement and porosity 

For each of the samples, the cement phase is connected within the host rock. For 

samples HN11, AR01 and the top deformation band in UT02 the cement is 

fragmented inside the deformation band. Interestingly although the cement is not 

connected inside these deformation bands it connects the host rock on each side of 

the deformation band. This therefore suggests that there are traces of cement which 
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are connected all the way through the sample. It could be interpreted from these 

results that the cement formed first and then the deformation band formed. 

The exception to this is the two lower deformation bands in UT02. Here the cement 

becomes increasingly more connected across DB2 and DB3. This proves that over a 

small distance (<4 mm) the properties of deformation bands can change, and it 

should not be assumed that all deformation bands in one sample are identical. The 

first possible explanation is that the cement could not pass through the first wider 

deformation band (DB1). A second explanation is that the timing of cementation and 

deformation band formation varied across sample UT02. However, this would need 

further research and a larger data set to understand if this is a possibility. 

Unlike cement connectivity the porosity connectivity is different for each sample.  

In UT02 the porosity is disconnected across DB1 however, it remains connected 

across DB2 and DB3. Furthermore, the host rock above DB1 is disconnected from 

the other host rock.  

HN11 has completely unconnected pores across the host rock and the deformation 

band. This suggests that the grains and cement combined are all in contact with each 

other.  
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Figure 5.41: 

Schematic 

summary of 

deformation 

bands. The scale 

bar on the 

deformation 

band images is 

250 µm.  

This shows the 

variation in 

cement and 

porosity phases 

across 2D slice 

and 3D sub 

volume analysis. 

The values at the 

top of each 

schematic refer 

to the 2D slice 

analysis ranges. 

Meanwhile, the 

values at the 

base of each 

schematic refer 

to the 3D sub 

volume analysis 

ranges. 
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Meanwhile, sample AR01 pores are connected above and below, but not across the 

deformation band.  

From the results in this study it can be said that across wider deformation bands (> 

1mm wide) the host rock porosity is likely to be disconnected. If the deformation 

band is < 1mm wide the porosity in the host rock is likely to be connected across the 

deformation band. Therefore, deformation band width effects the pore connectivity. 

5.5.6 Impact of cement on the mechanical deformation 

The initial hypothesis of this thesis was to test if the cement distribution effects the 

mechanical deformation of the deformation bands. Due to time pressures of this PhD 

this initial hypothesis is now out-with the scope of this PhD. By using the 

methodology outlined in this chapter it would be possible for a future PhD student to 

continue this work and test the initial hypothesis. 

To achieve the aims of the original hypothesis testing a minimum of twenty samples 

would be required with three repeats of each sample. This sample size would begin 

to account for the variables (mineralogy, grain shape, width of deformation band 

etc.) present in the deformation bands. 
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In Chapter 8 the mechanical influence of different cement types on sandstone is 

investigated. 

 

5.6 Summary 

- 2D thin section analysis is useful to gauge an overall understanding of the 

grain shapes and composition of deformation band samples. 

- 3D X-CT images give a good visual representation of the complexity of 

deformation bands on a micro scale.  

- X-CT analysis can be used to calculate the percentage of phases (e.g. grains, 

cement and porosity) present in sandstones and across structural features such 

as deformation bands. 

- Two methods of X-CT analysis can be used to analyse the distribution of the 

phases present across deformation bands. These are 2D slice and 3D sub 

volume analysis. 

- The 2D slices are an excellent means of analysis for displaying overall trends 

in the segmented X-CT scanned sections. With the format used in this chapter 

Figure 5.42: Schematic of cement connectivity through deformation bands. Here 

cement is connected in both the host zones and a fine trace of cement connects the 

host zones through the deformation band. 
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the 2D slice analysis accounts for more localised variability than the 3D sub 

volume analysis. 

- Despite the different analysis techniques, the range of values (the percentage 

of grains, cement and porosity present) produced by the two techniques are 

very similar. 

- For each of the samples (UT02, HN11 and AR01) there is an overall 

reduction in the percentage of both cement and porosity inside the 

deformation band. 

- The cement is connected through the samples and across the deformation 

bands. 

- The majority of porosity is connected in the host rock but disconnected inside 

the deformation band for samples UT02 and AR01. However, sample HN11 

shows disconnected porosity across the full sample.  

- The disconnected porosity across sample HN11 is possibly due to the 

distribution of the clay cement. Due to the shape of the cement around the 

grains individual pores become isolated in the sandstone.  

 

Recommendations for future practice: 

- Scan at the lowest possible X-ray energy to facilitate separation of cement 

phases.  

- Develop an algorithm which automatically subsamples the full deformation 

band sample for analysis. 

- Consider other methods of calculating the error due to segmentation with 

Avizo®. 
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Chapter 6 - Calcium sulphate phases  

6.1 Rationale 

This chapter provides a greater insight into the chemistry behind the gypsum 

cemented sandstones (Chapter 7) and images the physical growth of the gypsum 

crystals over time to help better understand growth that occurs between sand grains 

in the cemented sandstones.  

It is important to understand the physical growth of the gypsum crystals and the 

transitions of the calcium sulphate phases when investigating the properties of 

gypsum cemented sandstone at the micro-scale and when considering the 

geomechanical applications of gypsum cemented sandstone e.g. at depth or in lower 

latitude environments, where temperatures are elevated. 

 

The literature surrounding calcium sulphate phases is large and it combines 

fundamental properties (i.e. crystal structure and growth rate) with more applied 

studies, but which are predominantly focused on the construction and biomedical 

fields. Construction, in this context, relates to the production of plaster of Paris or the 

addition of gypsum to Portland cement to prevent flash setting. However, there are 

limited studies which focus on the comparison of the hydration and dehydration of 

calcium sulphate over industrial calcination temperatures (120 - 180°C) or gypsum 

crystal growth from bassanite dissolution, which is the mechanism used in this work 

to form synthetic sandstones.  

By applying an integrated, quantitative approach, this chapter aims to improve the 

understanding of calcium sulphate kinetics during dehydration and subsequent 

hydration through the application of Thermogravimetric analysis/ Differential 

scanning calorimetry (TGA/DSC), synchrotron x-ray diffraction (XRD) and 

petrographical studies. This chapter shows the co-existence of calcium sulphate 

phases during the dehydration of gypsum and quantitatively demonstrates that 

dehydrating calcium sulphate to a given calcining temperature will affect the gypsum 

crystal form and growth rate. The implication is that calcining will affect setting 

times, and ultimately, mechanical properties. 
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6.2 Review of calcium sulphate literature 

Calcium sulphate minerals are widely studied and used across industry, medicine, 

materials science and geosciences. However, the fundamental calcium sulphate 

mineral transitions remain poorly understood. Early research focused on measuring 

solubility to identify the three main phases of calcium sulphate, largely before X-ray 

diffraction was an established laboratory technique (Partridge and White 1929; Hill 

1937; Bock 1961).  Subsequent research has tried to identify the sequence of calcium 

sulphate phase formation, the presence of intermediate bassanite forms and the 

temperature of bassanite and γ-anhydrite transition during dehydration (Putnis et al. 

1990; Bezou et al. 1995; Strydom et al. 1995; Chang et al. 1999; Vaniman et al. 

2008; Ballirano and Melis 2009; Jacques et al. 2009; Weiss and Bräu 2009; Berthold 

et al. 2011; Lou et al. 2011). Meanwhile studies on the hydration of calcium sulphate 

forms have focussed on the precipitation pathway of gypsum as it is formed from the 

hydration of bassanite (Jones, 2012; Saha et al. 2012; Van Driessche et al. 2012; 

Wang et al. 2012; Stawski et al. 2016) but none of these studies have worked with 

pre-produced bassanite crystals as the initial material.  

Calcium sulphate can occur in three mineral phases; dihydrate (gypsum), 

hemihydrate (bassanite) and the anhydrous phase (anhydrite). Each phase is 

chemically defined by the number of moles of water present in its chemical structure 

and can be formed either in the laboratory or the natural environment (Wirsching 

2000). As calcium sulphate minerals undergo hydration or dehydration, they can 

transform from one mineral phase to the next.  In nature, calcium sulphate deposits 

form as a result of sea water precipitation and is of interest to geologists as they can 

be used as a paleothermometer.  Natural gypsum can be calcined for the manufacture 

of Plaster of Paris in the construction industry and medical industries to make 

plasterboard and casts, respectively.  When plaster of Paris powder is hydrated it re-

precipitates as gypsum. As it does so it hardens and can be used for casts or moulds.   

This work presents multi-scale analysis of the dehydration and subsequent hydration 

of calcium sulphate powder. In doing so it identifies coexisting hydrate phases and 

shows for the first time the effect of calcining temperatures on gypsum crystal 
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formation. The results highlight the importance of choosing the best gypsum 

calcining temperature for the industrial or medical application required. 

6.2.1 Calcium Sulphate Mineralogy and Formation 

Gypsum (CaSO4.2H2O) is the stable form of calcium sulphate at room temperature, it 

has a monoclinic crystal structure and can be found in four crystal habits; alabaster, 

massive, satin spar and selenite (Harrison 2012). Gypsum has also, albeit rarely, been 

identified as forming spherulites (Shtukenberg et al. 2012) or stellates (Rendel et al. 

2018). 

Gypsum remains thermodynamically stable up to ~42°C, has a solubility of 

0.24g/100ml at 20°C and can form by the hydration of bassanite or indirectly by the 

hydration of anhydrite but in both cases hydration is via the solution phase 

(Wirsching 2000).  

Bassanite, or hemihydrate is formed from the dehydration of gypsum (transforming 

from solid gypsum or via gypsum precipitation in an aqueous solution) or re-

hydration of anhydrite and it has a solubility of 0.65g/100ml at 20°C. It forms in two 

thermodynamically different morphological states α-bassanite and β-bassanite 

(Kelley et al. 1941).  β-bassanite is produced by dry heating gypsum from 45- 200°C 

(Wirsching 2000; Singh and Middendorf 2007; Christensen et al. 2008; Hildyard et 

al. 2011) e.g. in an oven or in a vacuum(Hildyard et al. 2011) and is assumed to be 

the product formed here.   

Anhydrite is formed when all the water of hydration is removed. The forms of 

anhydrite are: hexagonal γ-anhydrite (γ-anhydrite or anhydrite III); orthorhombic 

anhydrite (β-anhydrite or anhydrite II); and a high temperature anhydrite (α-anhydrite 

or anhydrite I) which is stable above ~1214°C (Newman 1941; Freyer and Voigt 

2003).   

6.2.2 Calcium Sulphate in the construction industry 

Gypsum is a common construction material which has been used since the 17th 

century (Hernigou 2016).  It is used in the construction industry to manufacture 

plasterboards, partition panels, ceiling tiles and fibre boards due to its fire-retardant 

properties (Wirsching 2000) and is commonly known as Plaster of Paris or stucco. 
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Plaster of Paris is formed by dehydrating (or ‘calcining’) gypsum, heating it to 

between 100-180°C to form bassanite (Wirsching 2000; Weiss and Bräu 2009; 

Tydlitát et al. 2011). The recommended temperature which gypsum should be heated 

to form Plaster of Paris varies depending on purpose the plaster is used for, the type 

of gypsum used (e.g. is it natural or synthetically produced), operators’ production 

guidelines and what is most economically viable for the operator (Cunningham et al. 

1952). For use as plasterboard, the plaster of Paris is hydrated by mixing the powder 

with water (and other additives), reversing the dehydration process to form gypsum 

crystals. Additives such as citric acids and phosphonates are added during bassanite 

hydration to slow down the gypsum precipitation rate and limit growth on the (111) 

crystal faces (McCartney and Alexander 1958; Tadros and Mayes 1979; Lioliou et al. 

2006). The strength of Plaster of Paris is dependent on the temperature and humidity 

at which it is set, the time left to set undisturbed and the crystal strength. As plaster 

of Paris paste is setting it forms a network of interconnected gypsum crystals with 

inter-crystalline porosity.  Research into plaster of Paris formation has primarily 

focused on the most efficient methods to form synthetic bassanite. Packter (1974)  

and Amathieu and Boistelle (1988) previously studied the size and number of 

gypsum crystals. Finot et al. (1999) studied the adhesiveness of gypsum faces to each 

other and their impact as the gluing agent in plaster. They discovered that gypsum 

crystals preferentially adhere by van der Waals forces and ionic correlation forces on 

the (-101) and (120) faces respectively. For plaster formation, crystal size, growth 

rate, crystal grouping, gypsum purity, moisture content and the use of additives, all 

play an important role in determining the final plaster properties, such as 

compressive strength. However, few studies since Cunningham et al. 1952 image the 

growth of gypsum crystals (Lewry and Williamson 1994; Dumazer et al. 2009; Saha 

et al. 2012; Adrien et al. 2016) and analyse what the implications are for the 

calcining temperature to form plaster of Paris. 

Lewry and Williamson (1994) characterises α- and β- forms of basanite. Dumazer et 

al. (2009) models the parameters which affect the gypsum morphology and gypsum 

growth dynamics during gypsum formation from a suspension of basanite grains in 

aqueous solution. Saha et al. (2012) images the formation of acicular gypsum from a 

supersaturated solution of basanite by using time-resolved cryogenic transmission 
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electron microscopy. Adrien et al. (2016) uses X-ray computed tomography (X-CT) 

to image the dissolution of basanite and formation of gypsum in 3D. 

6.2.3 Dehydration pathway  

The gypsum - bassanite – anhydrite dehydration reactions are: 

CaSO4.2H2O (s) <-> CaSO4.0.5H2O (s) + 1.5H2O (v)   (1) 

CaSO4.0.5H2O (s) <-> CaSO4 (s) + 0.5H2O (v)   (2) 

When water is added to bassanite, it dissolves and precipitates as gypsum. This is the 

reaction which takes place as plaster of Paris sets. The exothermic reaction which 

takes place when bassanite reacts with water is: 

CaSO4.0.5H2O + 1.5H2O -> CaSO4.2H2O (+ heat)  (3) 

Reported transition temperatures for the calcium sulphate system are not consistent 

between published studies in the literature (Singh and Middendorf 2007; Jacques et 

al. 2009; Gazdič et al. 2013). A range of variables impact the final product formed by 

dehydrating gypsum, such as humidity, pressure and time in the kiln. For example, 

an opensample environment produces different results from a sealed sample 

environment (Table 6.1). 

 

During industrial processes, focus is put on the setting time of plaster of Paris. The 

setting time is controlled by three variables; these are the solubility of bassanite, the 

number of nuclei that form and the rate of crystal growth.  

Table 6.1: Jacques et al. (2009) uses a standard heating rate of (10K/min) shows 

how the temperatures transition (°C) during the dehydration of gypsum is affected 

by different sample environments (e.g. sealed, not sealed). Here the sealed 

environment increases the transition temperatures. Table from Jacques et al. 

(2009) 
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There are three outstanding research questions over the calcium sulphate dehydration 

pathway. Firstly, it is not yet clear if there is a direct precipitation pathway from 

gypsum to γ-anhydrite (Sarma et al. 1998; Carbone et al. 2008) or a multistage 

pathway which transitions from gypsum to bassanite to γ-anhydrite (Abriel et al. 

1990; Chang et al. 1999; Ballirano and Melis 2009). Prasad (2005) showed that γ-

anhydrite can form during gypsum dehydration. Most recently Lou et al. (2011) have 

proven that the pathway taken during dehydration is dependent upon temperature and 

relative humidity. Furthermore, Lou et al. (2011) suggests that if gypsum is 

dehydrated in a humid environment all three phases of calcium sulphate may be 

present at a given state temperature. Therefore, before the gypsum to bassanite 

transformation is complete the transformation of bassanite to soluble anhydrite can 

begin. It is worthwhile noting that as relative humidity is increased there is a 

decrease in the rate of dehydration (Robertson and Bish 2007). 

Secondly, there is uncertainty over the temperature at which the bassanite to γ-

anhydrite phase transition occurs (Jacques et al. 2009; Berthold et al. 2011) or even if 

it occurs at all (Berthold et al, 2011), which is investigated in this chapter.  

Finally, there remains a question over the presence of intermediate bassanite forms, 

known as sub-hydrates, during dehydration of gypsum (Putnis et al. 1990; Bezou et 

al. 1995; Strydom et al. 1995; Vaniman et al. 2008; Weiss and Bräu 2009). Across 

the majority of studies, the transformation between the calcium sulphate forms is 

described as a one-stage transition, with no intermediate forms (when CaSO4.xH2O, 

x ≠0.5) present. Putnis et al. (1990) state there is no evidence for intermediates states 

of bassanite and more recently Weiss & Brau (2009) state that a bassanite with 

composition CaSO4.xH2O where x=>0.5 is unlikely to exist. However, the presence 

of intermediate bassanite (x= >0.5) forms have been identified by Abriel (1983), 

Bushuev et al. (1983), Bezou et al. (1995) and Vaniman et al. (2008). Both studies by 

Abriel (1983) and Bushuev et al. (1983) are criticised by Lager et al. (1984) who 

states that the bassanite structure does not support the additional water content (when 

CaSO4.xH2O, x = 0.8 and 0.67 respectively). While a later synchrotron XRD and 

neutron powder diffraction study by Bezou et al. (1995) describe the presence of a 

sub-hydrate with x = 0.6.  
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6.2.4 Hydration pathways 

Several kinetic models have been proposed to describe the formation of gypsum 

crystals from hydrated basanite (Figure 6.1). These models are either based on 

nucleation-controlled crystal growth fitted with the Avrami equation (Hand 1994), 

the crystal’s solubility (Schiller 1962) or the rate of hydration (Ridge 1964). Despite 

the Avrami equation being the best overall fit, none of the models fit gypsum crystal 

growth completely and do not take into consideration the dissolution of the starting 

mineral phase (in this case, bassanite) or the effect that dissolution rate has on 

limiting gypsum crystal growth rate (Singh and Middendorf 2007). 

 

More recently simulation models have been used to analyse gypsum crystal growth 

and its implications for plaster of Paris on both the micro and mesoscale (Dumazer et 

al. 2009; Joiret et al. 2014). Dumazer et al. (2009) find as the number of nuclei 

present per bassanite grain increase, the slower the induction time and as a result the 

smaller the needle length. Whereas Joiret et al. (2014) developed a Monte Carlo 

simulation model for the kinetics of gypsum crystal growth which enables predictive 

modelling of additives to plaster of Paris.  

The most recent research investigates the precipitation pathway of gypsum crystals at 

the nanoscale. Here focus is on the initial stages of crystal growth to understand the 

pathway of gypsum crystal formation. Van Driessche et al. (2012) and Singh & 

Middendorf (2007) describe the precipitation of gypsum from solution to occur via 

nano-bassanite. Meanwhile Saha et al. (2012) and Wang et al. (2012) describe the 

growth of gypsum as a multistep pathway via an amorphous phase and bassanite. 

A B 

Figure 6.1: Formation of gypsum crystals from hydrated basanite. A) Optical 

microscope image of 140°C bassanite. B) Gypsum growth from hydrated 

140°C bassanite. Same scale for both images. 
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Recently a synchrotron scattering experiment study by Stawski et al. (2016) indicates 

a four stage gypsum nucleation and growth pathway which begins after only 30 

seconds from a super saturated gypsum solution. The four stages are: stage 1 sees the 

formation of primary species (<3 nm in size); stage 2 shows the primary species 

grouping together and beginning to show similar alignment; in stage 3 the species 

begin to join together; and stage 4 is when the aggregates of primary species grow.  

To the best of my knowledge there are no studies that consider the impact of 

calcination temperature on the growth of gypsum crystals. 

6.3 Characterisation of materials/Experimental methods 

6.3.1 Sample preparation 

β-bassanite was prepared by heating gypsum powder overnight at five different 

bassanite forming temperatures (120, 140, 160,180 and 200°C). Using powdered 

samples achieves more complete, faster transformations due to the small particle 

size/greater surface area. Furthermore, powders are most commonly used in 

industrial and medical applications. By dry heating the samples bassanite phase 

formation is restricted to β-bassanite. Calcined samples were used to imitate the 

conditions under which calcination takes place, thereby investigating the impact of 

calcination temperature (hydration state) on the formation of gypsum crystals (Figure 

6.1).  

6.3.2 Thermogravimetric analysis/ Differential scanning calorimetry (TGA/ 

DSC)  

TGA/DSC analysis was carried out on certified grade gypsum powder (99% Fisher 

Scientific) using the NETSZCH STA 449 F1 Jupiter® over the temperature range of 

25-500°C in a nitrogen atmosphere. A platinum pan of diameter 6.8mm and a 1mm 

hole was used. The dehydration behaviour of gypsum, heated at a rate of 0.1, 0.5, 1, 

5, 10, 15, 20°C min-1 with a gas flow of 20 mL min-1 is displayed in Figure 6.7.  

Sample masses used were 22.0-26.1 mg. TGA/ DSC was used to measure the in-situ 

water lost as gypsum undergoes direct heating. TGA can be used to identify the solid 

phase and their variation in composition as temperature is increased. 



Chapter 6 - Calcium sulphate phases 

146 
 

Heating rate has a significant effect on dehydration kinetics and so heating rates 

varying from 0.1 – 20°C per minute were chosen for investigation.  

6.3.3 Synchrotron XRD analysis 

Synchrotron XRD data was used to study the impact of pre-heat temperature on the 

crystal structure. In-situ XRD measurements were carried out over two sessions at 

the UK synchrotron Diamond Light Source, using a 2D monochromatic high-energy 

beam (54.715 keV keV and λ=0.2266 Å (session 1) or 0.23345Å and 53.111 keV 

(session 2) on the Joint Engineering, Environmental and Processing (I12-JEEP) 

beamline. The X-ray beam size was 0.3 x 0.3 mm2. X-ray diffraction images were 

collected in transmission geometry with a large area 2D detector (Pixium RF4343; 

Thales). The exposure time for collection of a single diffraction image was 240 

seconds. The precise energy calibration was determined by measuring a CeO2 

standard (NIST Standard Reference Material674b) at five standard-to-detector 

distances with the relative difference of 100 mm between two detector positions 

following the approach 135 of Hart et al. (2013). A standard sample was then 

measured again to calibrate the absolute sample-to-detector distance, the 

orthogonality of the detector with respect to the incoming beam, and the position of 

the beam centre on the detector. 2D patterns were radially integrated in Q-space to 

obtain intensity curves, I(Q), using DAWN software. A gypsum standard was run at 

room temperature plus four gypsum samples which had been calcined to 40°C, 

105°C, 200°C and 500°C respectively for 16 hours each (session 1) and 40°C, 

105°C, 200°C, 300°C, 400°C, and 500°C (session 2). Samples were contained in 0.5 

mm diameter capillaries and sealed. XRD pattern analysis and Rietveld refinement 

was carried out using TOPAS (Bruker 2009) by Dr. Andrea Hamilton and Dr. Pieter 

Bots. Crystallographic information files used in the refinement are given in Table 

6.2.  
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Table 6.2: Crystallographic information files used in the analysis and Rietveld 

refinement of the gypsum XRD results. 

 

Phase ICSD 

reference 

ICSD cell parameters 

Gypsum 15982 C2/c; a=10.47Å, b=15.15Å, 

c=6.5Å, β=151.55, Z=4 

Hemihydrate (bassanite) 92947 I2; a=12.0317Å, b=6.9272Å, 

c=12.6711Å, β=90.27, Z=12. 

γ-Anhydrite 86316 P6222; a=b=6.998Å, c=6.3303Å, 

Z=3 

Anhydrite 16382 Amma; a=7.006Å, b=6.998Å, 

c=6.245Å, z=4 

 

6.3.4 Crystal growth analysis 

The stages of gypsum crystal growth from hydrated β-bassanite were observed using 

image analysis of optical photomicrographs. 

Early stage β-bassanite hydration studies were carried out using a Nikon Eclipse 

LV100ND optical microscope and DS-Ri2 camera to explore the industrial 

calcinating temperatures.  

To image the calcium sulphate hydration reaction at room temperature 4x10-4 g of β-

bassanite powder was distributed and taped to a glass slide. Once fixed in place 10μl 

of deionised water was added to the slide to create a saturated solution. Each of the 

microscope images were maintained at the same magnification to allow for accurate 

area analysis. No grain size analysis was carried out as optical resolution prohibits 

effective quantification of crystal growth in 3D. The focus of this study is the growth 

of gypsum crystals and for simplicity the dissolution of bassanite is ignored. A 

micrograph of the gypsum crystals during growth was taken every 2 minutes, over a 

period of 1 hour.  
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Images stopped being taken at 60 minutes as at that time the growth of gypsum had 

significantly decreased and the visible change in crystal shape/size was limited. 

Crystal growth was measured across the length of individual crystallites along the 

long axis and the total area of crystals using ImageJ. 

a) Length 

The length of 50 gypsum crystals per micrograph was measured using Nikon 

software (NIS Elements BR Version 4.5) and the mean crystal length for each 

microscope image was calculated. 

b) Area 

In order to characterise both the changes in length and width of the gypsum 

crystals, the area of crystal growth was calculated using a three-step process.  

Crystal length 

15 μm 

Crystal area 

15 μm 

a 

b 
c 

Figure 6.2: Gypsum calcinated at 160°C to form β-bassanite and 

subsequently hydrated to show gypsum needle growth.  (a) Original 

micrograph with selection of 1000 x1000 pixel area. (b) Zoomed grey-scale 

image. (c) Binary black and white image of the gypsum crystal is used to 

calculate the crystal growth over time as a percentage. The black pixels 

occupy 39.7% of the total image area. 
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From each microscope section a smaller area of 1000 x 1000 pixels was used 

to analyse the area of gypsum crystal growth over time (Figure 6.2).  

Due to both reflected light and shadow effects on the microscope slides 

standard filtering and thresholding of grey-values in ImageJ was not possible. 

All images were loaded and edited into binary images using the graphic 

editing software Inkscape. Here black pixels represent the newly grown 

crystals and the white pixels represent the background/pore space. The new 

binary image was compared with the original image to ensure there were no 

artefacts present as a result of the processing technique. The black pixels 

were counted and the percentage of black to white pixels (total crystal area) 

was calculated using ImageJ.  

6.4 Results and discussion  

6.4.1 The dehydration of calcium sulphate 

The starting material used for session 1 was regent grade gypsum (Sigma Aldrich, 

Fisher Scientific) but it was observed after session 1 that the gypsum used contained 

13% bassanite, as analysed from the XRD patterns. New gypsum was purchased 

(Fisher Scientific), XRD analysis confirms it contained 2 wt% bassanite and this was 

used for session 2 samples.   

Low temperature samples: no pre-heating and 40°C: 

Enough bassanite was present in the session 1 samples to allow both phases to be 

refined, the quantity of bassanite is 13 wt% (no heating) and 19 wt% (40°C) but 

analysis was carried out on separate samples which could reflect variation in the 

source gypsum.  Refinement shows the unit cell volume is reduced from 1058.8512 

Å3 to 1057.8524 Å3 (0.09 %) in the 40°C sample compared to the unheated one and 

the main change in cell parameters is the c-axis reduction in the heated sample. The 

structure of bassanite has channels where water molecules are located which is 

situated along the c-axis (Figure 6.3). Water can be removed from these channels 

without significant structural re-ordering.  It is possible that the observed reduction in 

bassanite cell volume and c-axis is a real effect from heating and if so, it would be 

the first-time water loss from gentle heating has been reported. Considering gypsum, 

the variation in unit cell between the two samples is significantly less than bassanite. 
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A slight increase in cell volume by 0.003% (494.722 Å3 at room temperature to 

494.738 Å3 at 40°C) is observed but this is 30 times less than alteration to the 

bassanite cell, which suggests the effect is real, although the conclusion is tentative.  

The second session samples, made from a new bottle of gypsum, have very little 

bassanite (c. 2 wt%) in both samples, and the quantity is too small to accurately 

refine the bassanite structure. Gypsum cell volume increases between the unheated 

and heated sample, as before, this time by 0.05%.  

Heating to 105°C: 

In both samples (sessions 1 and 2) heated to 105°C, no gypsum is present (Figure’s 

6.4 and 6.5). This is in line with the literature and TGA/DSC results, which show that 

gypsum converts to bassanite at 94°C at the lowest heating rate used (0.1 K/min). 

After conversion to bassanite, γ-anhydrite can start to form straight away (Jacques et 

al., 2009). Berthold et al. (2011) report they are unconvinced that γ-anhdyrite forms 

at all. Their explanation is that bassanite loses water from the zeolite-like channels 

along the c-axis but without undergoing structural re-arrangement from monoclinic 

to hexagonal (ICSD 86316, γ-anhydrite). Both Jacques et al. (2009) and Berthold et 

al. (2011) used in situ XRD with the same heating rate (10K/min) and the similar 

data collection rates but Jacques et al. (2009) used synchrotron XRD and more 

sophisticated crystallographic analyses. Uncertainty over the existence of γ-anhdyrite 

arises from the similarity of the powder patterns for both phases and its instability at 

ambient conditions. Jacques et al. (2009) show that the bassanite unit cell expands on 

heating, but oxygen atoms linked to water in the channels reduce occupancy at c. 

235°C showing water loss from bassanite without structural re-arrangement. They 

see structural re-arrangement occur at c. 252°C when the unit cell volume jumps up 

(but c-axis length sharply reduces) due to water loss from bassanite and then re-

organisation into the higher symmetry hexagonal cell. The samples presented here 

were heated differently to both Jacques et al. (2009) and Berthold et al. (2011): 

isothermally for 16 hours and then cooled in a desiccator. Therefore, the transition 

temperatures would not be expected to be the same as those presented by Jacques et 

al. (2009) and Berthold et al. (2011). The patterns were refined as either a) gypsum, 

b) bassanite, c) γ-anhydrite, d) bassanite + γ-anhydrite, e) bassanite + β-anhydrite, f) 
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γ -anhydrite + β-anhydrite or g) β-anhydrite with Rwp (goodness of fit) values used 

to choose the most appropriate scenario. Results are presented in Table 6.3. From 

visual inspection of Figure 6.5, highlighted as the region where the two phases, 

bassanite and γ-anhydrite, show the clearest divergence from each other, the samples 

appear to be bassanite. Refinement (Table 6.3) of the session 1 sample produces the 

best Rwp for 100% bassanite while the refinement for the session 2 sample produces 

the best Rwp for a mix of bassanite (77%) and γ-anhydrite (23%). The reflections for 

the session 2 sample are slightly shifted towards the γ-anhydrite positions, which is 

possibly why refining the pattern with both phases produces a better goodness of fit 

(Rwp=2.74 compared to 4.25). A tentative alternative is that the sample is slightly 

dehydrated bassanite.  

Heating to 200°C 

For both samples (session 1 and session 2) the best fit is to bassanite only although 

bassanite + γ-anhydrite also produces a good Rwp value for the first session sample, 

but the calculated quantity of γ-anhydrite is very low (3.4% with 96.6% bassanite). 

In both cases, the 200°C sample shows continual ‘shift’ of the highlighted reflections 

(Figure 6.6) towards the γ-anhydrite but without transforming into γ-anhydrite, as all 

patterns for either session at 105°C and 200°C cannot be refined as pure γ-anhydrite.  

Heating to 300°C: 

Only one sample was heated to 300°C (session 2). The sample contained β-anhydrite 

and was refined as β-anhydrite + bassanite or β-anhydrite+ γ-anhydrite. The lowest 

Rwp was achieved by refining as β-anhydrite (71%) and bassanite (29%).  

 

Heating to 400°C and 500°C: 

The sample is pure β-anhydrite for both samples analysed.  

Both samples were heated for 16 hours in an open (unhydrated) atmosphere, cooled 

in a desiccator and sealed in glass capillary tubes prior to analysis. It’s clear that 

under these conditions, gypsum does not reform and the sample remains bassanite or 
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bassanite and β-anhydrite, depending on calcining temperature. There is some 

indication that γ-anhydrite remained in the room temperature sample (105°C, session 

2 sample) and while γ-anhydrite is unstable at room temperature in the presence of 

moisture, as it quickly converts to bassanite, the samples were cooled over desiccant. 

No sample was purely γ-anhydrite and it is possible that the 105°C sample was 

slightly dehydrated bassanite rather than γ-anhydrite.  

Table 6.3: Rietveld refinement results using TOPAS. Where the Rwp values were 

very similar, the simplest solution was chosen (highlighted in bold). 

Sample  Gypsum Bassanite 

Bassanite 

+ γ- 
anhydrite 

γ-anhydrite 

Bassanite 

+ β-

anhydrite 

γ -

anhydrite 

+ β-

anhydrite 

β-

anhydrite 

Unheated 

(session 1) 

a 10.4903 12.0185           

b 15.1999 6.9354           

c 6.5228 12.7033           

β 157.5974 90.1476           

V 494.7220 1058.8512           

Rwp 9.459           

Unheated 

(session 2) 

a 10.4949 12.0211           

b 15.2063 6.9147           

c 6.5255 12.6964           

β 151.5936 90.1828           

V 495.4172 1053.6793           

Rwp 6.672           

40°C 

(session 1) 

a 10.4909 12.0267           

b 15.1991 6.9343           

c 6.5231 12.6846           

β 151.598 90.188           

V 494.738 1057.8524           

Rwp 9.102           

40°C 

(session 2) 

a 10.4997 11.9834           

b 15.2073 6.9528           

c 6.527 12.65734           

β 151.6053 90.2553           

V 95.6782 1054.5783           

Rwp 7.93           

105°C 

(session 1) 

a   12.037 12.0368 Refinement 

poor 

      

b   6.9343 0.9341       

c   12.6666 12.6663       
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β   90.2679 90.2682       

V   1057.2489 1057.1732       

Rwp   4.089 4.082 10.763       

105°C 

(session 2) 

a   12.0728 12.6543 Refinement 
poor 

      

b   0.9265 6.9273       

c   12.6456 12.6417       

β   90.1508 90.1255       

V   1057.4471 1055.628       

Rwp   4.254 2.738 8.159       

200°C 

(session 1) 

a   12.0686 12.6706 Refinement 

poor 

      

b   6.9306 6.9308       

c   12.644 12.6453       

β   90.1142 90.1028       

V   1057.5767 1057.8887       

Rwp   4.883 4.653 8.737       

200°C 

(session 2) 

a   12.0499 12.0503 Refinement 

poor 

      

b   6.9321 6.9318       

c   12.6834 12.6833       

β   90.2481 90.2439       

V   1059.446 1059.4252       

Rwp   3.922 3.12 28       

300°C 

(session 2) 

a         12.1017 7.0006   

b         6.9349 6.9922   

c         12.6170 6.2554   

β         90.295     

V         1058.8605 306.2   

Rwp         2.546 3.84   

400°C 

(session 2) 

a             6.9996 

b             6.9918 

c   `         6.2437 

V             305.5657 

Rwp             2.654 

500°C 

(session 2) 

a             6.9998 

b             6.9924 

c             6.2441 

V             305.6205 

Rwp             2.685 
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Figure 6.3: Bassanite displaying channel structure. From Berthold et al. (2011). 
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Figure 6.4: Synchrotron XRD pattern of gypsum heated to 105°C. Top pattern 

is from the second session, bottom pattern is from the first session. Bassanite 

(ICSD collection code 92947) reflection positions are marked in red. 
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Figure 6.5: A magnified version of Figure 6.4, showing γ-anhydrite (ICSD 

collection code 86316) reflection positions marked in green. 
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6.4.1.1 TGA 

The bassanite temperature of formation varies with heating rate (Figure 6.7), as one 

would generally expect, but the temperature of formation doubles over the heating 

rate range explored: 0.1 – 20 K/min as shown in Table 6.4. Jacques et al (2009) and 

Lou et al. (2011) both show using TGA (Lou et al. 2011) and XRD (Jacques et al. 

2009), that water vapour pressure affects the transition temperature. Here a pin hole 

lid is used to produce an autogenous PH2O which is similar to the sealed tube with 

excess moisture used by Jacques et al. (2009), who see gypsum-bassanite transition 

at 162.5°C (heating rate = 10K/min) and matches well with the value presented here 

for 10K/min. As shown in Figure 6.8, the expected mass loss for bassanite formation 

(dashed horizontal line at fractional mass=0.843) is reached but the subsequent mass 

loss for complete dehydration to anhydrite is not reached within the temperature 
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o
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Figure 6.6: XRD pattern of calcium sulphate samples from session 1. Black is 

105°C, red is 200°C, blue stickplot is bassanite, green is gamma-anhydrite. It’s clear 

that the 200°C sample is shifted towards the gamma anhydrite reflections compared 

to the 105°C samples. 
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range explored (up to 500°C) which was chosen in line with the synchrotron XRD 

data. Compared with other studies of gypsum dehydration under autogenous 

conditions (sealed crucible with a pin hole lid), it is unusual that full dehydration is 

not reached and worthy of further study. One explanation is that as the vapour 

pressure of water is increased, the bassanite structure is stabilised to higher 

temperatures and variations might be present between publications using different 

sealed crucibles. A set of three experiments was carried out at 5K/min to test 

instrument reproducibility.  

 

Table 6.4: TGA gypsum- bassanite transition temperatures with heating rate. 

 

Heating rate (K/min) Temperature of bassanite formation 

(°C) 

0.1 94 

0.5 114 

5 149 

10 162 

20 180 
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Figure 6.7: Thermogravimetric analysis of gypsum powder. A-C) Gypsum 

TGA (A), DSC (B) and DTA (C) results when heated from ambient temperature 

to 500°C at 0.1, 0.5, 1, 5, 10, 15, 20°C/min. Legend values are all in °C/min. E-

F) Gypsum TGA (D), DSC (E) and DTA (F) curves for gypsum heated from 

ambient temperature to 500°C at 5°C/min with repeats. All tests were run in a 

nitrogen atmosphere with a purge rate of 50 mL/min. At heating rates of 0.1-

10°C/min DTA results highlight the two stages of gypsum dehydration by the 

double peak. However, heating rates of 15 and 20°C/min show a single peak 

thus ‘skip’ over the second peak. The double peak can be interpreted as the two 

stages of gypsum dehydration (Equations 1 & 2).  

A 

B 

C 

D 

E 

F 
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Dehydration began at 60°C and continued until approximately 130°C where there 

was a sharp 14% mass decrease until 175C. At the end of the experiment a total 

mass loss of 18.7% ± 0.5% is observed. This is equivalent to losing 89% of 

molecular water, which leaves 11% molecular water, again showing complete 

dehydration was not reached.  

The reaction enthalpy for the dehydration of gypsum to bassanite was between 372-

400 J g-1. Dehydration reaches completion between 105-200°C. A mass loss of 0.2% 

is observed between room temperature and 95°C, and a total mass loss of 15-16% 

between 95-170°C.  

6.4.1.2 DSC 

Lou et al. (2011) show that using a sealed crucible produces a double decomposition 

peak which corresponds to the dehydration of gypsum to bassanite and bassanite to 

γ-anhydrite while they state a single endothermal peak corresponds to a one step 
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Figure 6.8: TGA analysis where the horizontal dashed lines at 0.8430 and 0.7907 

show the theoretical fractional mass content of bassanite and anhydrite. Under the 

conditions of the experiment, the sample does not fully dehydrate to anhydrite. 
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dehydration of gypsum to γ-anhydrite. A similar feature at higher heating rates can 

be identified (Figure 6.7E) and is mirrored in the DTA results (Figure 6.7F). As the 

peaks overlap, the two dehydration processes are occurring simultaneously, which 

indicates that in a high PH2O pressure environment three main calcium sulphate 

phases (gypsum, bassanite and γ-anhydrite) can co-exist. However, it should be 

noted that thermal techniques cannot distinguish water free bassanite from γ-

anhydrite and therefore the second peak could also correspond to water leaving the 

crystallographic channels of basanite (Figure 6.3). As TGA shows, pure water free 

bassanite (or γ-anhydrite) is not obtained, therefore there is some water still trapped 

within the bassanite channels which is very slowly lost in this autogenous system, 

even at 500°C. At the lower heating rates, it is likely that the 2 endothermal peaks 

overlap more completely and therefore cannot be meaningfully deconvolved.  

6.4.2 The hydration of calcium sulphate: gypsum growth and kinetics 

Spherulite is a term given to radially polycrystalline aggregates with an outer 

spherical envelope (Shtukenberg et al. 2012). Such a form can only result from the 

successive branching of a nucleus. It must be non-crystallographic branching, also 

known as small angle branching and therefore the branches cannot be 

crystallographically related – such as dendritic growth observed in snowflakes or the 

fractal like forms of diffusion limited aggregates. High crystallographic driving force 

is a precondition of spherulitic growth which produces the exaggerated aspect ratio 

(long thin needles). The morphology observed (note, only the ball shaped aggregates) 

is tentatively described as open spherulites, also called spiky spherulites by 

Shtukenberg et al. (2012). The driving force for crystallisation from solution is 

supersaturation: where delta μ is the change in chemical potential, R is the universal 

gas constant (8.314 J K-1mol-1), T is absolute temperature in Kelvin. IAP is the ion 

activity produce and Ksp is the solubility product. For stoichiometric solutions this 

simplifies to concentration (C, molality) divided by the concentration at saturation 

(Ceq, molality). ν is the number of ions in the neutral complex. Shtukenberg et al. 

(2012) say that Δμ/RTν has to be >~0.6 for spherulitic growth to be likely. Using 

solubility values from Krumgalz (2018) for bassanite and gypsum, the calculated 

value of Δμ /RTν is 1.43. Assuming the needles produced are not 

crystallographically related (single crystal diffraction is required to confirm this) then 
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this is one of the few reports of gypsum spherulites. From the microscope and X-CT 

images of the gypsum cemented sandstones in Chapter 7 partial spherulites appear to 

be present around the sand grains. Shtukenberg et al. (2012) say the growth regime is 

defined by the product (see equation 3 below) where D is the diffusion coefficient of 

the ion (9.285x10-10 m2/s) from Samson et al. (2003). δD is the thickness of the 

diffusion boundary layer which is often equal to the radius of the growing crystal 

(average gypsum radius at 60 minutes ranges from 4.34-31.55 µm- see Figure 6.9). β 

is the kinetic coefficient (growth rate). By using a growth rate of 3x10-8 m/s a value 

of 0.01 is achieved (this is a dimensionless value). When the value is less than 1 

then growth is interface controlled. When it is greater than 1 then it is diffusion 

controlled. Therefore, growth of the gypsum crystal is interface controlled.  

 

Equation 1     
∆𝜇

𝑅𝑇
= ln(

𝐼𝐴𝑃

𝐾𝑠𝑝
) 

 

Equation 2    
∆𝜇

𝑅𝑇𝜈
= ln(

𝐶

𝐶𝑒𝑞
) 

 

Equation 3         
𝛽𝛿𝐷

𝐷
 

 

a) Crystal Length 

Gypsum crystal growth is observed in samples calcined at all temperatures (Figures 

6.9 and 6.10). Gypsum crystals grew up to 116.74μm over the period of 60 minutes 

(growth rate of 3x10-8 m/s). Crystal length varied from 0.56 to 63.1μm. Here there 

are two key observations. The first is the greatest crystal length is seen with a 

calcination temperature of 160°C. Secondly, the rate of crystal growth is fastest at a 

calcination temperature of 160°C. For each crystal calcination temperature and time 

period 50 crystal length measurements were carried out. 
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b) Crystal Area 

Figure 6.10 shows the binary images of the growth of gypsum from hydrated 

bassanite with the total crystal areas plotted in Figure 6.11. For each sample three 

A B 

C 

 

D 

 

E 

Figure 6.9: Average crystal lengths for each calcination temperature after set 

time periods (10, 20, 30 mins. etc.). (A) 120° calcination temperature. (B) 140°C 

calcination temperature. (C) 160°C calcination temperature.  (D) 180°C 

calcination temperature. (E) 200°C calcination temperature. The calcination 

temperature which shows the fastest initial growth rate and the longest crystals is 

160°C. For each calcination temperature and time period 50 crystal lengths were 

measured. 
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steps during crystal growth are identified. These are crystal initiation, acceleratory 

period and the completion of hydration. For samples with a greater calcination 

temperature, the time at which gypsum crystal growth initiated was later. For 

samples calcined to 120°C and 140°C the initiation period takes places before the 

first measurement at 2 minutes. In the results only the acceleratory period (120°C = 

2-4 minutes, 140°C = 2-24 minutes) and the completion of hydration (120°C = after 

4 minutes, 140°C = after 24 minutes) can be identified.  For samples calcined to 160, 

180 and 200°C all three stages can be identified (initiations = 0 - 4 mins, 0-12 mins, 

0 - 12 mins respectively); acceleratory period = 4 – 18 mins, 12-40 mins, 12 - 50 

mins respectively; completion of hydration = after 18, 40 and 50 minutes 

respectively). The time for which each of the steps lasts for is dependent on the 

calcination temperature chosen. The sample calcined to 140°C displays the largest 

percentage crystal area of all samples tested (66%), whereas samples with calcination 

temperatures of 160°C, 180°C and 200°C display a final 2D crystal area between 53-

57%. 
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1 

Figure 6.10: Binary images demonstrating how calcination temperatures (120, 140, 160, 180 and 200°C) impacts the rate and size of 

gypsum crystal growth. Image analysis was used to calculate the percentage of black (crystal) and white (background/pore space) 

pixels for each calcination temperature hydrated over a 60-minute period. Each image is 1000 x 1000px in size. 
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6.5 Summary 

The results of this chapter were used to understand gypsum formation from bassanite 

for use in creating synthetic sandstone samples. Results are as follows: 

- Calcium sulphate hydrates coexist during the dehydration of gypsum. This 

was proven using both hard synchrotron XRD and TGA analysis.  

- Detailed image analysis shows that varied calcination temperatures (120-

200°C) directly impact the rate of crystal growth and the size of the gypsum 

crystals which are formed during hydration.  

The research contributes to the expanding work on calcium sulphate system kinetics 

however, in doing so, emphasises the complexities of dehydration and hydration in 

Figure 6.11: For each calcination temperature three steps of gypsum 

crystal growth were identified: initiation, acceleratory period and 

completion of hydration. 
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the calcium sulphate system. Notably the results indicate the importance of choosing 

the best calcination temperature to suit the application.  

Recommendations: 

- Further work should look at the implications of crystal length on the 

mechanical properties of plaster of Paris and how the crystal length can affect 

the choice of additive. 

- Carry out single crystal diffraction to confirm if the gypsum needles produced 

are crystallographically related.   
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Chapter 7  - Making synthetic sandstones 

7.1 Rationale 

There are an increasing number of studies which focus on deformation bands in 

poorly consolidated sandstones (Chapter 2). Shipton et al. (2017) speculate the 

importance of understanding the conditions which lead to the formation of 

deformation bands in shallow subsurface conditions. Understanding deformation in 

natural rocks is complex because of multiple interacting parameters such as 

mineralogy, distribution of cement, composition and grainsize. By using synthetic 

sandstones, the structure of natural sandstones can be imitated, and the system 

simplified by controlling the parameters (e.g. mineralogy, grainsize, grain shape, 

density). 

In this chapter I used two different cementing phases to recreate sandstone in the 

laboratory: gypsum and microbially induced calcite precipitation (MICP). The 

synthetic sandstones are formed in the shape of cylinders and cuboids (Table 7.1). I 

explore the creation of synthetic sandstones of variable strengths using gypsum and 

MICP as cementing agents. Then using microscopy and X-CT analysis I investigate 

the distribution and connectivity of sand grains, cement and pores in these samples.  

In order to fully compare these synthetic sandstones to naturally formed sandstones it 

is important to explore the mechanical properties of the sandstones. The mechanical 

properties of these synthetically cemented sandstones are discussed in Chapter 8. 

Table 7.1: Gypsum and MICP synthetic samples were created in the following 

shapes in preparation for mechanical testing (Chapter 8). 

 

Shape of sample Deformation method 

 

Cylinder 

 

Uniaxial compression strength (UCS) and triaxial testing 

Cuboid Shear box testing 
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7.2 Literature review: synthetic sandstones 

Synthetic sandstones have been previously made using various materials as cement 

to bind the grains together.  

Cement phases have included resin (Almossawi 1988), Portland cement (Acar and 

El‐Tahir 1986; Chang and Woods 1993; Saidi et al. 2005; Asaei and Moosavi 2013), 

epoxy glue (Rathore et al. 1995), lime (Chang and Woods 1993), silica-glass (David 

et al. 1998), sodium silicate solution under pressure (Holt et al. 1993), silica gel 

(Brok et al. 1997), MICP (DeJong et al. 2006; Anbu et al. 2016), calcium carbonate 

(Molenaar and Venmans 1993) and gypsum (Ismail et al. 2002; Mohsin and Airey 

2005; DeJong et al. 2006). 

7.2.1 Gypsum cemented sandstones 

Gypsum cemented sandstones have been created by dry mixing sand and bassanite 

powder together by weight %, compressing it in a cylinder mould, and saturating the 

sample in a triaxial rig or under confining pressure for a period of time (Huang and 

Airey 1991; Ismail et al. 2002; Mohsin and Airey 2005; DeJong et al. 2006). 

Gypsum was chosen as a cement type because of its short curing time (less than 1 

month). Confining pressure is applied during cementation to encourage formation of 

a grain supported matrix. Table 7.2 lists the confining pressures used to form 

synthetic gypsum sandstones in previous studies. 

It should be noted that the starting phase in the work presented in this thesis is 

bassanite, not gypsum (see Chapter 6). It is the dissolution of bassanite that allows 

the less soluble phase, gypsum, to form.  

Table 7.2: Confining pressures used to form synthetic gypsum sandstone 

from previous gypsum studies. 

Study Confining pressure (kPa) 

Huang and Airey (1998) 30 

Ismail et al. (2002) 200-800 

Mohsin and Airey (2005) 300 

DeJong et al. (2006) 100 and 50  
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Ismail et al. (2002) and DeJong et al (2006) use SEM to image the gypsum crystals 

around the sand grains. However, none of the other studies of artificially gypsum 

cemented sandstones have explored the 3D distribution of gypsum cement across the 

sample. It is likely that the gypsum crystals start forming when bassanite dissolves 

(Chapter 6). This could lead to reduced permeability around the water injection area 

or gypsum could accumulate at the base of the sample as the bassanite crystals are 

finer (< 2µm in length when initially forming) than the pores. Ismail et al. (2002) 

note that the gypsum crystals tend to form predominantly along the flat surfaces of 

the sand grain. 

7.2.2 MICP cemented sandstones 

Microbially induced calcite precipitation (MICP) is a microbiological method that 

has previously been studied as an alternative to grout (Whiffin 2004; Mitchell and 

Santamarina 2005), a method to reduce soil erosion (Li et al. 2018), to seal fractures 

in applications such as carbon capture, and nuclear waste storage reservoirs 

(MacLachlan 2017; Minto et al. 2017), and improve slope stability (Salifu et al. 

2016;  Khaleghi and Rowshanzamir 2019) and enhancing oil recovery through 

plugging of pores (Nemati et al. 2005) 

MICP produces calcite by the hydrolysis of urea between grains of sand. MICP is 

used as a sandstone cement in this study because of the short time required to prepare 

the samples (2 weeks), the ease with which the MICP feed can be produced and 

because calcite is often found as a cement in natural sandstones.  

Different types of microorganism that have been previously used in MICP studies 

these include Sporosarcina pasteurii (MacLachlan 2017) and enzyme induced 

carbonate precipitation (EICP) (Hamdan and Kavazanjian 2016). This thesis uses 

Sporosarcina pasteurii bacteria. Calcium carbonate is produced at grain contacts to 

cement the loose sand grains together. The bacteria (Sporosarcina pasteurii) 

hydrolyses urea to produce ammonia (NH4
+) and as a result precipitates calcium 

carbonate (CaCO3) on the bacteria sites. 

 

CO (NH2)2 + 2H20 → 2NH4
+ + CO3

2- 

 

Precipitation of calcium carbonate: 
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Ca2+ + CO3
2- → CaCO3 

 

Previous studies have shown the strength of the MICP cemented sandstone can be 

dependent upon, but is not limited to, the following factors: concentration of urea-

calcium chloride solutions (the feed) (Al Qabany et al. 2012), number of feeds (Yu et 

al 2018), sand grain size (Terzis and Laloui 2018) and environmental conditions 

(Mortensen et al. 2011).  

Studies using MICP to strengthen fine grained soils (DeJong et al. 2006; Whiffin et 

al. 2007; van Paassen et al. 2010) have focussed on using SEM analysis to image the 

growth of the MICP between sand grains. Most recently Terzis and Laloui (2018) 

have used x-ray computed tomography (XCT) to study the distribution, orientation, 

and bonding of MICP with the sand grains. Terzis and Laloui (2018) segmented an 

X-CT scan to identify the grains and cement phases of six MICP cemented samples; 

three fine and three medium grained sands. Although Terzis and Laloui (2018) focus 

on grain size and the length of calcite crystals, their volumetric calcite results can be 

used as a comparison for the synthetic samples made in this chapter (see Section 

7.3.2). In addition, the results of Terzis and Laloui (2018) is used for comparison of 

the mechanical properties of synthetic sandstones in Chapter 8. 

 

7.2.1.1 Feeding cycles 

Different feeding techniques, including single/multipoint/parallel injection (Whiffin 

et al. 2007; Al Qabany et al. 2012; Tobler et al. 2012; Cuthbert et al. 2013; Bernardi 

et al. 2014; El Mountassir et al. 2014; Minto et al. 2016), premixing method (Zhao et 

al. 2014) or percolation under gravity (Cheng and Cord-Ruwisch 2012; Achal et al. 

2015) in saturated or unsaturated sand samples, have been used to implement 

bacterial and CaCO3 solutions across the literature (Mujah et al. 2017). It has been 

suggested that the lower the saturation level (i.e. a lower content of water in the sand 

sample), the more likely calcite will concentrate at inter-particle contact points 

therefore increasing the overall strength of the synthetic sandstone (El Mountassir et 

al. 2018). The preferred feeding technique across the literature is the injection 

method (Mujah et al. 2017). Regardless of feeding technique, it is accepted that as 

the number of feeding cycles is increased the strength of the previously 
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unconsolidated sands increases (Whiffin et al. 2007; van Paassen et al. 2010) and 

with an increased number of feeds a more even distribution of calcite between grains 

can be seen (Minto et al. 2017).  

For this study all MICP feeding cycles were carried out by percolation under gravity. 

Percolation under gravity is the cheapest feeding technique. Cheng and Cord-

Ruwisch (2012) demonstrated flow by means of percolation down the full length of a 

1 m sand column. Percolation is therefore a suitable technique for the experiments in 

this thesis.  

 

7.2.1.2 MICP cement distribution 

MICP calcite has the ability to clog pores between grains, reducing the porosity and 

therefore the permeability of a sandstone. Tobler et al. (2012) demonstrated that sand 

treated with MICP can have up to 90-95% permeability reduction. This can cause 

issue at the feeding end of the sample. As the bacterial solutions are fed into the 

sample the pores become clogged restricting flow of the remaining solution through 

the sample. As a result of the cement distribution, an MICP cement gradient is 

formed, with the majority of cement concentrated around the feeding zone. Gomez et 

al. (2014), calculate calcite content by dissolving calcite with hydrochloric acid and 

then measuring the pressure produced by carbon dioxide gas in a test chamber. 

Gomez et al. (2014) shows that for each of the sample’s the mass of calcite present 

decreases from the injection point across the length (139.7 mm) of the sample 

cylinder by approximately 1.5-5%. The total mass percentage of calcite present at the 

injection point across all the samples produced by Gomez et al. (2014) ranges from 

5.5-10.5%. Distribution of bacteria has been indirectly calculated by measuring 

ammonium concentrations in experiment effluent using a process similar to the 

Nessler method (Harkes et al. 2010). By measuring the calcite content with a U-tube 

manometer Whiffin et al. (2007) shows that in a sample of 5 m in length calcite 

content tends to decrease away from the injection point from approximately 87 to 5 

kg/m3.  

The distribution has been visualised by X-CT studies of 15mm length samples 

(Terzis and Laloui 2018).  Meanwhile, Minto et al. (2017) use X-CT analysis to 
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measure the porosity distribution in a core (50.8 mm in diameter and 100 mm long) 

and miniature core (13.5mm diameter) of a MICP cemented sample.  

7.3 Synthetic sandstone procedure 

7.3.1 Sand 

The sand used in this study was from Alloa quarry, Scotland. It is arkosic in 

composition subrounded-subangular grains with a mean grain length of 118.7µm 

(Figure 7.1). The longest grain axis and the shortest grain axis were measured on 50 

sand grains using the microscope.  

Cylindrical samples were made by tamping damp sand into large cylinders (100mm 

length x 38mm dia.). 

Cuboid samples were made by tamping damp sand into cuboid moulds (60mm length 

x 60mm depth x 30mm height). The cuboid moulds were made from wood wrapped 

in Duct Tape. Both the gypsum and MICP cemented samples were sanded to remove 

any uneven surfaces and fit inside the shear box (59 x 59 x 20 mm). Ideally shear 

box samples are formed in situ in the shear rig. However, due to the volume of 

samples and the length of time to cure (14 days for MICP samples and 28 days for 

gypsum samples) each sample was made externally to the shear box and then fitted 

into place for testing. Cylindrical samples were sanded at both ends to level them off.   
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C 

D 

E 

Figure 7.1: Microscope image in (A) plane polarised light and (B) cross 

polarised light of sand from Alloa Quarry. (C) QFL diagram of sand 

shows it is arkosic in composition. (D) Grain size distribution along the 

longest axis shows the predominant grain length to be 100-120 µm. E) 

Grain size distribution along the shortest axis shows the predominant 

shortest axis to be 60-80µm. 

A 

B 
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7.3.2 Cementation of the synthetic sandstones 

7.3.2.1 Gypsum 

This study builds upon the methodology of DeJong et al. (2006), but uses bassanite 

powder (created by calcining gypsum powder) instead of gypsum powder. The 

method used to make gypsum cemented sandstones in this chapter uses a longer 

curing time, and a higher curing temperature (40°C) than DeJong et al. (2006).  

Gypsum powder was heated in an oven to 105°C for 16 hours to form β-bassanite. 

105°C was selected as the gypsum calcining temperature because the XRD analysis 

in Chapter 6 has shown that all gypsum is converted at 105oC to bassanite without 

formation of beta-anhydrite or significant formation of gamma-anhydrite.    

When β-bassanite is mixed with water it becomes hydrated, dissolves, with a 

solubility in water of 0.30g per 100ml of water at 25°C, and precipitates as gypsum. 

Gypsum remains thermodynamically stable up to ~42°C therefore was stable during 

the curing conditions used (40oC). 

Gypsum can form by the dissolution of bassanite (Wirsching 2000): 

CaSO4.0.5H2O + 1.5H2O → CaSO4.2H2O (+ heat) 

In Chapter 6 it was demonstrated that gypsum crystal growth is visible as early as 

two minutes after bassanite is in contact with water. This gives a limited time frame 

before gypsum crystal growth begins. 

7.3.2.1.1 Gypsum feeding procedure  

Due to the fine nature of the gypsum powder, dry pluviation was not able to be 

carried out.  

To account for this, the respective dry volumes of sand (with initial density of sand 

ranging from 0.98 to 2.15 g/cm3) and β-bassanite were weighed to a constant mass, 

mixed and packed into moulds (cylinders and cuboids). 40 ml of deionised water was 

injected onto the sample surface and allowed to filter through the sample. A mass 

was added to the top of the samples to create a confining pressure of 1.36 kPa 

(cuboid) or 1.38 kPa (cylinder).  The sample was then placed inside the oven at 40°C 

for 28 days until the sample has reached a constant mass. In order to determine the 
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constant mass each sample was taken out of the oven and weighed every day. Figure 

7.2 shows a schematic of the feeding procedure for both the cuboid and cylinder 

samples.  
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Figure 7.2: Schematic of gypsum cemented sandstone sample preparation in cuboid and cylinder moulds. 
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Figure 7.3 shows an example of a finished gypsum cemented sandstone cuboid and 

cylinder. The solid density of the gypsum-cemented sandstones ranged from 1.82 to 

2.63 g/cm3 with calculated porosities ranging from 6.64 to 46.61%.  The measured 

porosities for comparison are given in the following section. The actual mass of 

gypsum produced from the bassanite hydration is shown in Table 7.3 and 7.4. 

The confining pressure used to form these gypsum-cemented sandstones (1.36 kPa 

for the cuboid samples and 1.38 kPa for the cylinder samples) is lower compared 

with the confining pressures used by the studies in which ranged from 30 kPa to 800 

kPa (Table 7.2). 

 

 

 

 

 

 

Figure 7.3: Photographs of gypsum cemented sandstone samples (A) Cuboid 

sample (60mm length x 60mm depth x 20mm height) cured in the oven at 

40°C for 28 days. Sample Gyp20AC (B) Cylinder samples (90mm length x 

38mm diameter) cured in the oven at 40°C for 28 days.  

60mm 

A B 
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Table 7.3: Summary of all cylindrical gypsum cemented sandstones and their 

properties. The percentage of cement and porosity are calculated using the 

crystallographic density of quartz (2.65 g/cm3) and gypsum (2.316g/cm3). These 

samples were tested by uniaxial compression (UCS) and triaxial testing: results 

presented in Chapter 8. 
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1 G10A 15 17.79 84.07 1.82 8.11 30.40 UCS 

2 G10B 15 17.79 94.44 1.62 7.21 38.04 UCS 

3 G10D 15 17.79 77.43 1.97 8.80 24.42 Triaxial 

4 G15A 22.5 26.69 90.32 1.71 11.40 34.14 UCS 

5 G15B 22.5 26.69 92.52 1.67 11.13 35.71 UCS 

6 G15C 22.5 26.69 89.87 1.72 11.46 33.82 Triaxial 

7 G15D 22.5 26.69 88.25 1.75 11.67 32.60 Triaxial 

8 G20A 30 35.58 94.53 1.65 14.63 36.04 UCS 

9 G20B 30 35.58 94.22 1.65 14.68 35.84 UCS 

10 G20C 30 35.58 94.15 1.65 14.69 35.79 Triaxial 

11 G20D 30 35.58 98.59 1.58 14.02 38.68 Triaxial 

12 G20E 30 35.58 100.40 1.55 13.77 39.79 Triaxial 

13 G25A 37.5 44.48 97.22 1.61 17.90 36.81 UCS 

14 G25B 37.5 44.48 96.48 1.63 18.04 36.33 UCS 

15 G25C 37.5 44.48 101.52 1.11 24.08 40.79 Triaxial 

16 G25D 37.5 44.48 96.27 1.17 25.39 35.78 Triaxial 

17 G25E 37.5 44.48 91.71 1.23 26.65 32.59 Triaxial 
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Table 7.4: Summary of all cuboid gypsum cemented sandstones and their properties. The 

percentage of cement and porosity are calculated. The crystallographic density of quartz 

is 2.65 g/cm3. These samples were sheared in the shear box: results presented in Chapter 

8. 

Sample 

group 

replica 

samples 

Initial mass 

of bassanite 

(g) 

Mass of 

gypsum 

formed (g) 

Sample 

volume 

(cm3) 

Bulk 

density 

(g/cm3) 

Cement 

(%) 

Porosity 

(%) 

GS1 6 7.12 57.06 2.12 4.74 19.30 

GS2 6 7.12 57.19 2.12 4.73 19.49 

GS3 6 7.12 60.22 2.01 4.49 23.54 

GS4 12 14.23 58.77 2.08 9.28 20.34 

GS5 12 14.23 54.97 2.22 9.92 14.84 

GS6 12 14.23 51.85 2.36 10.51 9.72 

GS7 12 14.23 55.24 2.21 9.87 15.26 

GS8 12 14.23 50.14 2.44 10.87 6.64 

GS9 28 33.21 86.58 1.68 14.90 34.83 

GS10 28 33.21 82.40 1.76 15.66 31.53 

GS11 28 33.21 91.17 1.59 14.16 38.11 

GS12 28 33.21 88.69 1.64 14.55 36.38 

GS13 28 33.21 88.15 1.65 14.64 35.99 

GS14 28 33.21 94.56 1.54 13.65 40.33 

GS15 35 41.52 90.07 1.63 18.04 36.34 

GS16 35 41.52 97.35 1.51 16.69 41.10 

GS17 35 41.52 107.39 1.36 15.13 46.61 

GS18 35 41.52 99.93 1.47 16.26 42.62 

GS19 35 41.52 92.78 1.58 17.51 38.20 
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GS20 35 41.52 106.85 1.37 15.20 46.34 

GS21 24 28.47 72.90 1.71 15.17 33.66 

GS22 24 28.47 73.96 1.68 14.96 34.60 

GS23 30 35.58 68.43 1.84 20.35 28.18 

GS24 30 35.58 70.25 1.79 19.82 30.05 

GS25 30 35.58 71.12 1.77 19.58 30.90 

GS26 18 21.35 74.86 1.65 11.00 36.43 

GS27 18 21.35 76.53 1.61 10.76 37.82 

GS28 18 21.35 73.49 1.68 11.21 35.25 

GS29 24 28.47 74.61 1.67 14.83 35.18 

 

7.3.2.1.2 Distribution of gypsum cement and porosity 

In this section I investigate the distribution of gypsum cement in the synthetic 

sandstones using microscopy and X-CT analysis.  

The gypsum samples’ cement and pore distributions were studied in 2D using optical 

microscopy (Table 7.3 and 7.4). Thin sections were made from gypsum-cemented 

samples which had 10, 15, 20 and 25% wt% bassanite mixed with the sand. Samples 

with 5 wt% basanite were not thin sectioned due to their friable nature.  

Microscopy shows gypsum crystals coating the quartz grains. In thin section, needle 

shaped crystals and concentrations of gypsum (opaque blobs) can be identified on 

top of and surrounding the grains. Due to the size of the gypsum crystals it can be 

difficult to identify their extent from the sandstone porosity in thin section (Figure 

7.4).  

Four ~4mm3 sub volumes (one from 10%, 15%, 20% and 25% samples) were 

scanned in the X-CT (see Table 7.5 for a list of the scanned samples), segmented by 

phase (grains, cement and porosity). Then the data, rather than the physical sample, 
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was subsampled in cubes of size 1mm3. In 2D X-CT images, the gypsum cement 

needles can also be observed connecting the sand grains (Figure 7.5).  

Initially these samples were segmented using Avizo (a basic intensity thresholding 

system). However, whilst carrying out segmentation of the gypsum cemented 

sandstones using Avizo it was discovered that the cement and pore value analysis did 

not replicate the calculated values (see Table 7.3 and 7.4). I interpreted the reason for 

this to be due to the overlapping grey values between the sand grains and gypsum 

crystals (Figure 7.6). Avizo segmentation is reliant on a contrast between the grey 

values in order to pick out individual phases. When very little contrast is available, or 

the grey values inside the two different phases overlap accurate segmentation cannot 

be carried out. All four of the gypsum cemented sandstone samples were scanned at 

energies of 150 keV. At 150 keV the attenuation values of quartz (sand grains) and 

gypsum are 0.372 and 0.348cm-1 respectively (Figure 7.6). This produces a 

difference in attenuation of 0.024 cm-1. It is clear from the scanned samples that this 

is not enough of a contrast to allow each of the phases to be accurately segmented.  

To try to improve the segmentation of gypsum and grains I tested the same X-CT 

scans with Trainable Weka Segmentation (Weka) (Frank et al. 2016). Weka 

segmentation uses machine learning algorithms to recognise features (e.g. shape, 

roughness and internal porosity) to produce segmented images (Frank et al. 2016).  
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For the purposes of this chapter three classes were determined; grains, cement and 

porosity. I trained the algorithm by selecting individual pixels which belonged to 

each class. For the majority of pixels, the Weka algorithm was able to reliably pick 

out the difference between the gypsum crystals and the quartz grains. 

Figure 7.4: Gypsum cemented (10, 15, 20 and 25 wt % bassanite 

added) sandstone PPL and XPL microscope images. Red scale bar is 

50μm. When viewed in thin section it is difficult to identify porosity.   

Gypsum  

crystals 

Pore 
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crystals 
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The Weka segmentation produced probability maps which demonstrate the 

likelihood that each individual pixel belongs to a particular class. The probability of 

each pixel is displayed in a grey scale, where white is ~100% and black is ~0% 

probable. The probability maps for Gyp 10 are shown in Figure 7.7. The grains 

probability map shows the algorithm is successful in picking out the individual 

grains. The cement probability map shows the algorithm is successful in selecting the 

large gypsum crystals. However, some of the grey pixels that outline the sand grains 

were selected as part of the cement class. From thin section observations, it is 

unlikely that these grey pixels belong to the cement class. Instead it is possible that 

they belong to either the grains or porosity class. Finally, the porosity probability 

map is able to identify the large pores clearly. However, it become less certain of 

pores between gypsum crystals: reflected by the grey probability shades. 

Although Weka segmentation is not perfect (Figure 7.8), for the gypsum-cemented 

sandstones the cement and pore results produced are within error (Figure 7.17) of the 

values calculated based on the chemistry and sample preparation (Table 7.5).   

The error bars in Figure 7.17 are calculated by eroding and dilating each image by 

one pixel (for further details see Chapter 3). Of note here are the cement error bars. 

As with the sandstone samples (Chapter 5) the cement in some areas is one pixel 

wide. Therefore, by eroding or dilating the cement pixels, the volume of cement 

present will either double or be eroded away completely. 

Table 7.5 shows that the difference between the calculated and measured for both the 

percentage of cement and porosity present is 6% or less. This is therefore within the 

range of error shown in Figure 7.17. 
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Table 7.5: Summary of gypsum cemented samples scanned in X-CT for micro analysis. This table allows for a direct comparison 

between the measured (Weka segmentation) and calculated cement and porosity values (from the density and volume of each sample). 

Sample 

name 

Sample 

composition (%) 

Chemistry 

calculated 

cement 

(%) 

Weka 

segmentation 

measured 

cement 

(%) 

Difference in 

cement  

(%) 

Chemistry 

calculated 

porosity 

(%) 

Weka 

segmentation 

measured 

porosity 

(%) 

Difference in 

porosity  

(%) 

10B 10 

 

7.21 

 

13.00 5.79 38.04 36.23 1.81 

15B 15 

 

11.13 

 

11.19 0.06 35.71 32.43 3.28 

20B 20 

 

14.68 

 

18.83 4.15 35.84 30.84 5.00 

25B 25 

 

18.04 

 

22.50 4.46 36.33 32.88 3.46 
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Figure 7.5: 2D X-CT slices of the four gypsum cemented samples. The gypsum 

crystals can be easily identified due to their needle like shape. However, the grey 

values of the gypsum crystals overlap with the grey values of the sand grains. The 

red scale bar equals 125µm. 
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Gypsum crystals Sand 
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Figure 7.6: X-ray linear attenuation coefficient calculated for quartz and gypsum 

using MuCalc (Hanna and Ketcham 2017). The four scanned gypsum cemented 

samples are highlighted. At lower energies (<60 keV) there is a clear separation 

between quartz and gypsum (0.135 cm-1). However, at 150keV the difference 

between the two minerals is reduced to 0.024 cm-1. The greater the difference 

between the attenuation values of two minerals at a given energy, the clearer the 

phase segmentation. The small difference in attenuation between quartz and gypsum 

accounts for the overlapping grey values. 
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Figure 7.7: Weka probability maps for gypsum sample 10B, slice 71. Each box is 1mm2 

in size. A) Compares the classified image to the original and filtered images. B) Shows 

the probability maps for the three identified classes; grains, cement and porosity.  

A 

B 

Figure 7.8: Analysis of WEKA segmentation on sample 10B. Filtered image is 1mm2 in 

size. When sections are magnified overestimations in the cement phases can be 

identified.  
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7.3.2.1.3 Gypsum X-CT Results 

Figures 7.9-7.16 visually demonstrate the relationship between grains, cement and 

porosity for each of the gypsum cemented samples.  Figure 7.17 summarises the 

volume percentage of each phase; grains, cement and porosity, for the four gypsum 

cemented sandstone samples. 

10% sample 

Figure 7.9 shows the 3D segmented phases present in the 1mm3 sub volume from 

sample 10B. The grains (blue) are clearly defined and only a few grain to grain 

contacts can be seen inside the sample. This suggests that the sample is matrix 

supported. Figure 7.10 shows the cement (Fig 7.10A) and porosity (Fig 7.10B) 

connectivity: if the cement pockets or pores are connected, then they are labelled 

with the same colour. Figure 7.10A shows that 98.2% of the cement is connected 

throughout the sample. Any cement volumes which are not connected to the main 

body are less than 0.13 mm3 in volume.  Figure 7.10B shows 99.9% of the pores are 

connected throughout the sample. Any pores which are not connected to the main 

body are less than 0.36 mm3 in volume.  

15% sample 

Figure 7.11 shows the segmented phases in 3D present in the 1mm3 sub volume from 

sample 15B. As with the Sample 10B, sample 15B is matrix supported.  Figure 7.12 

shows the cement (Fig 7.12A) and porosity (Fig 7.12B) connectivity. As before if 

the cement pockets or pores are connected, then they are labelled with the same 

colour. Figure 7.12A shows 97.5% of cement (pale pink colour) is connected 

throughout the sample. Any cement volumes which are not connected to the main 

body are less than 0.041 mm3 in volume. Figure 7.12B shows 99.9% of the pores 

(green) are connected throughout the sample. Any pores which are not connected to 

the main body are less than 0.12 mm3 in volume. 

20% sample 

Figure 7.13 shows the segmented phases in 3D present in the 1mm3 sub volume from 

sample 20B. As with the previous samples sample 20B is matrix supported.  Figure 
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7.14 shows the cement (Fig 7.14 A) and porosity (Fig 7.14 B) connectivity. As 

before if the cement pockets or pores are connected, then they are labelled with the 

same colour. Figure 7.14A (purple) shows 99.2% of the cement is connected 

throughout the sample. Figure 7.14B shows 99.7% of the pores (green) are 

connected throughout the sample. Any pores which are not connected to the main 

body are less than 0.24 mm3 in volume. 

25% sample 

Figure 7.15 shows the segmented phases in 3D present in the 1mm3 sub volume from 

sample 25B. As with the previous samples 25B is matrix supported.  Figure 7.16 

shows the cement (Fig 7.16 A) and porosity (Fig 7.16 B) connectivity. As before if 

the cement pockets or pores are connected, then they are labelled with the same 

colour. Figure 7.16 A shows that 99.7% of the cement (purple) is connected 

throughout the sample. Any cement volumes which are not connected to the main 

body are less than 0.08 mm3 in volume. Figure 7.16 B shows 99.9% of the pores are 

connected throughout the sample. Any pores which are not connected to the main 

body are less than 0.12 mm3 in volume. 

For each of the four samples listed above histograms of the volumes of connected 

cement bodies and pores are shown in Figure 7.18. 

Figure 7.17 shows an overall increase (13.0 – 22.5%) in the percentage of cement 

and a slight decrease (36.2 – 32.9%) in the percentage of pores present, as the weight 

percentage of basanite increases (10-25%) 
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Figure 7.9: X-CT segmented 3D images of a 1mm3 data sub volume from sample 10B. This sample was made with 10wt% bassanite 

added A) Original grey scale 3D image. B) Grains segmented image. Analysis using Avizo finds the grains segment is 50.8% of the 

total volume. Here we can see limited grain-grain contacts. This therefore suggests that the grains are matrix supported C) Cement 

segmented image. The cement segment is 13.0% of the total volume.  D) Porosity segmented image. The porosity segment is 36.2% 

of the total volume.  
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Figure 7.10: Sample 10B (10% wt) cement and porosity connectivity. Cement or pores which are connected are 

coloured in a single colour. A) Connected cement. The majority of the cement is connected however there are 

small pockets of disconnected cement inside the pores and around the grains. B) Connected porosity. Almost all 

of the porosity is connected  

A B 
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Figure 7.11: X-CT segmented 3D images of a 1mm3 data sub volume from sample 15B. This sample was made with 15wt% 

bassanite added. A) Original grey scale 3D image. B) Grains segmented image. The grains segment equals 56.4% of the total volume. 

Here we can see limited grain-grain contacts. This therefore suggests that the grains are matrix supported. C) Cement segmented 

image. The cement segment is 11.2% of the total volume.  D) Porosity segmented image. The porosity segment is 32.4% of the total 

volume. 
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Figure 7.12: Sample 15B (15% wt) cement and porosity connectivity. Cement or pores which are connected are 

coloured in a single colour. A) Connected cement. The majority of the cement is connected however there are 

small pockets of disconnected cement inside the pores and around the grains. B) Connected porosity. Almost all 

the porosity is connected 
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Figure 7.13: X-CT segmented 3D images of a 1mm3 data sub volume from sample 20B. This sample was made with 20wt% 

bassanite added. A) Original grey scale 3D image. B) Grains segmented image. The grains segment equals 50.3% of the total 

volume. Here we can see limited grain-grain contacts. This therefore suggests that the grains are matrix supported. C) Cement 

segmented image. The cement segment is 18.8% of the total volume.  D) Porosity segmented image. The porosity segment is 

30.8% of the total volume.  
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Figure 7.14: Sample 20B (20% wt) cement and porosity connectivity. Cement or pores which are connected are 

coloured in a single colour. A) Connected cement. All the cement is connected. B) Connected porosity. Almost all 

the porosity is connected. 
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Figure 7.15: X-CT segmented 3D images of a 1mm3 data sub volume from sample 25B. This sample was made with 25wt% bassanite 

added. A) Original grey scale 3D image. B) Grains segmented image. The grains segment equals 44.6% of the total volume. Here we 

can see limited grain-grain contacts. This therefore suggests that the grains are matrix supported C) Cement segmented image. The 

cement segment is 22.5% of the total volume.  D) Porosity segmented image. The porosity segment is 32.9% of the total volume.  

A B C D 
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Figure 7.16:  Sample 25B (25% wt) cement and porosity connectivity. Cement or pores which are connected are coloured in 

a single colour. A) Connected cement. Almost all the cement is connected. B) Connected porosity. Almost all the porosity is 

connected. 

A B 
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B A 

C D 

Figure 7.17: Volume of each segmented phases for all four gypsum cemented samples 

A) 10% B) 15% C) 20% D) 25% from erosion and dilation calculations (see Chapter 3). 



Chapter 7 - Making synthetic sandstones 

199 

 

There are several varying factors (e.g. distribution due to mixing, leaching, 

clumping) when using gypsum to cement sand. However, because the method by 

which the gypsum is made is a closed system (e.g. basanite is not able to flow out of 

the set up) the percentage of gypsum formed in the sample can be readily calculated.  

The comparison between the calculated and measured cement and porosity 

demonstrates that the Weka segmentation using machine learning has proved to be a 

successful method to calculate the percentage of grains, cement and porosity present 

in a gypsum cemented sample. 

Across each of the samples most of the cement and pores are connected. This implies 

the samples are predominantly cement supported and the samples have good 

permeability. 

Figure 7.18: Histogram showing the number of connected cement and pore 

volumes from each of the four gypsum cemented 1 mm3 samples. The bin width 

is 0.5. The column on the right is an overflow bin for all cement and pore 

volumes more than 0.018 mm3.  

N
u

m
b

er
 o

f 
co

n
n

ec
te

d
 

ce
m

en
t 

v
o

lu
m

es
 p

er
 b

in
 

N
u

m
b

er
 o

f 
co

n
n

ec
te

d
 

ce
m

en
t 

v
o

lu
m

es
 p

er
 b

in
 

N
u

m
b

er
 o

f 
co

n
n

ec
te

d
 

ce
m

en
t 

v
o

lu
m

es
 p

er
 b

in
 

N
u
m

b
er

 o
f 

co
n

n
ec

te
d
 

ce
m

en
t 

v
o

lu
m

es
 p

er
 b

in
 

N
u
m

b
er

 o
f 

co
n

n
ec

te
d
 

p
o
re

s 
p
er

 b
in

 

N
u
m

b
er

 o
f 

co
n
n
ec

te
d
 

p
o

re
s 

p
er

 b
in

 

N
u

m
b

er
 o

f 
co

n
n

ec
te

d
 

p
o

re
s 

p
er

 b
in

 

N
u

m
b

er
 o

f 
co

n
n

ec
te

d
 

p
o

re
s 

p
er

 b
in

 

(Pore volume, mm3) 

(Pore volume, mm3) 

(Pore volume, mm3) 

(Pore volume, mm3) 



Chapter 7 - Making synthetic sandstones 

200 

 

7.3.2.2 MICP 

7.3.2.2.1 Solution preparation 

To form MICP cemented sandstones two solutions are required; the bacterial solution 

and the cementing solution. 

The bacterial solution of 37 g/L Brain Heart Infusion (BHI) broth and 20 g/L urea 

concentration were prepared and inoculated with Sporosarcina pasteurii following 

the outline of Minto et al. (2016). The ureolytic activity is the rate at which 

Sporosarcina pasteurii hydrolyses urea and is referred to as Kurea (mM 

urea/min/OD600) (El Mountassir et al. 2018). In order to determine the ureolytic 

activity Kurea
 conductivity was measured for each bacterial solution every minute 

over the course of six minutes and then the ureolytic activity was calculated 

following the procedure of Minto et al. (2016). A measure of ureolytic activity is 

useful in this study to understand the ureolysis potential of each bacterial solution 

and to explain CaCO3 precipitation variations in the samples formed. The optical 

density (OD) of a 1 ml sample from each mixed solution was measured at a 

wavelength of 600nm. The Kurea results are shown in Table 7.6. Across the four 

batches the OD varied slightly from 0.09-0.16. This was due to differences in the 

amount of bacteria used during broth inoculation. The Kurea measurements are shown 

in Appendix 3. The cementing solution comprised 1.4 M urea and 1.4 M CaCl2.  

Once prepared the bacteria solutions were kept for up to 7 days whilst they were used 

to feed the sand samples. 

 

 

Table 7.6: Optical density (OD) and specific ureolytic activity results for each 

diluted bacterial solution used to make the MICP cemented synthetic sandstones. 

Batch ID Date tested 

OD600 

(of diluted) 

Specific Ureolytic 

Activity 

[mM urea/min/OD] 

BS3 24/01/2018 0.16 2.31 

BS4 12/02/2018 0.16 2.05 

BS5 19/03/2018 0.16 2.74 

BS6 23/10/2018 0.09 2.48 
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Table 7.7:  Summary of all MICP cemented cylinders and their properties. See 

Chapter 8 for a description of the cylinders deformation by uniaxial compression 

testing (UCS).    

Sample 

group  

replica  

MICP feed 

(ml) 

Sample 

volume 

(cm3)  

Initial 

mass of 

sand (g) 

Sample 

prepared for 

Kurea 

batch ID 

C1 200 96.10 183.80 UCS BS5 

C2 200 96.54 188.29 UCS BS5 

C3 160 94.73 165.74 UCS BS5 

C4 200 96.65 191.56 UCS BS5 

C5 160 94.29 190.66 UCS BS5 

C6 120 98.23 195.52 UCS BS5 

C7 160 101.54 215.54 UCS BS5 

C8 120 96.68 196.91 UCS BS5 

C9 120 98.69 200.70 UCS BS5 
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Table 7.8: Summary of all MICP cemented cuboids and their properties prior to 

deformation (see Chapter 8) 

Sample 

group 

replica 

samples 

MICP feed 

(ml) 

Sample 

volume (cm3)  

Initial mass of 

sand (g) 

Kurea batch ID 

L1 120 117.67 181.9 BS3 

L2 120 104.86 182.86 BS4 

L3 120 111.07 182.71 BS4 

L4 120 115.05 182.16 BS6 

L5 120 119.62 182.91 BS6 

L6 120 120.03 183.24 BS6 

L7 120 118.62 183.74 BS6 

M1 160 115.15 183.68 BS3 

M2 160 113.07 183.15 BS3 

M3 160 117.22 182.91 BS4 

M4 160 103.55 182.47 BS6 

M5 160 133.34 184.21 BS6 

M6 160 120.71 183.2 BS6 

M7 160 104.00 183.65 BS6 

H1 200 116.98 182.25 BS3 

H2 200 116.93 181.69 BS4 
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H3 200 115.96 182.45 BS4 

H4 200 120.25 182.11 BS6 

H5 200 135.00 183.21 BS6 

H6 200 119.69 183.55 BS6 

H7 200 121.64 183.45 BS6 

 

 

7.3.2.2.2 MICP feeding procedure  

The strengths of the MICP samples were varied by the total volume of bacterial and 

cementing solution fed to each sand. The feeding of each sample consisted of two 

phases both of which were by percolation under gravity. The first was the bacterial 

solution and the second was the cementing solution. Figure 7.19 schematically 

illustrates how both the cylinder and cuboid samples were made. All sand samples in 

this study were initially fed with 40 ml of bacterial solution to allow the bacteria to 

attach themselves to the sand grains. This was then followed one hour later with 40 

ml of cementing solution. Each 40 ml feed took approximately 30 minutes to 

complete. This produced an approximate flow rate of the feed being applied to the 

top of the sample of 1.33 mm min-1 based on the amount of time for solution to exit 

the sample. Between feeds the cylinder and cuboid samples were compressed under a 

0.5 and 0.16 kg mass respectively (pressure = 1.36 and 1.38 kPa) to encourage 

formation of a grain supported matrix. This feeding procedure was then repeated 8 

hours later until the total feed volume was reached for each sample. The bacterial and 

cementing solutions were fed (by syringe) evenly across the exposed surface of each 

sand sample leaving the solutions to percolate through each sample due to gravity. 

Once the total volume of feed was reached (120, 160 and 200ml) feeding was 

stopped. At this point the masses were removed from the samples. They were flushed 

with 200 ml of deionised water to remove any residual salt produced during the 

precipitation of calcite and dried at room temperature until they reached constant 

mass. After this the samples were sanded and deformed (see Chapter 8).  Figure 7.20 

shows examples of finished MICP cemented sandstones.  
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Due to the method for making each of the samples and their fragile nature grains can 

be lost from around the edges. This directly impacts how the volume of calcite 

present in the sample is calculated.  
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Figure 7.19: Schematic of MICP cemented sandstone sample preparation in 

cuboid and cylinder moulds. 
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7.3.2.2.3 Measuring CaCO3 content of the MICP samples 

The total calcium carbonate precipitate content was 

measured by following the acid-soluble weight loss 

method (Chaney et al. 1982). Eight cylindrical MICP 

samples (C1-C5 and C7-C9) were sub sampled 

(approx. 15 mm in height and 38 mm in diameter) to 

enable the CaCO3 content to be tested. Figure 7.21 

shows the sub sample volume. These samples were 

then used as a proxy to determine a rough index of 

the carbonate content (or cement percentage) in each 

of the MICP cemented samples. This method 

dissolves the calcite in the MICP samples by 

saturating the sample in hydrochloric acid (HCl ~4% 

concentration). After being saturated the samples 

were rinsed and reweighed after treatment. The difference in mass between the acid 

treated samples and their original mass gives the mass of calcium carbonate present 

in each sample (Table 7.9) 

Figure 7.20: Photographs of MICP cemented sandstone samples. A) Sample A (59 x 59 x 

20 mm3) was fed with 200ml of bacterial solution and CaCl2. B) Samples C8, C6 and C9 

were each fed with 120ml of bacterial solution and CaCl2. 

A B 

Figure 7.21: Sub sample 

for measuring CaCO3 

content of MICP samples. 
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From the mass of calcite the average calcite (wt%) of each sample can be calculated.  

The MICP cemented sandstones range in bulk density from 1.51 -1.93 g/cm3 with 

porosities ranging from 27.4-42.5% based on X-CT analysis.  The average 

percentage calcite present in each sample ranges from 8.56- 13.47%. This is very 

similar to the volumetric calcite range for a fine grained sandstone (100-200 µm) 

given by Terzis and Laloui (2018). Terzis and Laloui (2018) calculate the volumetric 

calcite to range from 9-13% using X-CT analysis on their MICP cemented 

sandstones. Due to the time constraints of this PhD only the cylinder samples were 

analysed. 

If the average calcite percentages calculated in Table 7.8 are applied to the full 

cylinder MICP samples then the number of times the original pore volume was filled 

by solution can be calculated (Table 7.10). This is an alternative way to quantify the 

volume of feed (ml) in term of the sample size.  
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Table 7.9: Measured calcite content of sampled sub slice from the cylindrical MICP cemented sandstone core. 

Sample 

number 

Feed 

volume 

(ml) 

Mass of 

calcite 

present 

(g) 

Average 

Calcite 

(wt%) 

Porosity 

(%) 

Average 

Porosity 

(%) 

Calcite 

(%) 

Average 

calcite (%) 

Grains 

(%) 

Average 

grains (%) 

C1 200 5.77 6.01 34.11 38.47 13.42 13.47 52.47 48.06 

C2 6.09 38.15 13.58 48.27 

C4 6.17 43.14 13.42 43.44 

C3 160 6.36 4.79 32.52 32.58 14.08 12.00 53.40 55.43 

C5 5.79 29.10 12.90 57.99 

C7 3.80 36.11 9.01 54.88 

C8 120 3.89 3.48 27.40 34.92 10.16 8.56 62.44 56.51 

C9 3.08 42.45 6.97 50.58 
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Table 7.10: Average total number of times pores were filled by bacterial and cementing solutions for each MICP cylinder 

sample. 

Sample 
Volume 

(cm3) 

Feed 

(ml) 

Sample 

volume 

(cm3) 

Pore 

volume 

(cm3) 

Calcite 

volume 

(cm3) 

Original pore 

volume before 

cementation 

(cm3) 

Number of times 

pore volume is 

filled with 

solution 

Average 

C1 96.10 

200 

96.10 32.78 12.90 45.68 4.38 

4.01 
 

C2 96.54 96.54 36.83 13.11 49.94 4.00 

C4 96.65 96.65 41.69 12.97 54.66 3.66 

C3 94.73 

160 

94.73 30.81 13.34 44.14 3.62 

3.72 
 

C5 94.29 94.29 27.44 12.16 39.60 4.04 

C7 101.54 101.54 36.67 9.15 45.82 3.49 

C8 96.68 
120 

96.68 26.49 9.82 36.31 3.30 
2.88 

 C9 98.69 98.69 41.90 6.88 48.77 2.46 
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The porosity of each MICP cylinder sample was measured using vacuum saturation. 

After measuring the initial dry mass each sample was saturated in a vacuum chamber 

with deionised H2O. The samples remained here until a fully saturated condition was 

achieved. The volume was determined by immersing each sample in de-aired water 

and the porosity of each sample was calculated. 

 

7.3.2.2.4 Cement distribution in MICP samples 

The MICP samples’ porosity and cement distribution were studied using the 

microscope and the X-CT. Thin sections have been impregnated with blue resin to 

highlight connected porosity. Figure 7.31 displays plane polarised light (PPL) thin 

sections and the corresponding cross polarised light (XPL) images for each of the 

MICP feed volumes. It is almost impossible to identify any calcite from the PPL thin 

sections alone. The calcite is more clearly seen in XPL thin sections where the it can 

be identified by its high order interference colours.  

The 120 sample displays balls of calcite ranging from 15-40 µm in diameter (Figure 

7.22). The smaller calcite crystals of 15 µm diameter tend to be located on the 

‘exposed’ (e.g. not located on grain to grain contacts) grain edges. 

160 ml sample displays evidence of multiple calcite balls (~50 µm in diameter) 

growing around the grain (Figure 7.22). This is the one main example of so many 

‘exposed’ calcite crystals identified throughout the MICP cemented sandstone thin 

sections. 

The 200ml sample displays balls of calcite up to 60 µm in diameter (Figure 7.22). 

Generally, the calcite balls in the 200ml sample are more evenly distributed in the 

thin section in comparison to the 160ml sample. 

The balls of calcite are generally larger as the volume of feed is increased and most 

closely resemble the granular calcite studied in Ismail et al. (2002). In thin section 

there is no evidence of calcite coating the sand grains like those displayed in DeJong 

et al. (2006). Like the gypsum cemented samples the sand grains appear to be 

floating, with limited grain-grain contacts, and at these contacts calcite forms bridges 

between the grains.  
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After scanning each ~4mm3 sample in the X-CT a 1mm3 sub volume was taken from 

each of the samples for analysis. The 1mm3 sub volumes were used to investigate the 

impact of increasing the number of feeds (total volume of solution) and to show the 

distribution of the calcite cement through the sand grains.  

Quartz 

grains 

Calcite 

balls 

PPL XPL 

120 ml 

Figure 7.22: MICP cemented thin sections in plane polarised light (PPL) 

and cross polarised light (XPL). Due to their pale, high order interference 

colours the balls of calcite can be more readily identified in XPL light. At 

120ml feed less calcite balls can be identified than at higher volumes of 

feed. 

160 ml 

200 ml 

Calcite 

ball 
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Primarily the MICP cement can be identified as small calcite balls (<100μm in 

diameter) connecting the grains with some evidence of MICP creating a fine halo on 

the grain surfaces (Figure 7.23). Although the physical shape of the cement does not 

replicate those of naturally formed cements in sandstones the location of the cement 

between grain to grain contacts is comparable to those seen in naturally cemented 

sandstones.  The attenuation coefficient of the calcite balls is more clearly defined 

from the sand grains (Figure 7.24) than the gypsum crystals (Figure 7.6). This 

therefore leads to clearer segmentation of the calcite from the sand grains.  

 

Calcite 

balls 

120 ml 160 ml 

200 ml 

Figure 7.23: Slice through 3D X-

CT image of MICP samples at (A) 

120ml feed (B) 160ml feed (C) 

200ml feed. Here the calcite balls 

and grain ‘halos’ can be identified 

in bright white. 

Quartz 

grains 

Pore 

space 
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On analysis of the thin sections and X-CT images the calcite balls appear to grow 

largest in sand grain alcoves or where one grain is ‘sheltered’ by another (e.g. at 

grain to grain contacts). This therefore suggests either a) the bacteria from the initial 

bacterial solution prefers to attach itself to areas of sand grains which are more 

‘sheltered’, or b) the bacteria deposited by the bacterial solution is washed away by 

the secondary cementing solution (and following feeds). Therefore, the bacteria 

which remain attached are those which were more sheltered from the following flow 

feeds. 

Based on the thin sections and the X-CT slices presented in this chapter it is likely 

that when the sand grains were deposited and compacted they preserved a high level 

of porosity (ranging from 30-50%).  Therefore, as the calcite forms on the sand 

grains the calcite balls must grow in order to come into contact with the 

neighbouring sand grain. Once the calcite has formed a bridge between the two sand 

grains it then begins to grow to fill the corridor-like space between the sand grains to 

create bridges. This suggests that improvements must be made with the initial 

packing of sandstone grains to ensure that the grains are in contact with each other.   

Figure 7.24: X-ray linear attenuation coefficient calculated for quartz and calcite 

using MuCalc (Hanna and Ketcham 2017). The energy of the scanned MICP samples 

is highlighted (purple dashed line). At lower energies there is a clear separation 

between quartz and calcite (e.g. at 60 keV the difference is 0.353 cm-1). However, at 

130keV the difference between the two minerals is reduced to ~0.085cm-1. The 

greater the difference between the attenuation values of two minerals at a given 

energy, the clearer the phase segmentation. 
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Figures 7.26-7.31 visually demonstrate the relationship between grains, cement and 

porosity for each of the MICP samples.  Figure 7.31 summarises the volume 

percentage of each phase; grains, cement and porosity, for the four gypsum cemented 

sandstone samples.  

Figure 7.31 shows an overall increase (2.3 – 17.0%) in the percentage of cement and 

a decrease (39.8 – 31.9 %) in the percentage of pores present, as the number of feeds 

increases (120, 160, 200 ml). 

120ml sample 

Figure 7.25 shows the segmented phases in 3D present in the 1mm3 sub volume. 

Figure 7.26 shows the cement (Fig 7.31A) and porosity (Fig 7.31B) connectivity. As 

with the gypsum cemented sandstones, if the cement volumes or pores are connected, 

then they are labelled with the same colour. Figure 7.26A shows the cement is 

disconnected throughout the sample. The largest cement volume is approximately 2.4 

x10-3 mm3.  Figure 7.26B shows almost all of the pores are connected throughout the 

sample. Any pores which are not connected to the main body are less than 2.65x10-

5mm3 in volume. 

160ml sample 

Figure 7.27 shows the segmented phases in 3D present in the 1mm3 sub volume. 

Figure 7.28 shows the cement (Fig 7.33A) and porosity (Fig 7.33B) connectivity. As 

before if the cement volumes or pores are connected, then they are labelled with the 

same colour. Figure 7.28A shows a large volume (~ 4.8x10-2 mm3) of connected 

cement however, the remaining volume is disconnected. Figure 7.28B shows almost 

all of the pores are connected throughout the sample. Any pores which are not 

connected to the main body are less than 1.7x10-5 mm3 in volume. 

200ml sample  

Figure 7.29 shows the segmented phases in 3D present in the 1mm3 sub volume. 

Figure 7.30 shows the cement (Fig 7.35A) and porosity (Fig 7.35B) connectivity. As 

before if the cement volumes or pores are connected, then they are labelled with the 

same colour. Figure 7.30A shows a large volume (~1.6x10-1 mm3) of connected 
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cement however, the remaining volume is disconnected. Figure 7.30B shows almost 

all of the pores are connected throughout the sample. Any pores which are not 

connected to the main body are less than 1.1x10-5 mm3 in volume. 
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Figure 7.25: X-CT segmented 3D images of a 1mm3 data sub volume from MICP cemented sample L7 (120ml). This sample was fed with 

120ml of bacterial and cementing solution. A) Original grey scale 3D image. B) Grains segmented image. The grains segment is 57.9% of 

the total volume. Here we can see some grain-grain contacts, however the majority of grains are connected by cement. C) Cement segmented 

image. The cement segment is 2.3% of the total volume. From the shapes of the cement it appears to coat the sand grain. D) Porosity 

segmented image. The porosity segment is 39.8% of the total volume.  

A B C D 
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Figure 7.26: Sample L7 (120 ml) cement and porosity connectivity. Cement or pores which are connected are coloured in a single colour. 

A) Connected cement. The cement is disconnected across the sample. The largest volume of connected cement is 10% of the total cement 

volume. B) Connected porosity. 99.9% of the porosity is connected. 

A B 
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Figure 7.27: X-CT segmented 3D images of a 1mm3 data sub volume from MICP cemented sample M7 (160ml). This sample was fed with 

160ml of bacterial and cementing solution. A) Original grey scale 3D image. B) Grains segmented image. The grains segment is 55.0% of 

the total volume. Here we can see some grain-grain contacts, however the majority of grains are connected by cement. C) Cement 

segmented image. The cement segment is 7.1% of the total volume.  D) Porosity segmented image. The porosity segment is 37.9% of the 

total volume.  

A B C D 



Chapter 7 - Making synthetic sandstones 

219 

 

 

Figure 7.28: Sample M7 (160 ml) cement and porosity connectivity. Cement or pores which are connected are coloured in a single colour. 

A) Connected cement. Approximately 69% of the cement is connected (purple colour). The remaining 31% is pockets of disconnected 

cement. B) Connected porosity. 99.9% of the porosity is connected. 

A B 
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Figure 7.29: X-CT segmented 3D images of a 1mm3 data sub volume from MICP cemented sample H6 (200ml). This sample was fed with 

200ml of bacterial and cementing solution. A) Original grey scale 3D image. B) Segmented image of all three phases. C) Grains segmented 

image. The grains segment is 52.5% of the total volume. Here we can see some grain-grain contacts; however the majority of grains are 

connected by cement. D) Cement segmented image. The cement segment is 17.0% of the total volume.  E) Porosity segmented image. The 

porosity segment is 31.5% of the total volume. 

A B C D 
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A B 

Figure 7.30: Sample H6 (200 ml) cement and porosity connectivity. Cement or pores which are connected are coloured in a single 

colour. A) Connected cement. Approximately 95% of the cement is connected (purple colour). The remaining 5% is pockets of 

disconnected cement. B) Connected porosity. 99.9% of the porosity is connected. 
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Figure 7.31: Summary of phases (grains, cement and porosity) present in the MICP cemented sub volumes. A) 120 ml B) 160 ml C) 200ml. 

A B C 
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Figure 7.32: Histogram showing the number of connect cement (purple) and pore(green) volumes for the 1mm3 MICP 

samples 120, 160 and 200ml. The bin width is 0.5. The column on the left (shaded column) is an overflow bin for all 

cement and pore volumes less than 0.000001 mm3.  
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Figure 7.31 summarises the percentage of grains, cement and porosity present for each of the 

MICP samples shown in Figures 7.25-30. From this figure there is an overall increase in the 

percentage of cement (from 2.3- 17.0%) and decrease in the percentage of pores (39.8-

31.5%) as the volume of feed increases.  

 The cement does attach itself to the edges of the grains however the spread of the cement 

around the grains is thin and irregular. Unlike the gypsum cemented sandstones the cement in 

the MICP cemented sandstones can be unconnected, confirming that the cement has an 

irregular distribution around the sand grains. Across all three samples the pores are connected 

this therefore suggests that the permeability of these samples is high.  

One main factor which needs to be considered to further improve the method outlined in this 

chapter for forming MICP cemented sandstones is the physical set up of the experiment. Due 

to the ‘flush through’ mechanism to feed the sandstones there is no way to determine 

accurately the mass of calcite which has been produced. Back calculating the calcite present 

through treatment with HCl gives only an approximation. One possible solution is to create a 

closed system similar to Harkes et al. (2010) whereby the effluent produced as a result of the 

procedure can be collected and measured. 

Table 7.11: List of MICP samples scanned in X-CT for micro analysis. Here the 

‘measured’ results are from Avizo/machine learning. The ‘calculated’ results are the 

average results from the cylinder sub volumes (See Table 7.9). The vacuum saturation 

results are also displayed. 

 
Sample 

name 

Feed 

(ml) 

Estimated 

calculated 

cement 

(%) 

Measured 

cement 

(%) 

Estimate 

calculated 

porosity 

(%) 

X-CT 

Measured 

porosity 

(%) 

Vacuum 

saturation 

porosity (%) 

L7 120 8.56 2.34 34.92 39.77 46.06 

 

M7 160 12.00 7.05 32.58 37.90 38.31 
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Table 7.11 compares the calculated values from Section 7.3.2.2.3 to the Avizo measurements 

for the percentage of cement and porosity in each of the three 1mm3 sub volume samples (L7, 

M7 and H6). Here it can be seen that as the number of feeds increase, the percentage of 

calculated and measured cement increases and the measured porosity decreases. The porosity 

measurements from the vacuum saturation test are also displayed in Table 7.11. Like the 

porosity results from the X-CT, the vacuum saturation results show that the porosity of the 

samples decrease as the volume of calcite increases. The difference between the X-CT 

measurements and the vacuum saturation tests ranges from 5-11%. However, the calculated 

porosity trend is not as well-defined.  

 

Figure 7.33 schematically compares the distribution of calcite (from MICP) to gypsum 

cement observed in this chapter (Figure 7.33B). The observations from this chapter show the 

H6 200 13.47 17.00 38.47 31.86 36.30 

 

       

Figure 7.33: Schematic diagram of cement growth between grains. Each of 

these diagrams have been modified from Cheng et al. (2013). Schematics have 

been created based on thin section and X-CT samples from this study. A) 

Calcite (MICP) cemented sandstone. This schematic illustrates a narrower 

calcite grain coating and rounded calcite links between quartz grains. B) 

Gypsum cemented sandstone. Here the gypsum crystals have grown in the 

pores around the sand grains.  
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calcite to form in balls and in very thin, uneven, grain coatings. The calcite balls are more 

likely to be located in more ‘sheltered’ areas where the grain to grain distance is smallest. 

This builds on the schematic by Cheng et al. (2013) which focuses on the distribution of the 

cementation solution prior to calcite formation. 

Figure 7.33B shows a schematic of the gypsum cemented sandstone. Here the gypsum 

needles appear to have to random orientations and almost all the cement is in contact.  

7.4 Discussion 

7.4.1 Naturally formed sandstones 

One of the criteria of this chapter was to form sandstones which replicate both the physical 

and mechanical properties of naturally formed sandstones.  

 

In naturally formed calcite cemented sandstone such as the Caithness flagstone (Figure 7.34) 

the sandstone is primarily grain-supported with calcite cement filling the available pore 

space. The gypsum-cemented sandstones formed in this chapter have a similar cement 

distribution however they are cement supported sandstones with no visible grain to grain 

contacts. Meanwhile, under visual inspection the MICP cemented sandstones show some 

(estimated 8% of all grains) examples of grain to grain contacts they do not replicate the 

Figure 7.34: Example of calcite 

cemented Devonian aged Caithness 

Flagstone in PPL (A) and XPL (B and 

C). Here the grains are in contact and 

the calcite fills the pore space. Image 

from Andrea Hamilton. 

A 

B 
C 
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cement distribution seen in Figure 7.34, instead the cement forms balls which act as grain-

bridging cements. Both the gypsum and MICP synthetic sandstones are matrix supported 

sandstones. 

 

In the naturally calcite cemented sandstone from Caithness no porosity can be identified in 

thin section. From previous analysis the porosity of Caithness Flagstone was measured by 

vacuum saturation to be ~2% (Hamilton 2005). The lowest porosity value from the Avizo sub 

volumes of the MICP cemented sandstone samples is 31.5% (See Figure 7.30).  This 

therefore shows the properties of MICP cemented sandstone samples are not similar to the 

properties of Caithness sandstone. However, this is only one example of naturally formed 

calcite cemented sandstone.  

The gypsum textures formed here are most comparable to bladed aragonite beach rock 

displayed in Mauz et al. (2015). However, to my knowledge there are limited cements in 

sandstone which resemble the gypsum cement in this chapter (see further discussion in 

Chapter 9). However, the shape of the prominent gypsum bridges identified in the X-CT 

sections (Figure 7.5) is most similar to the types of cement structures which can be identified 

in clay cemented sandstones (Figure 7.35). However, this resemblance is not perfect. 

 

Figure 7.35: Thins sections for comparison with gypsum cement. A) 

Beachrock from Mauz et al. (2015). No scale is provided. B) An example of 

clay cemented sand grains from Wooldridge et al. (2018). 

50 µm 
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7.4.2 Mineral segmentation 

The type of cement used to form the synthetic sandstones has direct implications for the 

segmentation of the grains and cement in each of the samples. Accurate Avizo segmentation 

could not be completed in the gypsum-cemented samples due to the similarity in attenuation 

values between quartz and gypsum. When scanning a sample containing gypsum cement, a 

lower scanning energy (<60 keV) is recommended in order to see a contrast in attenuation 

values. Although this will reduce the image resolution of the scans. 

The attenuation contrast between quartz and calcite is larger than the difference between 

quartz and gypsum. As a result, the sand grains and calcite cement could straightforwardly be 

segmented using Avizo.  

Further work is required to further explore the benefits of one cementing technique over the 

other. Table 7.12 summarises the pros and cons of using each cementing method.  

 

 

 

Figure 7.36: X-ray linear attenuation coefficient calculated for quartz, gypsum 

and calcite using MuCalc (Hanna and Ketcham 2017). The three scanned MICP 

samples are highlighted. At lower energies there is a clear separation between 

quartz and calcite. However, 130keV the difference between the two minerals is 

reduced. The greater the difference between the attenuation values of two minerals 

at a given energy, the clearer the phase segmentation. 
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Table 7.12: Pros and cons of gypsum vs MICP cement. 

Gypsum MICP 

Pros Cons Pros Cons 

Closed precipitation 

system- can 

calculate the volume 

of gypsum present 

and porosity in the 

sample 

Segmentation is 

complex 

Fast curing 

time 

Requires more work 

to calculate MICP 

present in each 

sample 

Can form in nature 

Difficult to 

identify in thin 

section 

Fast 

segmentation 

Does not form in 

nature 

 

Distribution 

does not 

replicate 

gypsum-

cemented 

sandstones in 

nature 

 

Distribution of 

cement does not 

replicate calcite 

formed in nature 

 

Gypsum powder 

is often sold 

with impurities. 

  

7.4.3 Sampling technique 

The method used in this chapter to calculate the percentage of grains, cement and porosity is 

a simplified version of the method shown in Chapter 5.  

Due to time constraints this chapter only seven of the seventy-seven samples produced in this 

chapter were analysed. Here it is assumed that the one chosen sample from each synthetic 

sandstone is representative of all the samples.  Furthermore, the analysis does not take into 

consideration the potential for any spatial variation of the three phases across each of the 

samples (e.g. potentially due to restricted flow). 
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In order to fully analyse these samples in the future it would be best to scan a minimum of 

three sub volumes from each of the samples (top, middle and base of the sample). This would 

enable a greater understanding of the variation of cement and porosity across the sample.  

Ideally, as mentioned in Chapter 5, an automated algorithm which could sub sample each 

sample in multiple ways would work best to build an accurate picture of the phases inside 

each sample.  

7.5 Summary 

- X-CT can be used to image the internal structure of synthetic sandstones. 

- Both gypsum and MICP can be used to cement grains of sand together in less than four and 

two weeks respectively. 

- 20 and 25% gypsum cemented samples are the most robust of the gypsum cemented 

sandstones due to their higher percentage of cement present. These are tested further in 

Chapter 8. 

- The gypsum samples show an overall increase in the percentage of cement and decrease in 

the percentage of pores present as the wt% of basanite increases (10-25%).  

- The distribution of cement in the gypsum synthetic sandstones fills the pores between grains 

therefore is most like the distribution found in naturally formed sandstone (e.g. Caithness 

Flagstone). 

- MICP creates balls of calcite between the sand grains. This does not replicate the 

distribution of cement in naturally formed sandstones.  

- The density contrast between the calcite, produced by MICP, and quartz grains allowing 

calcite cement to be readily identified on X-CT scans. 

- In order to truly compare a synthetically cemented sandstone to a naturally cemented sand 

all formation factors must be replicated (e.g. depositional environment, composition etc.). 
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Recommendations: 

- Use geophysical methods, such as shear wave velocity, to unobtrusively understand 

the approximate MICP cementation level throughout each sample.  

- For future production of synthetic sandstones make the sandstones in a chamber 

where: 

o A continual load can be applied to each sample. 

o Effluent can be gathered and measured. 
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Chapter 8 - Mechanical deformation 

8.1 Rationale 

The aim of this chapter is to use mechanical deformation techniques to 

experimentally recreate the deformation setting in which deformation bands may 

form naturally in the subsurface. Synthetic samples are deformed in order to reduce 

the number of variables present in comparison to real sandstone. By simplifying the 

sandstone samples the impact of the deformation on the three phases (grains, cement 

and porosity) can be better understood. 

It has been shown that MICP treatment improves the strength and stiffness of the 

sands (Khaleghi and Rowshanzamir 2019). As discussed in Chapter 7, MICP 

treatment can also decrease the permeability of a sand sample. This chapter 

investigates the mechanical properties to characterise of the synthetically cemented 

sandstones and the impact of varying the percentage of cement present in each 

sample.  

In this chapter the shear box, uniaxial rig and triaxial rig (on gypsum cemented 

samples only) are used to measure the shear and compressive strength of the 

synthetic sandstones which have been cemented with gypsum and microbial induced 

calcite precipitation (MICP).  

Previous studies have shown that deformation bands can form when real sandstone 

cores are triaxially deformed. In this chapter the gypsum cemented samples are 

triaxially deformed, under similar deformation conditions as the real sandstone 

samples, to understand if deformation bands can form in these synthetic samples. No 

MICP samples were triaxially deformed due to the cost and time available to run 

additional samples on the triaxial rig. Gypsum samples were tested over MICP 

cemented samples because the distribution of cement in gypsum cemented samples is 

most similar to real rocks. See Chapter 9 for full comparison. 

In the sections which follow each of the test apparatus, results and analysis are listed 

in turn.  



Chapter 8 - Mechanical deformation 

 

233 

 

8.2 Direct Shear box test 

Direct shear test is conventionally used to measure the shear strength of soils, or 

weakly cemented materials. The shear box tests are a quick method to determine the 

maximum shear strength of the synthetic sandstones however there are limitations in 

using a shear box. With the direct shear box the maximum displacement is limited to 

one length of the box. The failure plane is always horizontal and forced along the 

join between the upper and lower box. However, due to heterogeneities in the sample 

the area between the upper and lower box may not be the weakest area of the sample. 

There is a non-uniform distribution of stresses along the shear plane. As the top of 

the shear box slides past the fixed shear box base, there is a decrease in the contact 

surface area between the two halves, therefore causing an uncertainty in the 

measurements of both shear and normal stresses.  

 

The samples are held in a metal box consisting of two halves (Figure 8.1). The 

bottom half is fixed in place and the top half is attached to a motor which drives the 

top half forward at a fixed rate (e.g. 0.5 mm/min). Metal spacing plates can be placed 

at the base and the top of the sample. A vertical force is applied to the top of the 

sample. For the purpose of this thesis this load is used to create the confining 

pressure during shearing. As the top half of the shear box moves the force required to 

create the movement (shear the sample) and the total displacement along the x and y 

axis is recorded.  The shear box is used to measure the shear strength parameters 

maximum and ultimate shear stress.  

Schematic stress-strain curve results from shear box testing are shown in Figure 8.2. 

Here examples of stereotypical shear stress curves are given for brittle (sudden 

failure experienced) and non-brittle (gradual failure, or creep) of materials.  
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8.2.1 Test apparatus 

The direct shear box used was from the University of Strathclyde’s Geotechnics 

Laboratory (Figure 8.3). 

Figure 8.1: Schematic cross section of shear box set up. Modified from 

Knappett & Craig (2012). 

Figure 8.2: Schematic stress-strain curves from shear box tests. The blue curve 

highlights the expected shear response for brittle materials or dense coarse 

grained sands.  The green curve shows a non-brittle material or loose sand 

response with stable yielding. Edited from Osano (2012). 
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Samples were prepared to sample size of 60 mm height x 60 mm width x 20 mm 

depth. Two shear box set ups were used to improve the chance of shear band 

evolution. In the first set up the lower half of the shear box was fixed in place and the 

upper half of the shear box was placed directly on top. This configuration was used 

for dry sand samples. For the second configuration the lower half was fixed into 

place and the upper half of the shear box was lifted off the lower half using steel 

balls of 2 mm diameter. The balls were held in place with petroleum jelly. The 

second configuration was used for all synthetic sandstone samples. Two Linear 

Variable Differential Transformers (LVDT’s) monitored the vertical thickness 

change as the sample was loaded and sheared, and the horizontal displacement as 

shearing took place. Spacer plates were used to prop the sample, so it was central to 

the shear plane. A lever arm loading system applied a vertical load with a 10:1 beam 

ratio.  

 

 

 

 

 

Figure 8.3: Shear box set up at the University of Strathclyde. 60mm square 

shear box set up including horizontal and vertical LVDT’s.   
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8.2.2 Shear box procedure 

The direct shear box tests were carried out in unsaturated conditions. Once placed 

into the shear box body each sample was initially loaded (or ‘consolidated’) with a 

vertical load. See Table 8.1 for load mass to normal stress conversions. The majority 

of samples had 95.38 kPa normal stress applied. After consolidation the samples 

were sheared at a constant shear rate of 0.5mm/min until they reached a maximum of 

6 mm horizontal displacement. Three repeat tests were made for each sand and 

synthetic sandstone.  

To test the effect of normal stress on shear stress additional shear tests, at equivalent 

normal stresses of 27.25 and 163.50 kPa, were performed on some of the gypsum 

and MICP synthetic samples.  

 

Figure 8.4:  Components of the direct shear box. The internal 

dimensions of the shear box were 60mm width x 60mm depth x 40 

mm height. 
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Table 8.1: Vertical mass applied to shear box and calculated equivalent normal 

stress. These conversions can be applied to all of Chapter 8. 

Vertical mass 

(kg) 

Equivalent 

normal stress 

(kPa) 

Approximate depth 

underground if sand (m)a 

Approximate 

depth 

underground if 

sandstone (m)b 

1 27.25 1.60 1.07 

3.5 95.38 5.61 3.74 

6 163.50 9.62 6.42 

 
a. Using sand density from Craig (2004) 
b. Using sandstone density from Sharma (1997) 

 

8.2.3 Previous shear box studies on MICP cemented sands 

Table 8.2 summarises the published results from previous shear box experiments on 

MICP samples. Generally, as normal stress increases, the maximum and ultimate 

shear stresses will increase.  

These results will be used in the discussion later in this section.  

 

Table 8.2: Summary of maximum and ultimate shear stress results from previous 

MICP shear box test. 

Literature 

Normal 

stress (kPa) 

Maximum 

shear stress 

(kPa) 

Ultimate 

shear stress 

(kPa) 

Khaleghi & Rowshanzamir 2019 50 190 75 

Khaleghi & Rowshanzamir 2019 100 225 107 

Khaleghi & Rowshanzamir 2019 150 288 150 

Chou et al. 2011 11 8 8 

Chou et al. 2011 21 16.5 16.5 

Chou et al. 2011 31 25 25 

Golmohamadi et al. 2016 55 153 N/A 

Golmohamadi et al. 2016 55 168 N/A 

Golmohamadi et al. 2016 55 174 N/A 
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8.2.4 Shear box results 

For each of the experiments the maximum and ultimate shear stress is noted (see 

Figure 8.2 for location of maximum and ultimate shear stress). These parameters 

give the shear strength of the soil. 

The shear stress versus horizontal displacement is plotted for comparison between 

the type of cement, volume of cement and normal stress. 

Whilst analysing the shear stress results it became clear that there was an artefact 

present amongst almost all the synthetic sandstone samples (Figure 8.5). Up to 0.509 

mm displacement along the x-axis was observed before any observed displacement 

in the y axis. This suggests that up until 0.509 mm displacement the sample is not in 

contact with the shearing plates. The main reason for this is that because the samples 

are made prior to placing them in the shear box they may be shorter than the shear 

box sample holder (60mm in length).  

One possible means to overcome this is to make the samples within the sample 

holders prior to deformation. However, this requires a more complex experimental 

set up.  

To correct for this artefact each samples’ x-axis is adjusted (see Figure 8.5C). 

 

Golmohamadi et al. 2016 55 190 N/A 

Golmohamadi et al. 2016 111 195 N/A 

Golmohamadi et al. 2016 111 203 N/A 

Golmohamadi et al. 2016 111 206 N/A 

Golmohamadi et al. 2016 111 212 N/A 

Golmohamadi et al. 2016 222 278 N/A 

Golmohamadi et al. 2016 222 270 N/A 

Golmohamadi et al. 2016 222 268 N/A 

Golmohamadi et al. 2016 222 260 N/A 

Canakci et al. 2015 13.6 21.5 20 

Canakci et al. 2015 20.4 30 30 

Canakci et al. 2015 27.2 38 38 

Feng & Montoya 2015 100 800 350 
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Another feature which is seen in the shear stress results are data ‘drop off’ points 

(Figure 8.6). These ‘drop off’ points are caused by stick slip of the sand grains along 

the sliding surface of the sample. The drop-off points do not seem to have an impact 

on the maximum or ultimate shear stress results as the shear stress continues to 

increase after the drop off points. 

Overall the shear stress curves are quite irregular. This is unusual for shear box test 

results. One possible explanation for this irregularity is that the surface of the sample 

is not completely flat at the ends. Therefore, as the top shear plate moves edges of 

the sample are being chipped off.  
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Figure 8.5: Artefacts of shear box tests. A) Original shear stress versus 

horizontal shear displacement at 95.38 kPa normal stress result for Sample 

L5 (120 ml). B) Analysis of the horizontal vs vertical displacement shows 

that no vertical displacement takes place until 0.509 mm horizontal 

displacement (see area highlighted in grey). This is an artefact seen in each 

experiment. C) Graph with corrected horizontal displacement axis. 
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8.2.4.1 Untreated sands 

To enable the impact of the synthetic sandstones to be assessed, clean Alloa sand was 

initially tested in the shear box at a normal stress of 95.38 kPa. The Alloa sand was 

the starting material for the synthetics sandstones. For details of how the Alloa sand 

was made into the synthetic sandstones see Chapter 7.  

The sands were cleaned and then sieved directly into the shear box. A tamper (Figure 

8.4) was then applied to the sample to pack the sand grains closer together. Figure 

8.7 shows shear stress versus horizontal displacement graphs for the three repeated 

sand samples. The three repeats show the maximum shear stress ranging from 77.78-

91.39 kPa, with the ultimate shear stresses ranging from 63.89-64.44 kPa.  

The shape of the three curves indicate a dense sand response. However, the shear 

stress in Sand 3 increases much faster over a shorter horizontal displacement. The 

dilation and contraction of the shear tests are analysed by plotting the vertical 

displacement against the horizontal displacement (Figure 8.8).  Here Sands 1 and 2 

display evidence of initial contraction followed by dilatancy during shearing. 

Meanwhile, Sand 3 displays a contractional behaviour throughout shearing. This 

therefore suggests that the sand grains were not as tightly packed as they were for 

Sands 1 and 2. It is likely that the sharp increase in shear stress observed in Sand 3 is 

Figure 8.6: Artefacts from sample M5 (160 ml). Drop off points formed 

due to stick slip of the sand grains during shearing 
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due to heterogeneities inside the sample. It is possible at the initiation of shearing 

Sand 3 was more densely packed than in the remainder of the sample.  

 

 

 

 

 

Figure 8.7: Repeatability test showing the response of untreated sand 

samples to shearing. Shear stress versus horizontal displacement under 

normal stress of 95.38 kPa. The graphs for Sand 1 and 2 reflect a 

stereotypical dense sand shear response. Meanwhile, Sand 3 has an 

unusually fast increase in shear stress with horizontal displacement. 
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8.2.4.2 Gypsum cemented sandstones 

8.2.4.2.1 Gypsum cemented sandstone shear tests 

10, 15, 20 and 25% gypsum cemented sandstones were sheared at 27.25, 95.38 and 

163.50 kPa normal stress (Table 8.3). The shear stress versus horizontal 

displacement along the x-axis is plotted for each gypsum shear experiment at 95.38 

kPa in Figure 8.9. The shear stress results for the 20 and 25% gypsum cemented 

sandstones at 27.25 kPa and 163.50 kPa are shown in Figure 8.10.  

 

 

 

 

 

Figure 8.8: Vertical vs horizontal displacement of the three sheared sand 

samples. Here Sands 1 and 2 are dilating as horizontal displacement is 

increasing. Meanwhile Sand 3 behaves differently and shows mainly 

contractional behaviour.  
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Table 8.3: Summary of all sheared gypsum cemented sandstones and the 

normal load conditions at which they were sheared.  

Sample group 

replica samples 

Sample 

composition (%) 

Mass applied 

(kg) 

Normal load  

(kPa) 

GS4 10 3.5 95.38 

GS5 10 3.5 95.38 

GS6 10 3.5 95.38 

GS26 15 3.5 95.38 

GS27 15 3.5 95.38 

GS28 15 3.5 95.38 

GS9 20 1 27.25 

GS10 20 6 163.50 

GS11 20 1 27.25 

GS12 20 6 163.50 

GS13 20 6 163.50 

GS14 20 3.5 95.38 

GS21 20 3.5 95.38 

GS22 20 1 27.25 

GS29 20 3.5 95.38 

GS15 25 6 163.50 

GS16 25 1 27.25 

GS17 25 1 27.25 

GS18 25 6 163.50 

GS19 25 1 27.25 

GS20 25 6 163.50 

GS23 25 3.5 95.38 

GS24 25 3.5 95.38 

GS25 25 3.5 95.38 
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At 95.38 kPa there was an overall increase in the maximum shear stress from 10 to 

25% gypsum cement content. However, the variation in shear stress is dependent on 

the individual samples.  

The shape of each of the graphs can be compared to the schematic curves outlined in 

Figure 8.2. The following text describes the graphs shown in Figure 8.9 and Figure 

8.10. 

10% Gypsum cement 

Sample GS4 (repeat 1) shows an initial brittle response which then becomes stable at 

higher shear stress. 

Sample GS5 (repeat 2) most closely resembles the brittle response. However, 

between 1 and 2.75 mm horizontal displacement the shear strength appears to 

stabilise.  

Sample GS6 (repeat 3) resembles a non-brittle shear stress curve. One possible 

reason for this is that the cement had little impact on the strength of the sample and 

instead behaved more like a loose unconsolidated sand. This is further confirmed by 

the low maximum (65.28 kPa) and ultimate (63.06 kPa) shear strength observed. The 

maximum shear strength is lower than the shear strength observed in unconsolidated 

sands (Figure 8.7). 

15% Gypsum cement 

Sample GS26 (repeat 1) has a shear stress response closest to a loose sand response. 

However, the peak and ultimate shear stress are almost equal.  

Sample GS27 (repeat 2) shows a predominantly loose sand shear stress response. 

Sample GS28 (repeat 3) shows a loose sand response to shearing. 

20% Gypsum cement 

Sample GS29 (repeat 1) resembles a loose sand shear stress response. As a result, the 

peak and ultimate shear stress are almost the same value. 
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Sample GS14 (repeat 2) shows a brittle response to shearing with a short unstable 

yielding period.  

Sample GS21 (repeat 3) shows a brittle response to shearing. Of particular interest in 

the period from 0 to 1.5 mm horizontal displacement. It is therefore possible that this 

is an artefact of the shear box. 

25% Gypsum cement  

Sample GS23 (repeat 1) shows a brittle response to shearing. However, unlike the 

other samples the shear stress increases again after peak shear stress. 

Sample GS24 (repeat 2) shows a brittle response to shearing. However, there is little 

evidence of stable yielding. 

Sample GS25 (repeat 3) shows a brittle response to shearing. However, there is little 

evidence of stable yielding. 

To summarise, Figure 8.9 shows that 10 and 15% cemented samples are more likely 

to display loose sand shear responses. This suggests that the cement phase in each of 

these is likely to crumble. Meanwhile samples with 20 and 25% cement are more 

likely to display brittle behaviour characteristic of densely packed sand.  

 

A description from each of the shear stress results from 27.25 and 163.50 kPa 

(Figure 8.10) confining pressure are listed below. 

20% at 27.25 kPa 

Sample GS9 (repeat 1) shows an overall non brittle response to shearing with stick 

slip observed at 3.7 mm displacement. 

Sample GS22 (repeat 2) shows a non-brittle response to shearing. At 6 mm 

displacement the shear strength continues to increase. 

Sample GS11 (repeat 3) resembles a loose sand shear stress response. As a result, the 

peak and ultimate shear stress are almost the same value. 
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25% at 27.25 kPa 

Sample GS19 (repeat 1) shows a brittle response to shearing.  

Sample GS16 (repeat 2) shows a brittle response to shearing with a yielding period. 

Sample GS17 (repeat 3) most closely resembles a brittle shear stress response. Of 

noted interest is the angular nature of the curve. This is possibly due to multiple stick 

slip events. 

20% at 163.50 kPa 

Sample GS12 (repeat 1) most closely resembles a non-brittle response to shearing.  

Sample GS13 (repeat 2) shows a non-brittle response to shearing. 

Sample GS10 (repeat 3) shows an overall non brittle response to shearing. 

Regardless of the non-brittle responses the overall shear strength remains high at an 

average of 194.17 kPa across the three samples. A possible explaination for each of 

these samples showing non brittle shear behaviour is that the normal load placed on 

each sample has crushed some of the cement between the grains.  

25% at 163.50 kPa 

Sample GS15 (repeat 1) shows a brittle response to shearing with an unstable 

yielding period where the shear stress appears to steadily increase. 

Sample GS18 (repeat 2) shows a brittle response to shearing with a stable yielding 

period.  

Sample GS20 (repeat 3) resembles a loose sand shear stress response. As a result, the 

peak and ultimate shear stress are almost the same value. As with sample GS17, the 

shear response is more angular. This is most likely due to stick slip occurring in the 

sample. 



Chapter 8 - Mechanical deformation 

 

248 

 

Figure 8.11 plots the maximum and ultimate shear stress for each sample and allows 

for a better understanding of the spread of data and a comparison between the 

samples with different percentages of gypsum cement.  

Overall there is a general increase in both maximum and ultimate shear stress as the 

normal load increases. The maximum shear stress tends to increase as the percentage 

of gypsum present increases. However, this trend varies depending on individual 

samples.  

In order to determine if there is a trend with increasing percentage of gypsum present 

in the gypsum cemented sandstone samples, a greater number of samples should be 

tested. 
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Figure 8.9: Shear stress vs horizontal displacement for gypsum cemented sandstones (10, 15, 20 and 25%) deformed at 

95.38 kPa normal load. 
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Figure 8.10: Shear stress vs horizontal displacement for gypsum cemented sandstones with 20% and 25% gypsum 

cement at A) 27.25 kPa and B) 163.50 kPa normal load. 

A 

B 
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Figure 8.11: 20 and 25% gypsum cement sandstones maximum and ultimate shear stress plotted again the normal 

applied stress. Here the overall trend shows that shear stress increases as normal stress increases. 

20 % 

20 % 

25 % 

25 % 

27.25 kPa 95.38 kPa  163.50 kPa 

Maximum shear stress (kPa) 

Ultimate shear stress (kPa) 
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8.2.4.2.2 Gypsum shear test 

In order to investigate the influence of the sand grains on the gypsum cemented 

samples a 100% gypsum cuboid sample (GypA) was shear tested. 

 

The gypsum sample was prepared by packing 150g basanite powder into the cuboid 

mould (see Section 7.3) and then hydrating with 40 ml of deionised H2O. The sample 

was placed in the oven at 40°C to cure for 28 days (as following the gypsum 

cemented sandstone procedure). No mass was placed on top of the sample due to its 

fluid nature when wet. It is unlikely that any residual basanite remains because at 

40°C only gypsum is stable (Chapter 6).  

After curing, the gypsum sample was sheared at 95.38 kPa normal stress. Figure 8.12 

plots shear stress versus horizontal displacement for the sheared sample. 

The untreated sands (sand without gypsum) have a maximum shear stress which 

ranges from 77.78-91.39 kPa and an ultimate shear stress which ranges from 63.89-

64.44 kPa. The maximum shear stress of the gypsum cemented samples ranges from 

65.28-308.61 kPa, and the ultimate shear stress ranges from 63.06-272.78 kPa. This 

indicates that the presence of gypsum cement increases the shear strength of the 

gypsum cemented sandstones.   

The gypsum sample shows a maximum and ultimate shear stress of 220.28 kPa and 

123.06 kPa respectively. These shear stress values are comparable to the synthetic 

gypsum cemented sandstones. Therefore, suggesting that the presence of the sand 

Figure 8.12: Shear stress vs horizontal displacement for 100% gypsum 

shear box sample (GypA). 
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grains has little effect on the shear stress, instead shear stress is controlled by the 

gypsum cement.  

8.2.4.3 MICP cemented sandstones 

8.2.4.3.1 MICP cemented sandstone shear tests 

All sheared MICP cemented sandstones are listed in Table 8.4. As with the gypsum 

cemented sandstone the samples were sheared at 27.25, 95.38 and 163.50 kPa normal 

stress using masses of 1, 3.5 and 6 kg respectively. The majority of the samples were 

sheared at 95.38 kPa (Figure 8.13).  The shear stress results for each of these samples 

shows that as the number of MICP feeds is increased, the maximum and ultimate 

shear stress increases (Figure 8.13). 

The shear stress results for the MICP cemented sandstones at 27.25 kPa and 163.50 

kPa are shown in Figure 8.14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 8 - Mechanical deformation 

 

254 

 

Table 8.4: Summary of all sheared MICP cemented sandstones and 

the normal load conditions at which they were sheared.  

Sample group 

replica samples 

MICP feed 

(ml) 

Mass applied 

(kg) 

Normal load 

(kPa) 

L1 120 1 27.25 

L2 120 1 27.25 

L3 120 6 163.50 

L4 120 6 163.50 

L5 120 3.5 95.38 

L6 120 3.5 95.38 

L7 120 3.5 95.38 

M1 160 6 163.50 

M2 160 6 163.50 

M3 160 1 27.25 

M4 160 1 27.25 

M5 160 3.5 95.38 

M6 160 3.5 95.38 

M7 160 3.5 95.38 

H1 200 1 27.25 

H2 200 1 27.25 

H3 200 6 163.50 

H4 200 6 163.50 

H5 200 3.5 95.38 

H6 200 3.5 95.38 

H7 200 3.5 95.38 
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At 95.38 kPa there was an overall increase in the maximum shear stress from 120 to 

200ml MICP feed. However, the variation in shear stress is dependent on the 

individual samples.  

The following section describes each of the shear stress graphs in turn for normal 

loads of 95.38, 27.25 and 163.50 kPa (Figures 8.13 and 8.14). 

120 ml MICP cement 

Sample L5 (Repeat 1) shows a non-brittle response. Where the maximum shear stress 

is almost equal to the ultimate shear stress. 

Sample L6 (Repeat 2) most closely resembles a non-brittle response. However, a 

peak can be identified at approximately 2 mm displacement.  

Sample L7 (Repeat 3) resembles a non-brittle shear stress curve. As with Sample L5 

the maximum shear stress is almost equal to the ultimate shear stress. 

160ml MICP cement 

Sample M7 (Repeat 1) has a shear stress response closest to a brittle response. The 

overall shape is similar to Sample L6. However, in this case the peak displayed at 1.8 

mm displacement is the maximum shear stress. 

Sample M6 (Repeat 2) displays a brittle response. The maximum shear stress occurs 

at approximately 1.8 mm displacement. 

Sample M5 (Repeat 3) displays a brittle response. The maximum shear stress occurs 

at approximately 1.5 mm displacement. 

200ml MICP cement 

Sample H5 (Repeat 1) shows a brittle response to shearing. With stick slip at 1.3 mm 

displacement and again at 2.8 mm displacement. During what should be the yielding 

phase the curve displays multiple stick slips. It is possible that the irregular 

composition of the calcite cement around the grains is causing resistance as shearing 

takes place therefore creating the observed stick slip.   
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Sample H6 (Repeat 2) shows a brittle response to shearing. With stick slip at 1.5 mm 

displacement and again at 2.8 mm displacement. 

Sample H7 (Repeat 3) shows a brittle response to shearing with an unstable yielding 

until 4.5 mm displacement. 

Across all of these samples it is clear there is a plateau before shearing begins. It is 

possible that this plateau shape is an artefact of the shear box or is caused due to the 

irregular sample shape. 

MICP samples at 27.25 kPa 

120 ml  

Sample L1 (repeat 1) shows a brittle response to shearing with a peak at 1.8mm 

displacement. There is a slight increase in shear strength during yielding. 

Sample L2 (repeat 2) shows a brittle response to shearing however it displays an 

extended period of unstable yielding after the maximum shear stress at 2mm 

displacement. 

160 ml 

Sample M3 (repeat 1) shows a brittle response to shearing with maximum shear 

stress at 1.3 mm displacement. 

Sample M4 (repeat 2) displays an overall brittle response to shearing. Two stick slips 

can be determined at approximately 2 mm and 3.1 mm displacement. 

200 ml 

Sample H1 (repeat 1) shows a brittle response to shearing and unstable yielding. 

Sample H2 (repeat 2) shows an overall brittle response to shearing. However, the 

peak shear stress does not occur until 4.5 mm displacement. This is then followed by 

unstable yielding. 
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MICP samples at 163.50 kPa 

120 ml  

Sample L3 (repeat 1) shows a brittle response to shearing with two visible shear 

stress peaks at 1.3 and 2.3 mm displacement. 

Sample L4 (repeat 2) shows a brittle response to shearing and maximum shear stress 

at 1.1 mm displacement. 

160 ml 

Sample M1 (repeat 1) does not clearly show either a brittle or non-brittle response to 

shearing. Sample M1 displays three peaks and a stable yielding after 4.2 mm 

displacement. Overall the shear strength increase as shearing continues.  

Sample M2 (repeat 2) most closely resembles a non-brittle shear response. This 

suggests that at the given normal stress the calcite bonds have begun to break 

between the sand grains. 

200 ml 

Sample H3 (repeat 1) shows a brittle response to shearing with an overall stable 

yielding phase. 

Sample H4 (repeat 2) shows an overall brittle response to shearing. However, the 

peak shear stress does not occur until 4.5 mm displacement.  

Figure 8.15 plots the maximum and ultimate shear stress for each sample and allows 

for a better understanding of the spread of data and a comparison between the 

samples with increasing cement content (Table 8.5).  

The shape of each of the graphs can be compared to the schematic curves outlined in 

Figure 8.2.  

8.2.4.3.2 Visual deformation 

Figure 8.16 displays photographs of MICP shear box samples before and after 

shearing at 95.38 kPa normal stress. As expected from the shear strength results the 
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120 ml feed (3.48 wt% calcite) samples are the weakest of all three feeds. Here 

samples display evidence of crumbling at the edges and splitting in half down the 

middle, perpendicular to the direction of shear.  

From the three 160 ml feed (4.79 wt% calcite) results on display here it is clear that 

although the bulk of the sample is stronger than the 120ml feed, the sample still 

displays evidence of crumbling at the edges and has the ability to crumble 

completely (sample M7).  

The 200 ml feed (6.01 wt% calcite) results are in bulk stronger than the previous 

(120 and 160 ml) feed samples. However, as before the samples are still subject to 

crumbling at the edges and complete sample deformation. Sample H5 shows the 

beginnings of shear plane development. However, due to either the heterogeneous 

nature of the sample or possible preformed fractures insides the sample the shear 

plane dips as it progresses, to produce two uneven sides. 

The deformation displayed by each sample cannot be generalised by the weight 

percentage of calcite present. Instead it is clear the heterogeneous nature (possibly 

due to the uneven distribution of cement and/or grain packing) of the synthetic 

sandstones controls the way in which the rocks will deform. 

 

Table 8.5: Feed volume (ml) and corresponding average calcite content (wt%) per 

sample. Reproduced from Table 7.9.  

Feed volume (ml) Average calcite (wt%) 

120 3.48 

160 4.79 

200 6.01 
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Figure 8.13: Shear stress vs horizontal displacement for MICP cemented sandstones shear results of all samples at normal stresses of 95.38 kPa. 
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Figure 8.14: Shear stress vs horizontal displacement for MICP cemented sandstones shear results of all samples at 

normal stresses of A) 27.25 kPa and B) 163.50 kPa. 

A B 
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Maximum shear stress (kPa) 

Ultimate shear stress (kPa) 

Figure 8.15: Maximum and ultimate shear stress of MICP shear samples (120, 160 and 200 ml) at normal stresses of 27.25, 

95.38 and 163.50 kPa. With increasing cement both maximum shear stress and ultimate shear stress increase. 

 27.25 kPa 95.38 kPa 163.50 kPa 

120 ml 

120 ml 

160 ml 

160 ml 

200 ml 

200 ml 
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120 ml 

Figure 8.16: Images of MICP 120ml, 160ml and 200 ml feed samples before 

and after deformation.  

160 ml 

200 ml 

Before  

After  

Before  

After  

Before  

After  
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8.2.4.3.3 Grain analysis 

Thin sections were taken of the MICP cemented samples after deformation by shear 

box testing to determine the impact of the test at the grain scale. 

The 120 ml feed (Figure 8.17) displays evidence of fracture in the calcite balls which 

cement the grains together. However, there are no fractures visible in the sand grains. 

Because the deformation is in the cement its most likely that the deformation took 

place after shearing.  

Meanwhile, the 160 ml (Figure 8.18) and 200 ml (Figure 8.19) display evidence of 

grain spalling and fracture in the sand grains. However, there is no evidence of 

fracture in the calcite cement from the thin section images. Furthermore, the timing 

of the deformed grains cannot be accurately placed.  

One possible reason for the fractured calcite balls is that the 120 ml samples display 

a lower weight percentage of calcite cement than 160 and 200ml samples. This 

analysis confirms that the strength of the rock increases as the weight percentage of 

calcite cement increases. 
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Figure 8.17: Thin section evidence from MICP 120 ml sample of fractured calcite cement after shearing. Shearing 

took place at 95.38 kPa. Here fractures across the calcite cement balls can be seen. However, there is no visible 

evidence of fracture in the sand grains. 
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Figure 8.18: Thin section 

evidence of fractured 

grains after shearing the 

160 ml feed MICP 

synthetic sandstone. 

Shearing took place at 

95.38 kPa. Here some 

fractures in the sand 

grains can be seen. 

However, there is no 

evidence of the calcite 

cement fracturing. As a 

result, it is difficult to 

determine if the grain 

fracturing took place 

before or after shearing. 
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Figure 8.19: Thin 

section evidence of 

fractured grains after 

shearing the 200 ml 

MICP synthetic 

sandstone. Shearing took 

place at 95.38 kPa. Here 

some fractures in the 

sand grains can be seen. 

However, there is no 

evidence of the calcite 

cement fracturing. As a 

result, it is difficult to 

determine if the grain 

fracturing took place 

before or after shearing. 

Of particular interest 

here are the two grain 

fractures which appear 

almost aligned with each 

other. 
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8.2.3.3.4 Comparison to other MICP shear box studies 

The maximum and ultimate shear stress results from previous MICP shear box 

studies (Table 8.2)  are compared to the MICP cemented synthetic sandstone sample 

results from this thesis in Figure 8.20 and 8.21.  

By comparing these graphs and Tables 8.2 and 8.5 it is clear that the range of 

maximum and ultimate shear stresses is larger in this study than in previous 

literature. This suggests the method used in Chapter 7 to produce the 200ml feed 

samples produces stronger MICP cemented sandstone samples than in previous 

studies. The higher strength is possibly due to the large percentage of calcite present 

in each of the samples. From Chapter 7 the average weight percentage of calcite 

present in samples ranged from 3.48-6.01%. Of all the studies described below only 

Canakci et al. (2015) and Feng and Montoya (2015) list the percentage of calcite 

present in their synthetic sandstone samples. 

Results from Chou et al. (2011) and Canakci et al. (2015) show little variability. 

Canakci et al. (2015) have synthetic sandstone samples with 15-19% calcite present, 

this is approximately three times higher than the range of calcite cement present in 

this study. Khaleghi and Rowshanzamir (2019)’s results show a general increase in 

shear stress as normal stress is increased. Meanwhile, Golmohamadi et al. (2016) 

shows the largest number of shear box measurements. The maximum shear stress 

results from this thesis fit best with the results from Khaleghi and Rowshanzamir 

(2019) and Golmohamadi et al. (2016). The 200 ml feed samples are the exception to 

this. The 200 ml samples maximum and ultimate shear stress is generally x2 times 

greater than the shear stress of the previous studies and the 120 and 160ml feed. The 

only exception to this is the result produced by Feng and Montoya (2015). Feng and 

Montoya (2015)’s sample had approximately 4.3% cement and at a normal stress of 

100 kPa produced a maximum stress of 800 kPa. The maximum shear stress is 

approximately four times larger than the majority of the results. However, this result 

is based on only one sample.  As seen from the MICP shear box results in this 

chapter the shear stress can vary considerably due to heterogeneities in the synthetic 

sandstones. 
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The main thing which all thes studies lack is repeat tests. In order to better constrain 

the maximum and ultimate shear stress of MICP cemented sandstones more samples 

are required. Furthermore, due to the large number of variables in MICP cementation 

each sample must be better characterised before deformation to allow for accurate 

comparison to be made between the samples. 

Figure 8.20: Comparison of maximum shear strength results vs normal stress 

of the MICP cemented sandstone results in this study and those listed in Table 

8.2. A) Compares the combined results from this thesis. B) Separates the 

results from this thesis into the MICP feed volumes.  

A 

B 
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This would allow for clearer investigations on how the impact of increasing the 

weight percentage of calcite cement present affects the shear stress of each sample. 

 

 

 

B 

Figure 8.21: Comparison of the ultimate shear stress vs normal stress of 

the MICP cemented sandstone results in this study and those listed in Table 

8.2. A) Compares the combined results from this thesis. B) Separates the 

results from this thesis into the feed volumes. Golmohamadi et al. (2016) 

do not display ultimate shear stress data. 

A 
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8.2.5 Shear box summary 

- Table 8.7 summarises the average maximum and ultimate shear stress across each 

sample category.  Both gypsum and MICP cemented sandstones have higher 

maximum and ultimate shear stress than unconsolidated sand. This therefore shows 

that adding synthetic cement does improve the shear strength of unconsolidated sand. 

- Both the maximum and ultimate shear stress increases as the weight percentage of 

calcite cement increases. Overall the maximum and ultimate shear stress is largest in 

the 200 ml MICP cemented sandstones (Figure 8.15). 

- For the gypsum cemented sands an overall increase in maximum and ultimate shear 

stress can be identified at 95.38 kPa (Table 8.7). However, the trend is not as clear in 

the gypsum cemented samples in comparison to the MICP cemented samples, and it 

varies depending on individual samples.  

- The 100% gypsum cuboid has a maximum and ultimate shear stress comparable to 

gypsum cemented synthetic sandstones. This suggests that the shear strength of the 

gypsum cemented sandstones is primarily controlled by the gypsum cement. 

 

 

 

Table 8.6: Range of average maximum shear stress for each applied normal stress 

during all of the MICP samples tested in this chapter. 

Normal stress (kPa) 
Range of average maximum shear 

stresss (kPa) 

27.25 128.47 - 417.92 

95.38 102.96 - 435.65 

163.50 289.58 - 458.06 
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Table 8.7: Average maximum and ultimate shear stress per sample group. 

 

Material Sample(s) Cement 

Normal 

stress 

(kPa) 

Maximum 

stress (kPa)  

Ultimate 

stress 

(kPa)  
 

Unconsolidated 

sand 

 

 

 

 

Sand 1, 2, 3 

 

N/A 95.38 83.98 64.26 

 
 

    

 

  

%    
Gypsum GypA 100 95.38 220.28 123.06 

 
 

    

 

  

%    
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GS 4, 5 6 

 

10 95.38 146.11 109.54 
GS 26, 27, 28 15 95.38 128.61 113.06 
GS 29, 14, 21 20 95.38 245.83 152.87 
GS 23, 24, 25 25 95.38 208.43 117.69 

 
    

GS 9, 22, 11 20 27.25 116.57 84.26 
GS 19, 16, 17 25 27.25 127.87 69.72 

 
    

GS 12, 13, 10 20 163.50 194.17 186.30 
GS 15, 18, 20 25 163.50 227.69 145.83 

 
    

M
IC

P
 c

em
en

te
d
 s

an
d
st

o
n
es

 

 

 
 

ml    
 

 

L 5, 6, 7 

 

120 95.38 102.96 89.35 
M 7, 6, 5 160 95.38 178.52 126.76 
H 5, 6, 7 200 95.38 435.65 196.94 

 
    

L1 & L2 120 27.25 128.47 90.42 
M3 & M4 160 27.25 176.11 45.28 
H1 & H2 200 27.25 417.92 209.17 

 
    

L3 & L4 120 163.50 332.92 152.36 
M1 & M2 160 163.50 289.58 202.78 
H3 & H4 200 

  

163.50 

  

458.06 

  

323.61 
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8.3 Uniaxial compression strength tests 

Uniaxial compression strength (UCS) is 

one of the most commonly used methods 

in geotechnics to test the strength of rocks 

(Kuhinek 2011).  UCS tests are used to 

explore the response of each synthetic 

sample to loading and to calculate it’s 

compressive strength. UCS testing was 

carried out at the University of 

Strathclyde’s Geotechnics Laboratory 

(Figure 8.22).  

The sample was loaded into the UCS rig 

and end platens were placed at the top and 

base of the sample to disperse the load 

equally on the sample.  During testing the 

load is gradually increased over time and 

the results are recorded until sample failure 

occurs.  To calculate the UCS the load was 

divided by the surface area of the sample. 

Each sample was tested at room temperature using the UCS test in accordance with 

ASTM Standard D7012 − 14e1 (2017), with a confining pressure of σ3=0 and a 

constant axial strain rate of 1mm/min.  

The top three sources of errors/uncertainties with UCS testing are sample 

heterogeneity, the pressure applied and the measurements of sample diameter (~ ± 

0.025 mm). The error created due to sample heterogeneity is unable to be measured. 

For the purposes of this chapter the standard error has been used to analyse the total 

errors present. 

Figure 8.23 compares a typical brittle and ductile uniaxial response. As a rock is 

uniaxially deformed the process undergone by the rock can be summarised in four 

stages: (i) pore closure, (ii) elastic deformation, (iii) crack growth, and (iv) post 

Figure 8.22: Uniaxial compression testing 

rig at the university of Strathclyde's 

Geotechnics Laboratory 
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failure softening. These stages are further outlined in Saxena et al. (2018). Also, of 

interest is the analysis of the pore deformation as axial strain and stress increases 

(Figure 8.23B). 

 

There are many different modes of sample failure that can occur as a result of 

uniaxial compression conditions. Some of these modes of failure are sketched in 

Figure 8.24. These modes of failure will be used later to describe the deformation 

observed in the uniaxial tests. 

 

A list of typical intact rock compressive strengths is given in Table 8.8. This table is 

used to characterise the compressive strength of each sample later in this chapter 

(Section 8.3.1.4). 

Figure 8.23: A typical uniaxial compression strength (UCS) test deformation curve 

from Saxena et al. (2018). A) Stress-strain profile (I) pore closure, (II) stable fracture 

growth, (III) unstable fracture growth, (IV) post failure. B) Illustrates the pore 

deformation as axial strain is increased. 

A B 

Figure 8.24: Uniaxial compression testing modes of sample failure from Szwedzicki 

(2007). 
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Table 8.8: Typical range of unconfined compressive strength of 

intact rocks. Edited from Zhang (2017). 

General Description  Rocks Unconfined 

Compressive 

Strength, σc
a 

(MPa) 

Carbonate rocks with 

well-developed crystal 

cleavage 

Dolostone  33-310 

Limestone  24-290 

Lithified argillaceous 

rock 

Argillite  29-145 

Claystone  1 - 8 

Siltstone  10–117  

Shale  7-35 

Slate  145-207 

Arenaceous rocks with 

strong crystals and 

poor cleavage 

Conglomerate  33-221 

Sandstone  67-172 

a Range of unconfined compressive strength reported by various 

investigators.  
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8.3.1 Gypsum cemented sandstone results 

Eight gypsum cemented sandstone samples (two of each 10, 15, 20 and 25% cement 

content/volume) were tested to compare the impact of cement volume on the 

compressive strength of the synthetic samples. Chapter 7 describes how the samples 

were made. 

8.3.1.1 Mechanical analysis 

Figure 8.25 shows the responses for each of the UCS tested gypsum cemented 

sandstone samples.  The UCS values for the gypsum cemented samples ranged from 

139.20 to 2340.67 kPa.  

Figure 8.26 plots the gypsum content against the maximum UCS and sample 

porosity. Figure 8.26A shows that as the percentage of gypsum present in a sample 

increases, the UCS increases. Samples with 25% wt gypsum are the strongest 

samples and display compressive strengths greater than 1300 kPa. Standard error is 

greatest for the 15% gypsum cement sandstones. Figure 8.26B plots the calculated 

sample porosity against the gypsum content. Here the porosity standard error is 

Figure 8.25: UCS graphs for gypsum cemented synthetic sandstones A) 10%, B) 

15%, C) 20% and D) 25%. 

A B 

C D 
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greatest for the 10% gypsum cement sandstones and generally decreases as the 

percentage of cement increases.  

 

Figure 8.26: UCS and porosity vs gypsum content for each of the gypsum 

cemented sandstone samples. A) Gypsum content versus the maximum 

pressure for each gypsum cemented synthetic sandstone during UCS with 

standard error bars. B) The porosity of each sample plotted against the 

gypsum content with standard error bars. 

A 

B 
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8.3.1.2 Grain analysis 

Thin sections were taken of the gypsum cemented samples after deformation by UCS 

testing to determine the impact of the test at the grain scale. In Figure 8.27 there is 

evidence of transgranular fracture in the quartz grains of 10% and 25% cement 

samples. As with the transgranular fracture observed in the shear box results the 

timing of the fracturing is unclear. It is most likely that the fracturing of the quartz 

grains occurred due to UCS. However, it is also possible that the grains fractured 

during packing of the sands, whilst the synthetic sandstones were being made. One 

potential method of determining timing of grain fracture is the location of the 

gypsum cement. If there is gypsum cement between the fractured grain pieces, it is 

likely that grain fracture has taken place prior to cementation. From visual inspection 

of the gypsum cement (Figure 8.27) it is difficult to determine if there is any gypsum 

which has formed between the fractured grains. 

From thin section it is difficult to determine the impact of the UCS testing on the 

cement because thin section is a 2D insight which only takes into consideration a 

small sub-sample size. One possible improvement would be to X-CT scan the sample 

prior to and after deformation to allow the deformation of the grains to be analysed in 

3D.  
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Transgranular 

fracture 

Figure 8.27: Thin section evidence of transgranular fracture and 

grain spalling of gypsum cemented sandstones during uniaxial 

compaction testing. A) PPL image of 10% gypsum cemented 

sandstone. B) XPL image of 10% gypsum cemented sandstone with 

transgranular fracture. C) PPL image of 25% gypsum cemented 

sandstone. D) XPL image of 25% gypsum cemented sandstone with 

evidence of transgranular fracture. E) XPL image of 20% gypsum 

cemented sandstone with evidence of grain spalling. F) XPL image 

of 25% gypsum cemented sandstone with evidence of transgranular 

fracture. 

Spalling 
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8.3.1.3 Gypsum UCS test 

In order to investigate the influence of the sand grains on the gypsum cemented 

samples a 100% gypsum cylinder sample was UCS tested (Figure 8.28). 

 

 

The maximum UCS of the 100% gypsum sample is 60.34 kPa (Table 8.9). This is 

considerably lower than the gypsum cemented sandstones (Figure 8.25). As a result, 

this suggests that the compressive strength of the gypsum cemented sandstones is 

primarily controlled by the sand grains present in each sample.  

 

 

 

 

 

 

 

Figure 8.28: UCS test result for 100% gypsum cylinder sample. 
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Table 8.9: Summary of each gypsum cemented sandstone sample 

deformed by UCS. All samples were deformed at a strain rate of 1mm/min. 

 

Sample 

group 

replica 

samples 

Bassanite 

(%) 

Maximum 

UCS test 

result 

(kPa) 

Average UCS for each 

Gypsum sample group  

(kPa) 

1 G10A 10 139.20 
157.22 

2 G10B 10 175.24 

3 G15A 15 1068.64 
768.075 

4 G15B 15 467.51 

5 G20A 20 1019.98 
877.76 

6 G20B 20 735.54 

7 G25A 25 2247.54 
2294.11 

8 G25B 25 2340.67 

10 GYPA 100 60.34 N/A 

 

8.3.1.4 Comparison of UCS to other rocks 

The average UCS results from the gypsum cemented sandstones (Table 8.9) are 0.2-

3.4% of the sandstone UCS values (Table 8.8). The UCS of the 25% gypsum 

cemented samples are most comparable to claystone. The UCS of gypsum cemented 

sandstones is not comparable to sandstones. This is because the gypsum cemented 

sandstones created in this thesis are poorly consolidated. 
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8.3.2 MICP cemented sandstone results 

8.3.2.1 Mechanical analysis 

Figure 8.29 shows the responses for each of the UCS tested MICP cemented 

sandstone samples.  The UCS values for the MICP cemented samples ranged from 

444.56 to 2407.72 kPa (Table 8.10). The average UCS increases as the weight 

percentage of calcite increases.  

 

 

 

 

 

A 

Figure 8.29: Uniaxial compression strength test results showing variation of 

stress over time for 120, 160 and 200ml MICP samples. Three replicas are 

tested for each MICP feed: 200 ml (samples C1, C2 and C4), 160 ml (samples 

C3, C5 and C7) and 120 ml (samples C6, C8 and C9). See Table 8.5 for feed to 

calcite (wt%) conversion.  

B 

C 

200 ml samples 160 ml samples 

120 ml samples 
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Table 8.10: Summary of each MICP sample deformed by UCS. All samples were 

deformed at a strain rate of 1mm/min. 

Sample group 

replica 

MICP feed (ml) Maximum UCS 

test result (kPa) 

Average UCS 

for each MICP 

feed (kPa) 

C1 200 1913.62 

1588.63 

 
C2 200 444.56 

C4 200 2407.72 

C3 160 1137.51 

963.69 

 

C5 160 1090.79 

C7 160 662.77 

C6 120 349.36 

674.97 

 

C8 120 732.72 

C9 120 942.84 

 

Figure 8.30 displays photos of the samples before and after deformation. By 

comparing the failure of each sample (Figure 8.30) with the modes of failure outlined 

by Szwedzicki 2007 and by Yan et al. (2019) it appears each of the samples display 

evidence of a failure surface, with shear-slip features (Figure 8.24). However, the 

failure surface appears to be offset on the top of the samples. A possible reason for 

this is that top and base of the samples were not perfectly smooth (despite having 

been sanded down) and therefore the pressure during deformation was unevenly 

distributed. 

Figure 8.31 plots the calcite content against the maximum UCS and sample porosity. 

Figure 8.31A shows that as the weight percentage of calcite present in a sample 
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increases, the UCS increases. Samples with 200ml feed are overall the strongest 

however they also have the greatest range and standard error. Figure 8.31B plots the 

calculated (by using the solid density) sample porosity against the calcite content. 

The porosity across the samples does not directly correlate to the feed volume, here 

the standard error is greatest for the 160 ml MICP sandstones.  

The 200ml MICP samples have the lowest porosity, it therefore suggests that as 

sample porosity increases the sample has a higher UCS.  

 

8.3.2.2 Comparison to other MICP UCS studies 

Previous MICP UCS tests have measured strengths ranging from 0.014 – 18560 kPa 

(El Mountassir et al. 2018).  The particle size (D50 =0.113 mm) of the sands used in 

this study is most comparable to those in van Paassen et al. (2010) and the fine 

grained sands in Terzis and Laloui (2018). 

Figure 8.30: Photos of MICP samples before and after UCS deformation. 

The majority of the MICP samples show evidence of failure surface 

development with shear-slip features. 
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When plotted along with all previous UCS data gathered by El Mountassir et al. 

(2018) the UCS results from the MICP cemented sandstones in this thesis plot most 

closely to van Paassen et al. (2010). However, van Paassen et al. (2010) is the only 

UCS experiment whereby the method of formation was carried out at large field 

scale (8m x 5.6m x 2.5m). The study by van Paassen et al. (2010) is relevant because 

if MICP is used as a means of stabilising soils it is likely that the outcrops will be 

large (more than 1 m2). Therefore, the MICP process needs to be adequately tested in 

similar large field scale environments before being applied in nature (e.g. to resolve  

slope stabilisation issues). 

 

Figure 8.31: A) CaCO3 content versus the maximum pressure for each MICP 

cemented synthetic sandstone during UCS with standard error bars. B) The 

porosity of each sample plotted against the CaCO3 content with standard error 

bars. 

A 

B 
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The review by El Mountassir et al. (2018) gathers data from multiple MICP UCS 

studies (including van Paassen et al. 2010; Qabany and Soga 2013; Terzis and Laloui 

2018). El Mountassir et al. (2018) describe Terzis and Laloui (2018) and van Paassen 

et al. (2010) as outliers to the bulk data results. The results from Terzis and Laloui 

(2018) suggest that a larger grain size increases the UCS. Meanwhile, van Paassen et 

al. (2010) investigates the properties of MICP single injection at field scale.  

Figure 8.32 shows the results from the samples in this thesis and compares them to 

the results presented in El Mountassir et al. (2018) and Mahawish et al. (2018). For 

the purposes of this thesis focus is primarily put on the outliers plotted in Figure 

8.32. The UCS values from this thesis are in line with the bulk of the data however, 

the CaCO3 content is significantly higher than the majority of samples. The CaCO3 

content puts these samples more in line with the results by van Paassen (2010). 

However, the UCS values are generally lower than van Paassen et al. (2010)’s. One 

possible explaination for this is that the average urease activity is lower in the results 

from this thesis (2.4 mM/min) than van Paassen et al. (2010).  

A comparison, of some of the variables, between van Paassen et al. (2010), 

Mahawish et al. (2018), Terzis and Laloui (2018), Mahawish et al. (2018) and this 

study are outlined in Table 8.11. 

Figure 8.32: CaCO3 content and unconfined compressive strength of MICP 

cemented sandstone samples from van Paassen et al. (2010), El Mountassir et al. 

(2018), Mahawish et al. (2018), Terzis & Laloui (2018) and this thesis. All samples 

from this thesis are shown in red.  
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One variable which is different between this study and the other studies present in 

Table 8.11 is the level of saturation when the sand was initially cemented. Terzis and 

Laloui (2019) highlight that in partially saturated conditions (e.g. those experienced 

in this thesis) the menisci from the solutions tend to form around grain to grain 

contacts. Therefore, increasing the UCS of each synthetic sandstone. 

 

The comparison made in this section only looks at eight variables (Table 8.11). Many 

other variables (including temperature, cementing treatment procedure, the length of 

time the bacterial and cementing liquids are exposed to the sample, pH of the 

cementing solution) should be compared to determine what controls the UCS of 

these synthetic sandstones. 

From the results plotted in Figure 8.32 and the summarised variables (Table 8.11) it 

could be hypothesised that increased urease activity and grain size will produce 

increased UCS results. However, the results from these ‘outlier’ studies are 

widespread and highlight the range of CaCO3 content used in MICP cemented 

sandstone studies. More tests with samples showing higher CaCO3 content would be 

required to analyse the relationship between the percentage of calcite cement 

precipitated and UCS. 

Figure 8.33: Schematic representation of the impact of saturation on the 

location of calcite growth. A) Shows distribution of calcite under saturated 

conditions. B) Shows the distribution of calcite under partial saturation. Image 

from Terzis and Laloui (2019). 

A B 
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8.3.3 UCS summary 

- The average uniaxial compressive strength (UCS) increases as the weight 

percentage of gypsum cement present increases in gypsum cemented sandstones. 

- Gypsum cemented sandstones produce higher UCS results than samples made of 

100% gypsum. This suggests that the presence of quartz grains increases the UCS. 

- Sand grains may become fractured in synthetic sandstones due to UCS testing. 

However, in order to test this, analysis should be conducted in synthetic sandstones 

in which the cement is visible with microscopy. 

- The average UCS increases as the weight percentage of calcite increases in MICP 

cemented sandstones. 

- Under UCS conditions the MICP synthetic sandstones display evidence of a failure 

surface, with the potential to develop a shear plane if load is distributed evenly across 

the top of the sample. 
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Table 8.11: Comparison of some variables in selected MICP UCS studies. 

Variable 
Van Paassen et 

al. (2010) 

Terzis & Laloui 

2018 - Fine grained 

Terzis & Laloui 

2018 - Medium 

grained 

Mahawish et al. 2018 This thesis 

Saturation Fully saturated Fully saturated Fully saturated Fully saturated Partial saturation 

Injection sequence Single Multiple cycles Multiple cycles Multiple cycles Multiple cycles 

Sand size D50 = 0.166 mm D50 = 0.19mm D50 = 0.39mm D50 = 1.60 mm D50 = 0.113 mm 

Sample scale  
Large scale ~ 

100m3 
Corea Corea 

Core - 51 mm dia. x 102 

mm length 

Core - 38mm dia. 

x 100mm length 

Mean porosity 41.10% 35.9-41.5% 40.8-47.1% 26-40% b 35% 

Ca concentration 1 M 1M 1M 1M 1.4 M 

Urea concentration 1 M 1M 1M 1M 1.4 M  

Urease activity 18.33 mM/min 1.73 mM/min 1.73 mM/min 19.38–21.45 mM/min 2.40 mM/minc 

      
a Information from accompanying paper Terzis et al. (2016). 

 
b Range of porosity achieved depended on number of treatment cycles. 

c Average ureolytic activity from four samples. For full results see Table 7.6. 
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8.4 Triaxial testing 

The initial aim of this section was to deform synthetic sandstones using triaxial 

testing and create deformation bands in the samples. By doing this it was hoped the 

cement and porosity properties before and after deformation could be monitored 

using X-CT. However, as can be seen in Chapter 7, it became clear that gypsum and 

MICP were not suitable materials to reflect the cementation in natural 

quartz/calcite/gypsum cemented sandstones due to the textures formed (instead the 

gypsum bridges most closely resembled clay cemented sandstones).  

Regardless, this section has become insightful into the triaxial properties of gypsum 

cemented rocks and adds to the data collected earlier in this chapter from shear box 

and uniaxial experiments. Triaxial deformation was carried out on the gypsum 

cemented sandstones in order to test the response of gypsum cement to triaxial 

loading, thus determining the impact of gypsum concentration as a cementing agent 

on the strength of the synthetic sandstones under confined conditions.  

 

Figure 8.34: Triaxial schematic response modified from Dewhurst et al. 

(2011) shows that differential stress increases with increased confining 

pressure. 

Peak stress where 

fracturing can occur 

Plastic 

phase 
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Figure 8.34 displays a schematic triaxial response whereby differential stress 

increases as confining pressure increases. The curve shows a similar response to 

previous sandstone triaxial tests shown in Mair et al. (2000). 

Although deformation bands were not formed during this study, the surrounding 

literature is included for context and analysis of the data. Due to time and financial 

constraints only a selected number of gypsum cemented sandstones were tested in 

this chapter. 

8.4.1 Choosing the most relevant deformation conditions 

Previous studies have formed deformation bands in sandstone cores during triaxial 

testing (Wong et al. 1997; Mair 2002; Ngwenya et al. 2003; Ando 2013; Skurtveit et 

al. 2013; Alikarami et al. 2014; Heap et al. 2015; Ma and Haimson 2016). To 

determine the parameters used to form deformation bands in the triaxial rig the 

confining pressures, shear rates and the type of deformation bands formed in 

previous studies are summarised (Table 8.12). For comparison with the results from 

the field (Chapter 5), the applied stress in each test was used to calculate equivalent 

depth of formation in the Earth. From the results displayed in Table 8.12 it appears 

that no cataclastic deformation bands have been formed during experiments with 

confining pressures less than 6497 PSI (equivalent to approximately 1758m depth). 1 

psi equals approximately 6.89 kPa.  

Table 8.12 shows that dilation bands can form between 1960-6005 psi (~13.5-41.4 

MPa) at strain rates of 5 x10-6. Meanwhile compaction bands can form at higher 

confining pressures between 7950-21760 psi (~ 54.8-150.0 MPa) at strain rates of 

5x10-5 or 5x10-6. Finally, shear bands form in the widest range of confining pressures 

(14.50- 21755.66 psi) with strain rates ranging from 7.5x10-3 to 5x10-6. These results 

suggest that confining pressure has an impact on the formation of different types of 

deformation band. 

It is possible that the wide range of shear band forming confining pressures is due to 

a misuse in terminology. Across the literature on grain breakage in triaxial 

deformation, the terminology varies due to the interdisciplinary nature of these 

studies. This therefore makes it challenging to compare studies, and more complex to 

identify which type of deformation bands have been formed during deformation.   
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Laboratory triaxial experiments were performed under 27.58 MPa confining pressure 

to investigate the stress-strain characteristics of gypsum cement. The tests were 

carried out using synthetic sandstones with gypsum cement varying from 10-25% of 

the total sample mass. In addition to these samples a ‘standard’ sandstone sample and 

a sample made of 100% gypsum were analysed. This allowed for a comparison to be 

made between samples. See Chapter 7 for the formation of the gypsum cemented 

sandstones. The method described in Section 8.2.4.2 was repeated to form the 100% 

gypsum cylinder.  
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Table 8.12: Summary of previous triaxial studies and determination of which type of deformation band has been formed.  

Reference Sample Approximate 

burial depth 

(m)a 

psi (pound-force per square 

inch).  

Strain rate (s-1) Type of band formed 

Ando 2013 Caicos 3.92 14.50 8x10-6 - 7.5x10-3 Shear 

Ando 2013 Ottowa 11.77 43.51 8x10-6 - 7.5x10-3 Shear 

Alikarami et al. 2014 Hostun and Ottawa sands 39.25 145.04 3.5x10-7 Cataclastic 

Wong et al. 1997 Adamswiller sandstone 196.23 725.19 5x10-5 Shear 

Ando 2013 H 274.73 1015.26 8x10-6 - 7.5x10-3 Shear 

Ma and Haimson 2016 Bentheim sdst (high porosity = 24%) 313.97 1160.30 5x 10-6 Shear 

Heap et al. 2015 Bleurswiller sdst 392.46 1450.38 5x10-5 Single shear 

Ma and Haimson 2016 Coconino sdst (medium porosity = 17.5%) 392.46 1450.38 5x 10-6 Single shear 

Mair 2002 Locharbriggs sandstone 529.83 1958.01 5x10-6 Dilation 

Ma and Haimson 2016 Bentheim sdst (high porosity = 24%) 588.70 2175.57 5x 10-6 Shear 

Ngwenya et al. 2003 Clashach sandstone 608.32 2248.08 5x10-6 Dilation 

Ma and Haimson 2016 Coconino sdst (medium porosity = 17.5%) 784.93 2900.75 5x 10-6 Single shear 

Wong et al. 1997 Adamswiller sandstone 784.93 2900.75 5x10-5 Shear 

Ngwenya et al. 2003 Clashach sandstone 812.40 3002.28 5x10-6 Dilation 

Mair 2002 Locharbriggs sandstone 1071.43 3959.53 5x10-6 Dilation 

Ma and Haimson 2016 Bentheim sdst (high porosity = 24%) 1177.39 4351.13 5x 10-6 Shear 

Skurtveit et al. 2013 Uchaux sands 1569.86 5801.51 1x10-6 Cataclastic 

Wong et al. 1997 Adamswiller sandstone 1569.86 5801.51 5x10-5 Shear 
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Mair 2002 Locharbriggs sandstone 1624.80 6004.56 5x10-6 Dilation 

Ngwenya et al. 2003 Clashach sandstone 1758.24 6497.69 5x10-6 Cataclastic 

Ma and Haimson 2016 Coconino sdst (medium porosity = 17.5%) 1962.32 7251.89 5x 10-6 Single shear 

Mair 2002 Locharbriggs sandstone 2150.71 7948.07 5x10-6 Compaction 

Ma and Haimson 2016 Bentheim sdst (high porosity = 24%) 2354.79 8702.26 5x 10-6 Shear 

Wong et al. 1997 Adamswiller sandstone 2354.79 8702.26 5x10-5 Cataclastic 

Mair 2000 Locharbriggs sandstone 2705.95 10000.00 5x 10-6 Cataclastic 

Heap et al. 2015 Bleurswiller sdst 3139.72 11603.02 5x10-5 Compaction 

Ma and Haimson 2016 Coconino sdst (medium porosity = 17.5%) 3139.72 11603.02 5x 10-6 Shear 

Ma and Haimson 2016 Bentheim sdst (high porosity = 24%) 3139.72 11603.02 5x 10-6 Shear 

Ma and Haimson 2016 Coconino sdst (medium porosity = 17.5%) 3924.65 14503.77 5x 10-6 Shear 

Wong et al. 1997 Adamswiller sandstone 3924.65 14503.77 5x10-5 Cataclastic 

Ma and Haimson 2016 Coconino sdst (medium porosity = 17.5%) 4709.58 17404.53 5x 10-6 Shear 

Ma and Haimson 2016 Bentheim sdst (high porosity = 24%) 4709.58 17404.53 5x 10-6 Shear-enhanced compaction band 

Ma and Haimson 2016 Coconino sdst (medium porosity = 17.5%) 5886.97 21755.66 5x 10-6 Shear 

Ma and Haimson 2016 Bentheim sdst (high porosity = 24%) 5886.97 21755.66 5x 10-6 Pure compaction 

Wong et al. 1997 Adamswiller sandstone 5886.97 21755.66 5x10-5 Cataclastic 

a calculated using sandstone density of 2600 g/cm3 (Sharma 1997). 
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8.4.2 Triaxial sample preparation and test procedure  

Triaxial tests were carried out at the University of Edinburgh’s Geosciences 

department (Figure 8.35). Once formed the samples were carefully transported to 

Edinburgh for testing by wrapping the samples in bubble wrap and carrying them in 

person. Prior to testing samples were smoothed off using sandpaper to between 75-

90mm in length. After smoothing the samples were fitted with heat shrink sleeves 

(Figure 8.36) to keep poorly consolidated rock together inside the rig.  

For each sample, oil confining pressure of 

1000, 4000 and 8000 psi were used. Strain 

rates used were either 1x10-5 s-1 or 7x10-5 s-

1. The fastest strain rate which the triaxial 

rig could achieve was 7x10-5 s-1. No pore 

fluid was present. Experiments were carried 

out at ambient temperature and were stroke 

controlled. End caps were used to increase 

the overall height of the sample and create a 

better fit inside the rig. The axial stress is 

maintained using the pump system. The 

offset was measured by two LVDTs to find 

the average displacement. Figure 8.37 

illustrates the mechanics behind the triaxial 

rig at the University of Edinburgh. Table 

8.13 summarises the conditions for each 

triaxial test.  

 

Figure 8.35: Triaxial rig set up at the 

University of Edinburgh. 
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Figure 8.36: 100% gypsum triaxial sample fitted with a heat 

shrink sleeve (A) before, and (B) after deformation 

A B 

Figure 8.37: Triaxial rig plumbing diagram built by Iain Butler and Michael 

Flynn, Geosciences Department, University of Edinburgh, figure courtesy of Iain 

Butler. 
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Table 8.13: Summary of samples (gypsum cemented sandstones, sandstone and 100% gypsum sample) tested by triaxial 

deformation. Total displacement for each gypsum cemented sandstone was 8mm. Both strain rates were kept at a constant 

during each experiment. 

Sample Cement 

(%) 

psi used Strain 

rate 

 

Initial sample 

length (mm) 

Final sample 

length (mm) 

Difference in 

length (mm) 

Notes 

15C 15 4000 7 x10-5 74.4 71.92 2.48   

15D 15 4000 7 x10-5 77.14 69.71 7.43 No sleeve 

used 

20C 20 1000 7 x10-5 83.17 78.14 5.03   

20D 20 4000 1 x10-5 80.12 77.56 2.56   

20E 20 8000 7 x10-5 79.52 76.84 2.68   

25C 25 1000 7 x10-5 82.04 79.52 2.52   

25D 25 4000 1 x10-5 85.29 82.87 2.42   

25E 25 8000 7 x10-5 85.63 84.63 1.00   

Sandstone N/A 4000 7 x10-5 91.71 91.20 0.51   

Gypsum 100% 4000 7 x10-5 96.70 90.32 6.38   
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8.4.3 Triaxial results 

There is no evidence of shear failure in the gypsum cemented and 100% gypsum 

sample. Instead each of the gypsum cemented sandstones and 100% gypsum sample 

were compressed inside the jacket.  The only evidence of shear failure is from the 

sandstone sample which was run to act as a comparison between classical triaxial 

failure and the failure observed by the gypsum cemented sandstones. 

No grain breakage was noted to the naked eye. Instead plastic deformation was 

observed with release fractures forming perpendicular to the loading direction, whilst 

the samples remained in the jacket.  

Table 8.13 lists each of the samples and their lengths before and after triaxial 

deformation. The total compression experienced for each sample was approximately 

8mm according to the LVDT response. However, the height of the sample once it is 

removed from the rig does not reflect this change. Instead it appears that the gypsum 

cemented synthetic sandstones have ‘bounced’ back and increased in length once 

unloaded. However, the new sample length remains shorter than the original length. 

Neither the sandstone nor the 100% gypsum sample behave in the same way as the 

gypsum cemented synthetic rocks. This therefore suggests that the samples behave 

plastically.  Further work on this to understand the reasons that this ‘bounce’ back 

took place is out with the scope of this thesis. It is possible that if a lower confining 

pressure was used instead of 27.57 MPa no ‘bounce’ back would take place.   

Regardless of the plastic behaviour the overall cohesion remained across each sample 

(the sample could be removed from the triaxial rig in one piece) and they were not 

subjected to complete crumbling.  
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Peak shear stress was not reached during deformation of the gypsum cemented 

sandstone or 100% gypsum experiments. Instead each sample behaved in a plastic 

manner and did not seem to reach plastic phase or fracturing. Recording was stopped 

before the triaxial rig stroke ran out.  

Two 15% gypsum cemented sandstone samples were tested at 4000 psi (27.57 MPa) 

confining pressure to understand if the sample sleeve had an impact on the triaxial 

response. From the response the sleeve does impact the triaxial response (Figure 

8.38). Therefore, it is possible that with no sleeve, failure is more likely to occur. 

Figure 8.39 shows the axial strain versus the differential stress for each of the 20 and 

25% gypsum cemented sandstones. Figure 8.40 compares the results from all the 

gypsum cemented sandstone samples at 1000, 4000 and 8000 psi. Here the 

increasing percentage of gypsum cement volume appears to have no effect on the 

differential stress profile as each sample is deformed. However, as no peak 

Figure 8.38: Triaxial results showing the comparison of 15% gypsum samples 

with and without a sleeve at 4000 psi. This shows without the sample sleeve the 

differential stress increases at a higher rate than the sample with a jacket. 
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differential stress was reached it is impossible to say if this trend would have 

continued during sample deformation.  

Figure 8.41 compares the gypsum cemented sandstone samples to the 100% gypsum 

and natural sandstone sample. 

Figure 8.41A displays the differential stress response for the 100% gypsum cemented 

sample tested at 4000 PSI confining pressure. When deformed at 4000 PSI the 

gypsum cemented sandstone is stronger than the 100% sandstone sample (Figure 

8.41C). Furthermore, the 100% gypsum sample provides a similar differential stress 

response as the gypsum cemented sandstones deformed at 1000 PSI.  

Figure 8.41B shows the differential stress response for the natural sandstone sample 

tested at 4000 PSI confining pressure. The sample has a peak differential stress of 

360 MPa at an axial strain of 0.023. From this response the gypsum cemented 

sandstones do not behave like naturally formed sandstone (Figure 8.41C).  
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Figure 8.39: Triaxial deformation results of A) 20 and B) 25% gypsum 

cemented sandstones. Tested at a strain rate of 7x10-5 (1000 and 8000 psi 

samples) and 1 x10-5 (4000 psi samples). Each experiment was stopped 

before the triaxial stroke ran out. 

A 

B 
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Figure 8.40: Summary of triaxial results for gypsum cemented sandstones. 

Regardless of percentage of gypsum cement present in the synthetic samples 

the differential stress response is similar for each confining pressure. This 

suggests confining pressure controls the differential stress observed. 

8000 PSI 

4000 PSI 

1000 PSI 
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8.4.4 Triaxial deformation summary 

- Following recommendations by Wong et al. (1997), it would be advisable to repeat 

these experiments with measurements of porosity change and acoustic emission 

during loading to enable accurate determination of stress and deformation 

parameters.  

- It would be worthwhile to repeat and increase the number of (minimum 5 repeats of 

each) these experiments using the MICP cemented sandstones. The repeats would 

take into consideration any heterogeneity across the samples. When repeating 

Figure 8.41: Triaxial results from A) 100% gypsum sample. B) Shows a typical 

sandstone sample. C) Comparison between all samples. 

A B 

C 
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experiments do so on a rig which can accommodate a larger stroke value to allow the 

experiments to continue for longer. 

 

- One way of measuring porosity change over time would be in an X-CT scanner. 

However, to enable this to be tested effectively insitu deformation whilst scanning 

would have to be carried out. This would require a smaller sample size (< 2 cm in 

height). 

8.5. Comparison between cement and deformation techniques 

The initial aim of this chapter was to gain a better understanding of the mechanics at 

the grain scale which lead to cataclastic deformation band formation in shallow 

burial depths with respect to the quantity of cementing phase. As deformation bands 

were not formed in these synthetic samples, this chapter has focused on their 

mechanical response (shear box, UCS, triaxial deformation). 

8.5.1 Effect of cement 

From this chapter it can be summarised that the distribution and mineralogy of 

cement directly impact the mechanics of the synthetic sandstones. Table 8.14 

summarises the average results from both the shear box and UCS tests for gypsum 

and MICP cemented synthetic sandstones. The triaxial results for the synthetic 

sandstones are not included in this table as a maximum stress was not reached during 

the triaxial tests.  The pink arrow highlights the overall trend which shows that as the 

cement content in each synthetic sample increases so does the shear and compressive 

strength of each sample. The MICP cemented sandstones have a larger range in shear 

strength than the gypsum cemented sandstones. These results reflect that the shear 

modulus is higher for calcite (30.3 GPa) than for gypsum (16 GPa) (Henderson and 

Henderson 2009). Meanwhile, the gypsum cemented sandstones have a larger range 

in compressive strengths than the MICP cemented sandstones. This therefore 

suggests that cement type should be considered depending on the application of the 

synthetic sandstone.  

Table 8.15 describes the impact of increasing the volume of cement on each method 

of mechanical deformation (including triaxial deformation). 



Chapter 8 - Mechanical deformation 

 

304 

 

Table 8.14: Summary of average results from shear box and UCS tests on 

the synthetic sandstones. Pink arrows highlight overall trends. For both 

the shear box and UCS experiments show that as the cement content 

increases the average shear and confining stress increases.  

 
  

Experimental technique 

 
  

Shear box (kPa) UCS (kPa) 

 
  

Average maximum 

shear stress at 95.38 

kPa normal stress 

Average UCS 

 Sand 83.98 - 

C
em

en
t 

ty
p

e
 

G
y
p

su
m

 

10 % 146.11 157.22 

15 % 128.61 768.075 

20 % 245.83 877.76 

25 % 208.43 2294.11 

M
IC

P
 

120 ml 102.96 674.97 

160 ml 178.52 963.69 

200 ml 435.65 1588.63 
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Table 8.15: Summary describing the effects of increasing gypsum and MICP 

cement volume on the mechanical deformation of synthetic sandstones.  

Experimental 

technique 
↑Gypsum ↑MICP 

Shear box 

Shows overall increase in 

shear strength as cement 

volume increases. However, 

the trend it is not clearly 

defined. 

Shear strength increases as 

cement volume increases. 

UCS 

Compressive strength 

increases as cement volume 

increases. 

Shows an overall increase in 

compressive strength as the 

CaCO3 content increases. 

However, the trend is not clearly 

defined. 

Triaxial 

No variation in differential 

stress response with 

increasing gypsum content. 

Instead the differential stress 

of the samples is controlled 

by the confining pressure. 

N/A 

 

8.5.2 Comparison of deformation techniques 

Although cheap to run in comparison to the other deformation techniques the shear 

box has drawbacks. One main drawback of the shear box experiments is that it is 

difficult to analyse and compare each sample before and after deformation.  

One possible solution to this is reducing the sample size so that it can be imaged 

using X-CT before and after deformation. However, there is a chance that the sample 

is unrecoverable once deformed e.g. the cement bonds have broken therefore no 
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structure can be seen. A method of achieving this would be to use plaster of Paris to 

hold the small sample (less than the size of the shear box) in place. Tobler et al. 

(2018) have used a similar method on less porous rocks.  However, due to the high 

porosity of the synthetic sandstones this method would not work. Instead after the 

plaster was set in the shear box a hole (to match the size of the sample) would need 

to be drilled into both the top and base plate.  Although this method overcomes the 

error created by the large 60x60x20mm samples and allows for the samples to be 

analysed before and after deformation in the X-CT, this method has the potential to 

create new errors due to misalignment of the sample in the drilled hole.  

An alternative is to use X-CT to image the shear box in situ therefore undertaking 4D 

analysis. The shear box used in this study had sides made of thick metal which would 

make it impenetrable to x-rays. However, if the shear box was reconstructed using a 

thick plastic the sample could be deformed in-situ in the X-CT. Other points which 

would have to be taken into consideration is the positioning of the sample. For 

example, it is preferable to have the sample positioned for imaging so that it is 

standing upright rather than lying flat. Another point worth considering is the shear 

box sample cuboid size is 60 x 60 x 20 mm. This is a large sample size to scan in a 

laboratory X-CT and because of this the resolution is limited. Instead it would be 

beneficial to decrease the size of the shear box and sample size as to improve the 

scan resolution. Previous experiments have used transparent ring shear boxes and 

digital video camera systems to monitor grain movement during displacement 

(Fukuoka et al. 2007) therefore using the X-CT would be building on the technology 

used in these studies. 

For future work with the triaxial rig I would recommend testing the MICP cemented 

sandstones for a better understanding of the impact of cement (balls vs needle 

network) on grain supported sandstones.  

 

 

 



Chapter 8 - Mechanical deformation 

 

307 

 

8.6 Summary 

- As the volume of calcite is increased the strength of the synthetic sandstones is 

increased.  

- As the weight percentage of gypsum cement is increased from 12-26% in the 

gypsum cemented sandstones there is an overall increase in the strength of each 

sample when tested in the shear box and by UCS (Figure 8.26). 

- By forming the shear box samples outside of the test apparatus, small gaps (<1mm) 

form around the inside of the box. This therefore must be taken into consideration 

when interpreting the shear results.  

- The maximum and ultimate shear stresses are higher for MICP than gypsum 

cemented sandstones. 

Recommendations 

- Form the synthetic sandstones in situ in the shear box. This will improve the 

fit of the sample inside the shear box. 

- Create a plastic version of the shear box which could be placed inside the X-

CT to monitor deformation over time and therefore the movement of sand 

grains, and possible development of a shear plane can be traced. 

- A minimum of five repeat samples should be deformed for each mechanical 

deformation method.  

- Develop a method to analyse the cement and grains before and after shearing 

to determine the impact of deformation at the micro-scale. 
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Chapter 9 Discussion, Conclusions and Future work 

9.1 Discussion 

The original aim of this thesis was to investigate the impact of cementation on 

deformation band formation by exploring the types of cement, cement chemistry, 

cement strength and the location of cement across both natural and synthetic 

sandstones. Due to the time restraints of this PhD deformation bands were unable to 

be formed in the synthetic sandstones. This altered the aim of the PhD to focus 

instead on developing a methodology for deformation band petrophysical analysis 

using X-CT, developing a method to form synthetic sandstones, comparing the 

properties of different types of cement used to form sandstone, investigating the 

chemistry behind gypsum cement and investigating the mechanical properties of the 

synthetic sandstones formed using the two cement types.  

This chapter synthesises the results from this thesis. 

9.1.1 Cement distribution and mineralogy is important for mechanics and 

hydraulics 

The distribution and mineralogy of cement is important for both the mechanics and 

hydraulics of clastic rocks. To my knowledge there are no known classifications of 

cement distribution and strength in sandstones comparable to Folk (1959) and  

Dunham (1962) classifications. I speculate that this is due to the overlap in work 

between sedimentology and geomechanics.  

Sedimentologists predominantly focus on the grains when analysing a sandstone. 

This includes the grain size, shape, composition and sorting. Work on cement 

primarily focusses on how cement fills the pores (therefore restricting fluid flow), 

looking for cement structures which indicate way up (e.g. geopetal structures) and 

2D cement distribution in carbonates. However, to the best of my knowledge there 

appears to be little work which analyses the distribution of cement in 3D. Laubach et 

al. (2004b, 2004a) focusses on the distribution of cement in fractures to help identify 

the location of open fractures. However, the distribution of cement in fractures has a 
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different structure to the cement between sand grains, and, as a result, has a different 

impact on the mechanics and hydraulics of the rock. 

Meanwhile, geomechanics focus on the overall macroscopic rock properties, e.g. 

rock strength, to determine if the rock being tested would be suitable for the required 

application e.g. a tunnel to be drilled in it. Within geomechanics Ismail et al. (2002), 

DeJong et al. (2006) and Terzis and Laloui (2018) have investigated the distribution 

of cement and its impact on the mechanics. However, these studies do not consider 

how the properties of the cements compared to natural sandstones.   

The distribution of cement is of increased importance when analysing poorly 

cemented sandstones. The strength of a rock is likely to be controlled by the strength 

and distribution of cement (Figure 9.1). This in turn impacts the mechanics of the 

rock. This thesis has explored the distribution of cement across several samples of 

high porosity sandstone and synthetic sandstone, and characterised the impact of the 

strength of cement on the synthetic sandstones. 

 

Artificial sandstones do not have the same cementing processes as natural sandstone. 

Natural sandstones undergo a long period of consolidation (sometimes over millions 

of years) and can be subjected to multiple phases and volumes of fluid flow which 

produce diagenesis of the rock (chemical changes by which cements can precipitate 

from mineral rich fluids or localised dissolution), elevated temperature and pressure 

conditions, and structural changes which can alter the strength and the distribution of 

cement in the sandstone.   

Figure 9.1: The strength of a rock is affected by cement in two ways. The first is 

the cement strength and the second is the distribution of cement. 
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The artificial sandstones produced in this thesis were formed over periods of up to 

four weeks. During this time the samples were subjected to between 1.36-1.38 kPa 

and between 1 and 5 phases of fluid flow of constant composition: gypsum cemented 

samples were subject to 1 phase, meanwhile MICP cemented samples were subject to 

between 3-5 phases. The confining pressure used to form the samples equates to 

approximately 6 cm burial depth (using sandstone density values from Sharma 

(1997)) and is significantly less than 127.5 MPa at 5km burial depth. Therefore, the 

confining pressure applied in the formation of the samples is not comparable to those 

found applied in nature. Furthermore, the fluid flow history with which the synthetic 

rocks are treated is oversimplified compared to what rocks may experience below the 

subsurface.  Despite these differences, a clear variation in cement shear and 

compressive strength can be seen in the synthetic sandstones. This variation can only 

be amplified with increasing confining pressure and type/volume of fluid flow as this 

adds an extra layer of complexity to each sandstone. 

This thesis has shown that cements can increase the strength and decrease the 

porosity of synthetic rock. Therefore, the distribution of cement does affect the 

mechanics of the sandstone 

Figure 9.2 is a schematic displaying some of the cement types and distributions from 

silica, carbonate and clay cemented rocks. The figure is divided into the types of 

natural cement present (e.g. silica, carbonate and clay), the distribution of carbonate 

cement and refers to a simplified version of the Folk (1959) limestone classification.  

The three types of silica cement are pressure solution, microcrystalline and 

overgrowths. Pressure solution is created due to the dissolution of minerals at grain 

to grain contacts. Here the cement is disconnected, the porosity and permeability are 

high, and the rock strength is increased. In addition, the shear and compaction 

strength are high. Microcrystalline quartz can form a cement by coating the sand 

grain. Microcrystalline quartz is overall unconnected therefore it preserves the 

porosity of sandstones (French et al. 2012). Silica overgrowths form in 

crystallographic continuity with host grain. The overgrowths are likely to be well 

connected however, they decrease the porosity of the sandstone (Lander and 

Walderhaug 1999). 
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Figure 9.2: Schematic displaying some of the cement types and distributions 

from silica, carbonate and clay cemented rocks. This figure is for comparison 

with the natural and synthetic sandstones (Figure 9.4). 
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The types of calcite cement are poikilotopic and drusy cement (originally mentioned 

in Section 2.4.1). For samples displaying poikilotopic cement, the cement is 

connected. However, the porosity and permeability are low. It is likely that the 

strength of these carbonates is dependent upon the cement strength. For samples 

displaying drusy cement, the cement is likely to be connected. However, in 

comparison to the poikilotopic cement higher porosity would be expected. The 

permeability is likely to be dependent on the interlocking 3D nature of the drusy 

cement.  

A schematic of clay cement is also illustrated. In nature clay cement is known to 

form bridges between grains and the clay cement geometry mirrors that of meniscus 

cement (Figure 9.2). 

The two types of carbonate distribution are isopachous, and gravity (stalactitic) and 

meniscus. The level of cementation (e.g. partial or complete) directly impacts the 

connectivity of the cement (see Figure 2.11). Carbonate cements which are partially 

cemented will have cement which is less connected than carbonate cements which 

are completely cemented. For further details on these cement distributions see 

Section 2.4.1.  

The final schematic displayed in Figure 9.2 is the simplified version of the Folk 

(1959) limestone classification. In both a micrite and sparite the cement is connected, 

and porosity and permeability are low. 

Figure 9.3 displays the Dunham (1962) carbonate classification. Dunham classes 

were defined by the supporting fabric of the original sediment (e.g. grain or matrix 

supported), the percentage of mud and grains, and the sediments bound state at the 

time of deposition. The classification is used later in this section for comparison with 

the synthetic sandstones. 

Figure 9.4 illustrates the cement distribution in both the natural and synthetic 

sandstones from this thesis. It is clear from Chapter 5 that the natural sandstones are 

grain supported. 
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Sample AR01 shows evidence of pressure solution primarily cementing the 

sandstone together, with secondary hematite and clay cement (not shown in 

schematic). From the thin sections the hematite cement appears to form bridges 

between grains. Sample UT02 shows evidence of grain overgrowths as the primary 

cement. Hematite and calcite (not shown in schematic) are visible as the secondary 

cement. Sample HN11 shows evidence of grains touching and of clays cementing the 

grains together. Furthermore, the clay cement has an irregular distribution around the 

sand grains. 

The cement distribution of the MICP and gypsum synthetically cemented sandstones 

are described in Chapter 7. Both methods of cementing synthetic sandstones produce 

matrix (cement) supported sandstones. 

The MICP cement preferentially nucleates in ball like shapes. These cement balls act 

as the main point of contact cementing the sand grains together. Meanwhile, the 

gypsum cement forms a network of needle like crystals (with evidence of partial 

spherulites) which grow around the grains. From the X-CT results in Chapter 7 both 

cement types maintain high porosity and good permeability (porosity connectivity) 

regardless of the percentage of cement present. 

 

Figure 9.3: Dunham classification of carbonate rocks (Dunham 1962). The 

synthetic sandstones produced in this study most closely resemble a 

wackestone or a packstone. The synthetic sandstones are cement supported 

with more than 10% grains present and between 7-27% cement.  



Chapter 9 – Discussion, conclusions and future work 

314 

 

When comparing the synthetic sandstones (Figure 9.4) produced in this thesis to the 

natural sandstone cements (Figure 9.2) I believe that the gypsum cement more 

accurately reflects the even distribution of cement present in natural sandstones in 

comparison to MICP cement. As can be seen from Figure 9.2 natural cement tends 

not to form ‘ball’ like shapes (as seen in the MICP cemented sandstones) in nature. 

Future work would look at creating a method which might cause the bacteria to 

create an even coating around the sand grains. This would increase the points of 

contact and as a result could lead to increased strength of the sandstone. 

 

Each of the synthetic sandstones formed in this thesis contain more than 10% grains, 

are cement supported and are made from between 7-27% cement. In the absence of a 

silica sandstone classification scheme, I believe that the Dunham (1962) 

Figure 9.4: Schematic of the cement distribution observed in the natural and 

synthetic sandstones. 
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classification of wackestone and packstone carbonates most closely resemble the 

cement distribution of the synthetic sandstones. 

9.1.2 Timing of cementation in natural rocks 

Timing of cement deposition is important as it helps to determine the diagenetic 

history of the sandstones. However, the timing of cement deposition in natural 

samples can be difficult to constrain. Table 9.1 summarises the properties of each of 

the deformation band samples.  

For each sample the number of deformation periods is different. HN11 experiences 

one main deformation period meanwhile, in UT02 there are three deformation band 

forming periods (Chapter 3). Between the initial sediment deposition and these 

periods of deformation, the cement timing is poorly constrained. For the cements 

studied in this thesis I cannot be sure if the cement formed before or after 

deformation band formation.  If the cements formed before deformation band 

formation their impact on reducing porosity in cataclastic structures will be relevant 

to band formation. Cementation tends to strengthen sandstone it is therefore likely 

that a larger force would be required to break the combination of grains and cement 

in sandstone bodies and form cataclastic deformation bands. Furthermore, as shown 

from the UCS studies (Chapter 8), increased cementation will reduce the likelihood 

of compaction taking place particularly at shallow depths.  

In future studies of cement at other sites good data is required in order to better 

constrain the cement timing, the burial history and timing of fluid flow. 

It is not possible to replicate the cementation process in the laboratory due to the 

length of time cementation takes in nature. However, it is possible to replicate the 

temperature and pressure in which cementation takes place. Table 9.1 highlights how 

variable each sandstone is. It is therefore recommended to build on the method from 

this thesis by creating further simplified synthetic sandstones. 
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Table 9.1: Summary of each field site with focus on the periods of potential 

deformation band formation, cement type, and porosity. 
 
  1 2 3 

Location Great Britain South Central 

Utah 

Hungary 

Field Area Isle of Arran Paradox Basin Pannonian 

Basin 

Age of sediments 299-271 Ma 180-140 Ma 21-19 Ma 

Number of deformation 

band stages 

2 3 1 

Potential 

timing of DB 

formation  

Stage 1 299-271 Ma 90-50 Ma 

(Laramide 

Orogeny) 

21-19 Ma 

Stage 2 66-2.6 Ma 25-19 Ma N/A 

Stage 3 N/A 15 Ma - present 

(Basin and 

Range 

formation) 

N/A 

Sample number AR01 UT02 HN11 

Mean host porosity (%) a 14.03 17.46 10.55 

Mean DB porosity (%) b 2.00 1.56 1.40 

Dominant cement type Quartz Quartz Clays 

Secondary cements Hematite and 

clays 

Hematite and 

calcite 

N/A 

Mean host cement (%)a 7.60 15.43 19.98 

Mean DB cement (%)b 4.06 14.13 10.09 

Level of cementation Well cemented Well cemented Poorly 

cemented 

Type of deformation 

band 

Cataclastic Cataclastic Cataclastic 

 

a Mean host cement and porosity calculated from five X-CT sub-volumes in the host rock. See 

Chapter 5 for full results. 
b Mean DB cement porosity calculated from five X-CT sub-volumes in the DB. 

 

 

9.1.3 Comparing synthetic rocks to real rocks 

It is clear from the results of this thesis that synthetic rocks can be manufactured to 

reproduce the cement volume and distribution comparable to those seen in natural 

sandstones. This section compares the sub-volume grain, cement and porosity results 
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from the synthetically formed sandstones to those from the deformation band 

samples, analyses the mechanics and discusses the use and implications for synthetic 

sandstones.  

9.1.3.1 Phase analysis 

Across both natural and synthetic sandstones three phases (grains, cement and 

porosity) are segmented from the X-CT data for comparison. Table 9.2 summarises 

the percentage of phases present in each sample. 

In the natural sandstones there is a larger percentage of grains (lower porosity) than 

in the synthetic sandstone samples. The porosity is approximately 4x higher in 

synthetic sandstones than natural sandstones. One explanation for this is that the 

sandstones were formed at higher confining pressures, therefore the grains were 

forced closer together than they were in the laboratory (more grains are packed into 

the same volume than in the synthetic sandstones).  As mentioned previously it is 

likely the naturally formed sandstones were subjected to higher confining pressures. 

It is these higher confining pressures which are likely to have squeezed the grains 

together and therefore reduced the available pore space. As a result, neither of the 

synthetic sandstone samples replicate the pore distribution found in natural 

sandstones. Furthermore, in the case of UT02 and AR01 the grain phase segmented 

from the X-CT data will include the quartz cement. This will produce an inaccurate 

grain percentage. 

The percentage of cement present was lowest in the MICP cemented sandstones. The 

percentage of cement in the gypsum cemented sandstones and natural sandstones is 

comparable. Although there are differences between their physical appearance and 

their distribution around the grains, the gypsum cemented sandstones most closely 

replicate the cement volumes found in the naturally formed sandstones analysed in 

Chapter 5. 

The high initial porosity in the synthetic sandstones and the high confining pressure 

during triaxial testing could be used to explain why the gypsum samples displayed 

plastic deformation behaviour, never reached peak stress or formed deformation 

bands in the triaxial experiments. 
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The porosity connectivity is comparable in samples UT02, AR01 and the 

gypsum/MICP cemented sandstones. However, in sample HN11 the porosity is 

disconnected. A possible reason for this is because the sample is cemented with clay. 

Due to the nature of clay distribution between grain to grain contacts it is possible 

that the clay is isolating the pores (Figure 9.2). 

One main issue with the porosity measurements achieved with this study is the 

majority have been calculated not measured. It would be recommended for future 

work that the porosity of all these samples is measured to enable the calculated 

results to be verified. Possible methods of measuring pore space in rocks include 

mercury intrusion porosimitry (MIP), gas adsorption and nuclear magnetic resonance 

(NMR). 

 

9.1.3.2 Phase distribution 

Cementing processes affects the cement distribution. Figure 9.5 visually summarises 

the cement distribution and connectivity across all natural and synthetic sandstones. 

In the host rock of the natural sandstones the cement is connected. The gypsum 

cemented sandstones show that almost all cement is connected, meanwhile the MICP 

cemented sandstones show variable levels of cement connectivity. This confirms the 

observations from Chapter 7 that the gypsum cement distribution is most similar to 

natural sandstones (excluding deformation bands) in comparison to the MICP 

cemented sandstones. 

In addition, the connectivity of the cement in the gypsum cemented sandstone 

replicates the connectivity of the cement in all natural samples UT02, HN11 and 

AR01 (Table 9.3). However, considering the cementing phase imaged in UT02 and 

AR01 is a secondary cement (e.g. not quartz) it is possible that the synthetic samples 

do not replicate the primary phase.  

The burial history will be more complex in real rocks. This impacts the type and 

distribution of cement present. As a result of compaction and cementation the initial 

porosity of natural sandstones before cementation will be much lower than in 

synthetic sandstones. With increased burial depth the type of deformation band 
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formed can change from disaggregation to cataclastic (Section 2.3.2). However, there 

are lots of other factors (including mineralogy, lithification, confining pressure, grain 

size and shape) which control deformation band formation. 

Overall, there are a lack of studies which show repeat formation and analysis of 

synthetically cemented sandstones. The results from this study have shown that even 

in a simplified system it remains difficult to accurately constrain all variables.  

Table 9.2: Summary of grain, cement and porosity phases from 

X-CT analysis of naturally formed sandstones, gypsum 

cemented sandstones, and MICP cemented sandstones. 

 Sample 
Grains 

(%) 

Cement 

(%) 

Porosity 

(%) 

Sandstone UT02 74.54 17.11 8.35 

 HN11 77.07 16.79 6.15 

 AR01 84.91 7.67 9.06 

     

Gypsum 10 50.8 13 36.2 

 15 56.4 11.2 32.4 

 20 50.3 18.8 30.8 

 25 44.6 22.5 32.9 

     

MICP 120 57.9 2.3 39.8 

 160 55 7.1 37.9 

 200 52.5 17 31.5 
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Figure 9.5: Summary diagram of 3D analysis showing the location of cement in 

real and synthetic rocks from this thesis. 
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Table 9.3: Summary of cement and porosity connectivity for natural 

sandstone, gypsum and MICP cemented synthetic sandstones. 

Sample 

Cementing 

material 

analysed 

Cement Porosity 

UT02 
Haematite and 

calcite 

Majority 

connected 

Majority 

connected in host 

rock 

Disconnected 

inside DB 

HN11 Clay Connected Disconnected 

AR01 
Haematite and 

clays 

Majority 

connected 

Connected in host 

rock 

Disconnected 

inside DB 

Gypsum 

cemented 

sandstones 

Gypsum Connected Connected 

MICP 

cemented 

sandstones 

Calcite Disconnected 

 

Connected 

 

    

 

9.1.3.3 Mechanics of real and synthetic rocks 

From the research in this thesis it is clear that the synthetic rocks have sensible 

mechanics (they produce similar results from previous synthetic sandstone shear box 

and UCS tests- see Chapter 8). Although the synthetic sandstones are not as strong as 

natural sandstones, the MICP and gypsum cement increase the strength of the 

unconsolidated sands. 

Figure 9.6 plots the maximum and ultimate shear stress for all synthetic sandstone 

shear experiments. For all samples, as normal stress increases the maximum and 
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ultimate shear stress also increase. For the MICP cemented sandstones the shear 

stress increases as the weight percentage of calcite present increases. However, for 

the gypsum cemented sandstones this trend is not as clear. There appears to be very 

little difference between the shear stress of a sandstone cemented with 20 and 25% 

gypsum. 

Figure 9.7 is reproduced from Chapter 8. Here the cement content of each of the 

MICP and gypsum cemented samples are plotted against their UCS and respective 

porosities. The gypsum cemented sandstones show that as gypsum content increases 

so does UCS. The MICP cemented sandstones do not show as clear a trend. Instead 

they have been grouped into approximate zones (grey dashed circles). The zones 

show the 160 and 200 ml feeds overlapping. 

Figure 9.8 is the results of the triaxial testing on the gypsum cemented sandstones 

(reproduced from Chapter 8). For each of these tests the differential stress increases 

as the confining pressure increases regardless of the percentage of cement present in 

each sample. 
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Figure 9.6: Summary of maximum and ultimate shear stress results for gypsum 

and MICP cemented sandstones. Each plotted dot represents a synthetic 

sandstone sample. On the top row the maximum and ultimate shear stress results 

are plotted for gypsum cemented sandstones (20 and 25% volume cement). On 

the bottom row the maximum and ultimate shear stress results are plotted for the 

MICP cemented sandstones (120, 160 and 200ml feed). 
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For each of the geomechanical tests performed in this thesis (Chapter 8) the MICP 

cemented synthetic sandstones are both stronger and more permeable than gypsum 

cemented samples. The strength reflects calcite’s mineral properties (Table 9.4). 

Table 9.4 shows that calcite has a higher shear modulus and Mohs hardness than 

gypsum. Both the MICP and gypsum cemented sandstone show excellent porosity 

connectivity (Chapter 8). However, it is possible that the crystal network created by 

the gypsum cement will reduce the overall permeability of the sandstones in 

Figure 9.7: UCS and porosity (%) measurements from both MICP and gypsum 

cemented sandstones. Each plotted dot represents a synthetic sandstone sample. 

Figure 9.8: Results from triaxial 

testing for gypsum cemented 

sandstones (replicated from Figure 

8.40). Regardless of percentage of 

gypsum cement present in the 

synthetic samples the differential 

stress response is very similar for 

each confining pressure. 



Chapter 9 – Discussion, conclusions and future work 

325 

 

comparison to the MICP cemented sandstones. The difference in permeability could 

alter the use of the synthetic sandstones. 

 

Interestingly, the trend for the gypsum cemented samples shows that as the cement 

content increases so does the UCS and shear strength increase (Table 9.5). However, 

during triaxial experimentation there is no difference between the strength of 

samples. This is likely to be due to the confining pressure exerted during the triaxial 

deformation, suggesting at higher confining pressures, varying the percentage of 

cement present has no impact on the strength of the sandstone. 

There is no doubt that the distribution of cement affects the mechanical properties of 

the resulting rock. However, with the small number of samples studied it is not a 

statistically significant pool of data to test this theory on. With the increasing number 

of studies on poorly consolidated sandstones and studies that use X-CT as a method 

to characterise the samples it would be beneficial for the deformation band 

community to record the impact of cement (and other variables) in future work. 

Table 9.4: Moduli of selected minerals used in this study. Data compiled from 

Katahara (1996); Stretton et al. (1997); Henderson and Henderson (2009); Plachý 

et al. (2011); Brantut et al. (2012); Zhang (2017) . 

Mineral Density  

ρ  

(g cm-3) 

Mohs 

hardness 

Shear modulus 

µ  

(GPa) 

Poisson's 

ratio  

σ 

Quartz 2.65 7 44.7 0.07 

Gypsum 2.32 2 16 0.25-0.35 

Calcite 2.71 3 30.3 0.31 

Feldspar (plagioclase - 

albite) 

2.63 6 25.6 0.35 

Feldspar (orthoclase) 2.57 6 27.3 - 

Haematite 5.24 5 95 - 

Kaolinite 2.52 2 31.8 0.26 

Illite 2.79 1 31.7 0.248 
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Table 9.5: Summary describing the effects of increasing cement volume on the 

mechanical deformation of synthetic sandstones. Reproduced from Chapter 8. 

Experimental 

technique 
↑Gypsum ↑MICP 

Shear box 

Shows overall increase in 

shear strength as cement 

volume increases. However, 

the trend it is not clearly 

defined. 

Shear strength increases as 

cement volume increases. 

UCS 

Compressive strength 

increases as cement volume 

increases. 

Shows an overall increase in 

compressive strength as the 

CaCO3 content increases. 

However, the trend is not clearly 

defined. 

Triaxial 

No variation in differential 

stress. Instead the differential 

stress of the samples is 

controlled by the confining 

pressure. 

N/A 

 

9.1.3.4 Use of synthetic rocks 

As discussed in Chapter 2 cements are being increasing used to reduce soil erosion 

(Li et al. 2018), seal fractures (MacLachlan 2017; Minto et al. 2017) and improve 

slope stability (Salifu et al. 2016; Khaleghi and Rowshanzamir 2019). The majority 

of synthetic sandstone applications use MICP as a cementing agent. As demonstrated 

in Chapter 8 MICP cemented sandstones produce stronger rocks than gypsum 

cemented sandstones. Although the gypsum cemented sandstones display a cement 

volume and distribution most similar to natural rocks, the shear strength of the MICP 

cemented samples are more in line with natural sandstones.  Because of this further 

work should look at characterising the size and dimension of the calcite balls created 
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by MICP cementation in relation to the urease activity and volume of feed applied to 

the samples.  By improving the distribution of the cement around the sand grains 

there would be an increase in the number of contact points between grains, and this 

in turn would lead to a stronger synthetic sandstone. Developing MICP cementation 

methods with a range of strengths would enable MICP to be ‘tailor-made’ for a range 

of cementation applications (e.g. slope stability or fracture sealing). 

9.1.3.5 Implications for synthetic sandstones 

There is an increasing body of research in geotechnics aimed at cementing materials 

in situ to make them stronger. This thesis does not consider how the cementing 

techniques could be upscaled or the durability of the synthetic sandstones they 

produce, rather it focuses on how the microscale of the cement production can be 

characterised. However, there are some preliminary conclusions that can be drawn 

from this work that are relevant to considering how the methods can be upscaled and 

then their durability over time. For example, I speculate that gypsum cement would 

be better at stabilising sand grains in seismically active environments than MICP 

cement. This is because of the plastic response recorded during the triaxial 

deformation of the gypsum cemented sandstones.  

Results from this thesis shows that the concentration of cement affects the shear 

strength of the MICP samples the most (Figure 9.6). In Figure 9.6 the MICP feeds 

display a wider range of shear stresses. The compressive strength of the gypsum 

samples is affected more by the concentration of cement than the MICP samples due 

to the composition and distribution of the cement present. Meanwhile, the triaxial 

experiments are completely unaffected by the percentage of cement present in each 

gypsum sample. It would therefore be interesting to test a MICP cemented sandstone 

in the triaxial rig to see if this result achieved is the same as the gypsum samples. 

However, this thesis only looks at two methods of cementing sand, and it is 

worthwhile considering that there are other methods of cementing sandstones (e.g. 

colloidal silica) which are also currently being researched.  
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9.1.4 Heterogeneity 

Across this thesis it has been important to consider the impact of sample 

heterogeneity. In order to overcome the issue of heterogeneities, ideally lots of well-

characterised samples are required. However, it is difficult to reproduce identical 

synthetic sandstones in the laboratory using the procedures outlined in this thesis. 

Natural deformation bands are heterogenous along-strike at the mm-scale. The host 

sandstones are also heterogenous. However, along-strike heterogeneity in the bands 

can occur even when there is no obvious visible sedimentological heterogeneity. One 

hypothesis might be that the variation in grain, cement properties and distribution 

produce heterogeneity in the bands. This is proven by Torabi and Fossen (2009) who 

show that porosity can vary by up to 18% in a deformation band. 

Artificial sandstones do have heterogeneity in grain scale properties similar to real 

sandstones: for example, the localised variation in cement and porosity. Therefore, 

the mechanical properties of the artificial sandstones do depend on their 

heterogeneity.  

The results from the mechanical testing are shown in Table 9.5. This mechanical 

results summary shows that although there is an overall trend that the shear and 

compressive strength of the synthetic sandstone increases as the percentage of 

cement increases, this is variable for each technique. It is possible that other variables 

(e.g. confining pressure) have a greater impact on the strength of the samples. 

This shows that regardless of the attempt made to simplify the sandstones, localised 

variations in the synthetic sandstones can have a large impact on the properties of the 

sandstones. Therefore, the mechanical properties of real sandstone should be 

expected to be a function of the small-scale variability in properties, therefore 

producing variability in deformation band properties.  

9.1.4.1 Synthetic rocks are realistic and controllable 

Chapter 6 investigates the kinetics of the calcium sulphate phases. This chapter 

formed as a side project which complimented and gave a background to the 

chemistry of the gypsum cement. The chapter shows that gypsum cementation 

(mineral phase and solubility) is highly temperature dependent. At temperatures 
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above ~40°C gypsum becomes unstable and above ~105°C basanite becomes 

unstable. This therefore means if gypsum is being used to create synthetic sandstones 

the calcium sulphate phase can change depending on the temperature it is formed at. 

For example, in lower latitudes and at depth, temperatures of 40°C are not 

improbable. Therefore, until the chemistry of gypsum as a grain cement have been 

characterised further it would not be recommended to use this as a cement in arid or 

deep environments.  

Chapter 6 also gives an insight into the growth of the gypsum after hydrating 

basanite. Here the original calcination temperature seems to control the size of the 

gypsum crystals formed. Furthermore, how the gypsum crystals attach to the sand 

grains is not quite clear. It appears that the gypsum crystals form networks of crystals 

in the pore spaces between the sand grains. It is this network which holds the sand 

grains in place and defines the strength of the sandstone. 

9.1.4.2 Characterisation of samples 

X-CT analysis has played a large role in the analysis carried out in this thesis. In this 

section I look at the impact of imaging, resolution and developing methodology. 

9.1.4.2.1 Imaging 

X-CT/Avizo® analysis segments an image based on the density of the minerals 

present. For both the Utah and Arran samples the grains and cement were made of 

silica (quartz) making it challenging to accurately segment the cement and grains for 

these samples: there is a chance that the grey scale values overlap between the quartz 

grains and quartz cement. This thesis focussed instead on the secondary cements 

(haematite, clays and calcite) in both Utah and Arran samples. However, as quartz is 

the most common sandstone cementing phase a method of analysis to differentiate 

the two types of quartz (grains vs cement) would be required for future studies. 

It is possible that quartz cements (authigenic quartz) could be differentiated from the 

quartz grains by their shape. It is therefore possible that the application of Weka 

algorithm (as seen applied to gypsum cemented sandstones in Chapter 6) could be 

trained to see the difference in shape between the quartz grains and the quartz 
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cement. However, this may become complicated in deformation band zones where 

the quartz grains have been broken up and no longer resemble ‘grain-like’ shape.  

A second option is that quartz grains and overgrowths can be differentiated using 

scanning electron microscopy-cathodoluminescence (SEM-CL) (Milliken et al. 2005; 

Goldstein and Rossi 2007; French 2012). It is therefore possible that SM-CL analysis 

of the samples could allow for 2D area calculations of the percentage of quartz grains 

vs authigenic quartz present in each sample.  This is not as robust a method as 3D 

analysis however, it would provide an approximation for further work. Furthermore, 

it is possible that by quantitatively analysing the percentage of intergranular quartz 

present that the burial depths can be estimated (Milliken et al. 2005). 

Grain size distribution was carried out using 2D analysis. This is a 2D slice through a 

3D object. Although microscopy is accepted as a cost-effective technique in 

measuring grain size other methods for measuring grain size distribution can be used. 

These include sieving, electron microscopy, sediment suspension and grain imaging.  

For future studies an Avizo® code to separate grains via labelling inside the 

deformation bands would be useful (see section 3.8.5). This would allow the longest 

grain axis to be measured using X-CT scans in 3D.  

9.4.2.2 Resolution 

Across this thesis the most complex sections to scan and analyse have been the finer 

details (e.g. the gypsum cement and the cataclastic deformation bands). The 

resolution of each X-CT scan is directly linked to the scanned sample size. The main 

causes of error are the sample size and the segmentation of the sample phases (e.g. 

grains, cement and porosity). These sources of error could be reduced if the 

resolution of each scan was improved. 

One method of achieving better resolution would be to image the samples in a 

synchrotron X-CT. The maximum sample size of experimental synchrotron work is 4 

x 4 x 30mm (Zambrano et al., 2017). This is a larger volume than the samples 

scanned in this thesis.  

It may be easiest to characterise deformation bands if they are physically separated 

from the host rock prior to analysis, decreasing the sample size to improve the scan 
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resolution. However, by separating the bands from the host rock the transition zone 

between the host rock and deformation band is lost. I believe that there remains a lot 

more work to be done in understanding the properties of this transition zone. This 

may help to understand the mechanical evolution of deformation bands in more 

detail. 

However, a balance should be found between imaging the bands and displaying a 

representative elementary volume (REV) of the outcrop features. The initial reason 

deformation bands have come to the forefront is due to their potential to act as a 

baffle or barrier on large sandstone reservoirs (Edwards et al. 1993; Ogilvie and 

Glover 2001), the possibility that they could be formed due to seismic events 

(Cashman et al., 2007) and therefore their presence could be inferred as an indicator 

of previous seismic events (Shipton et al. 2017).  

Despite their small width dimensions, deformation bands can be 10’s of metres long 

(Fossen et al. 2007; Tembe et al. 2008). It is therefore important that whilst analysing 

and understanding the mechanisms that are taking place on the sub cm scale are 

important (for overall understanding and for numerical modelling), it is also 

important that the results can be upscaled to full outcrops. 

9.4.2.3 Developing methodology 

Throughout the X-CT work in this thesis it has become clear that current X-CT 

studies lack a constrained methodology for analysing multiple samples. Two of the 

area which a methodology could be applied to is segmentation and sub-volume 

analysis.  

In this thesis, initial segmentation is manual (e.g. selecting the pixels for each phase) 

and is therefore user dependent. It is possible that one interpretation of how the 

sample should be segmented will differ depending on the individual’s preferences 

(Andrews et al. 2019). This can also account for error between segmented samples 

and therefore a variation in cement and porosity values. As described in Chapter 3, 

segmentation takes place by assigning a label to each pixel based on the pixel’s grey 

scale value. Ideally a method (or automated program) should be developed which can 

accurately segment samples by taking into consideration the individual scan 
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parameters, the larger shapes of the phases in the sample and the individual pixels. 

Therefore, picking out phase shapes and density. This would therefore improve the 

segmentation process by speeding it up and allowing more samples to be analysed in 

a shorter period. For example image analysis such as those used in Kilian et al. 

(2011). 

The majority of studies to date have used singular sub-volumes in their studies to 

illustrate the porosity distribution and connectivity in rocks (Zambrano et al. 2017). 

A more detailed statistical approach should be applied to the sub-volume sampling 

technique to produce more robust data. This could include musltiple sub-volume 

samples or an algorithm which automatically samples every x µm. 

9.2 Conclusions and Future work 

- The location of cement effects the cement connectivity. 

Sample HN11 display clay cemented and it is as a result of the disconnected 

structure of the clay cement (see Figure 9.2) that isolated pores are created. 

Furthermore, the type of cement in the synthetic sandstones controls the cement 

distribution e.g. the MICP cement forms in unconnected balls, whereas the gypsum 

cement forms a connected crystal network. Future work would look at investigating 

the impact of a wider range of cements on sandstone. 

- Cement distribution controls the permeability of the sandstones. 

The connectivity of the cements is controlled by the cement distribution, which in 

turn controls the permeability of the sandstones. In the case of the synthetic 

sandstones the permeability of the sample could determine the use of the synthetic 

sandstone in the future and what their potential applications may be (e.g. grout, 

reducing porosity of a sandstone). 

Synthetic sandstones can be made from both gypsum and MICP cement. Although 

their properties and distribution can be comparable to real sandstone the structure of 

the cements do not imitate the structures of real cement. 

Future work would look at investigating the effect of flushing more than one 

cementing fluid through a sand and map the interaction between the two cements. 
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This could begin to create the multiphase cements which can be seen in natural 

sandstones and might result in consistently stringer or less easy to weather synthetic 

sandstones. 

- The strength of sands are improved when cemented with either gypsum or 

MICP. 

There is no doubt from the mechanical tests in Chapter 8 that the strength of the 

sands are improved when cemented with gypsum or MICP. However, the methods in 

which they were tested could have been improved by reducing the number of errors 

created due to sample shape or size, and by increasing the number of repeats.  

There are limited studies which display the micro-structures of deformation in 

unconsolidated materials as deformation takes place. The majority of studies are used 

to compare the end members of deformation but not the stages between. 

Furthermore, there is limited field evidence which shows the micro-structures of 

deformation in unconsolidated materials (at least at the time of deformation). 

Therefore, 4D X-CT experiments are ideal for analysing deformation within these 

sediments as they are forming in the lab. 

- Grain crushing can take place during shear box and UCS testing of 

synthetically cemented sandstones.  

The confining pressures used during shear box tests equalled up to ~9.62 m depth. 

This therefore suggests that weakly cemented sandstones can undergo grain crushing 

at shallow burial depths. By imaging synthetic samples before and after deformation 

using the X-CT it will be possible to analyse the grains fracture patterns in 3D. 

- In order to try and form deformation bands in the laboratory there are 

several factors which should be investigated. These include the porosity of 

the sample, the distribution of the cement between the grains, the confining 

pressures used and the strain rate of the experiment.  

This thesis was unsuccessful in forming deformation bands in the laboratory. 

However, I speculate that deformation band formation may be possible by 

investigating the variables listed above. 
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- X-CT analysis can be used to approximate the percentage of phases 

present in natural or synthetic sandstones.  

In this thesis segmentation is carried out on the sandstone samples by grouping all 

cementing phases together. Developing this methodology going forward there should 

be a way to isolate the types and phases of cement present in each sandstone sample. 

In order to update this methodology numerous sandstones of varying compositions 

and periods of cementation would need to be analysed. This would be a lengthy 

process and would consist of a database which multiple scientists could input their 

results. 
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Appendices 
Appendix 1 

Summary of individual deformation bands from multiple studies included in Figure 

2.7. Dominant deformation mechanism or kinematics is listed. 
  

Deformation 

mechanism 

Kinematics 

1 Balsamo and 
Storti. 2011 

C N 

2 Brandes and 

Tanner. 2012 

DG S 

3 Cashman and 
Cashman 2000 

C S 

4 Cashman et al. 

2007 

C S 

5 Du Bernard et al. 

2002 

C D 

6 Exner and 

Tschegg. 2012 

C C 

7 Kristensen et al. 
2013 

C S 

8 Kristensen et al. 

2013 

DG S 

9 Petrik et al. 2014 C N 

10 Petrik et al. 2014 DG N 

11 Petrik et al. 2014 C S 

12 Petrik et al. 2014 N D 

13 Rawling and 

Goodwin. 2003 

C N 

14 Rawling and 
Goodwin. 2006 

C N 

15 Saillet and 

Wibberley. 2013 

C S 

16 Sigda and Wilson. 
2003 

C C 

17 Torabi 2014 C C 

18 Ballas et al. 2013 C C 

19 Davis 1999 N C 

20 Davis 1999 C D 

21 Davis 1999 C S 

22 Edwards et al. 
1993 

C C 

23 Eichhubl et al. 

2010 

C S 

24 Eichhubl et al. 
2010 

C C 

25 Eichhubl et al. 

2010 

C C 

26 Fossen et al. 2011 C C 

27 Fossen et al. 2011 D C 

28 Fossen et al. 2015 C S 

29 Fossen et al. 2015 C C 

30 Fossen et al 2015. C C 

31 Healy et al. 2006 C S 

32 Johnson 1995 C S 

33 Klimczak & 

Schultz 2013 

C S 

34 Klimczak et al. 
2011 

C S 

35 Liu et al. 2015 N C 

36 Lommatzsch et al. 
2015 

C D 

37 Milliken and 

Reed 2002 

C S 

38 Mollema & 

Antonellini 1996 

N C 

39 Olsson 1999 N C 

40 Olsson 1999 N S 

41 Olsson et al. 2004 C S 

42 Ord et al. 1991 C S 

43 Philit et al. 2015 C S 

44 Pittman 1981 C N 

45 Ravier et al. 2015 C C 

46 Rochford et al. 

1995 

C N 

47 Rodrigues et al. 
2015 

C C 

48 Rotevatn et al. 

2008 

C S 

49 Salomon et al. 
2016 

C N 

50 Salomon et al. 

2016 

D N 

51 Schultz 2009 N C 

52 Schultz and 

Soliva 2012 

C C 

53 Shipton and 
Cowie 2001 

C S 

54 Shipton and 

Cowie 2003 

C N 

55 Soliva et al. 2013 C C 

56 Soliva et al. 2013 C S 

57 Soliva et al. 2013 C S 

58 Solum et al. 2010 C S 

59 Solum et al. 2010 C C 

60 Sternlof et al. 

2005 

N C 

61 Tindall and 

Eckert 2015 

C N 

62 Torabi et al. 2014 DG C 

63 Tueckmantel et 
al. 2010 

C S 

64 Underhill and 

Woodcock 1987 

C S 

65 Zuluaga et al. 
2014 

C C 

66 Zuluaga et al. 

2014 

C S 

    

 Key   

 

Deformation 

mechanism 

C Cataclasis 

 DG Dis-
aggregation 

 D Dissolution 

 N Not reported 

 

Kinematics 

S Shear 

 C Compaction 

 D Dilation 

 N Not reported 
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Appendix 2 

Individual X-CT scan parameters for all scanned samples. 

 

Description of 

samples 
Sample detail Sample name 

Voxel 

size 

(mm) 

Detector 

pixel size 
Projections kV uA 

Date 

scanned 

Minimum 

voxel size 

(mm3) 

Deformation band 

sandstones 

HN11 HN11_040218 0.004 0.2 3141 135 26 04/02/2018 5.0E-08 

AR01 AR01_230218 0.005 0.2 3141 130 38 23/02/2018 1.6E-07 

UT02 UT02_200118 0.006 0.2 3141 120 41 20/02/2018 1.9E-07 

Comparison between 

scan resolutions 

HN11_7um HN11_7_130218 0.007 0.2 3141 122 55 13/02/2018 3.4E-07 

HN11_10um HN11_10_130218 0.010 0.2 3141 130 69 13/02/2018 9.7E-07 

Gypsum synthetic 

sandstone 

10 10B 0.003 0.2 3141 150 20 11/04/2019 4.1E-08 

15 15B 0.005 0.2 3141 150 20 11/04/2019 1.1E-07 

20 20B 0.004 0.2 3141 150 20 01/04/2019 5.5E-08 

25 25B 0.005 0.2 3141 150 20 11/04/2019 1.1E-07 

MICP synthetic 

sandstones 

120 L7 0.004 0.2 3141 130 31 21/03/2018 7.7E-08 

160 M7 0.004 0.2 3141 130 31 21/03/2018 7.7E-08 

200 H6 0.004 0.2 3141 130 31 21/03/2018 7.7E-08 
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Appendix 3 

Kurea results for each bacterial solution used to make the MICP cemented synthetic 

sandstones. Each of the bacterial solutions conductivity was measured for 6 minutes and the 

results were recorded every 30 seconds. 
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