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Executive Summary- 
Introduction to the project  
Background and research objectives 

 

This report provides a discussion around developing analytical workflows for determining 

parameters related to injection, storage and monitoring of CO2 for characterisation of 

geosequestration sites. The workflows mainly involve geomechanical, core flooding, rock physics and 

geophysical methods. Many of the parameters determined by these workflows are fundamental 

aspects of the reservoir that must be fully understood prior to injection of supercritical CO2 (SC-CO2) 

into any geological formation that is being contemplated for geosequestration purposes. The 

reservoir formation’s capacity to store and retain CO2 must be adequate to contain the injected CO2 

for thousands of years. Suitable properties of the reservoir, and sealing rocks, therefore are 

fundamental precursors for the approval of any potential storage site before it can be used as a 

long-term demonstration or commercial project. There are two realms of rock characteristics 

affected by the passage of CO2- the ‘near-field’ reservoir characteristics which change as a function 

of injecting high pressure, high flow rate CO2 via an injection well, and the ‘far-field’ reservoir where 

lower pressured, lower flow rate CO2 migrates, mixing with formation waters and is trapped within 

the rock pore space or rises through buoyancy to be trapped by the seal. 

SC-CO2 is a fluid that can be injected and trapped in rock pores, where it may be retained via a 

conventional seal or low permeability rock matrix. The SC-CO2 may be injected into flat laying 

permeable rocks (sandstones or coals) that contain saline formation water or into structures such as 

anticlines more typically associated with oil and gas fields. There is considerable general knowledge 

about injecting CO2 and its long-term behaviour, but these processes are unique to the particular 

reservoir rock being targeted - it is site dependent.  When injected at high pressure SC-CO2 displaces 

or dissolves within the reservoir fluids (relative permeability), and for efficient flooding of the 

reservoir (flow dynamics), a steady CO2 flow rate must occur (injectivity) without damage to the 

injection well-bore or host formation (rock physics and geomechanics). Knowing the parameters that 

describe these processes provides confidence in the near and far-field abilities of the reservoir, and 

its capacity to store CO2 over the long term.   

Relative permeabilities within reservoirs are determined by performing laboratory tests using drill-

core taken from reservoirs and passing CO2 through it (core flooding tests).  However, it is rare to 

perform other tests that investigate flow dynamics, injectivity and rock physics because there are 

few test laboratories around the world able to do this work at one location. This project was 

proposed to utilize two new research laboratories recently constructed by Curtin University and 

CSIRO, alongside existing core flooding and rock physics laboratories in the Australian Resources 

Research Centre (ARRC), Perth. Their proximity allows the full suite of tests to be done on the same 

rock core at the same lab location. 

This was a two-year project involving these co-located laboratories to perform comprehensive near- 

and far-field rock property evaluation of selected sandstone cores from proposed CO2 sequestration 

sites. The intent of the project was to develop workflows to provide numerical evidence confirming 
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each site’s suitability for successfully injecting CO2, storing CO2, and the conditions under which a 

site may be monitored over its storage life-cycle.   

The project performed the tests on eight cores, seven of which were derived from potential storage 

formations from a number of Australian basins, and one was an international standard, with the aim 

of addressing the storage capacity and long-term monitoring requirements specific to each site. 

Because these tests are lengthy and require multiple core handling operations a parallel work-flow 

between four co-located laboratories was intended to allow efficient handling of the cores and 

enable a rapid turn-around for the analyses. In practice this proved more difficult than anticipated 

due to the different length of time required for the different analyses and because of an equipment 

malfunction that further complicated the process flow. 

A major outcome of the project was to demonstrate the production workflow and produce a 

comprehensive data set for reservoir characterisation, and to demonstrate the advantages of the co-

location of laboratories that can produce the full set of services. 

The Work Program  

The series of parallel rock core tests that were performed over a two and a half year period at the 

Australian Resources Research Centre (ARRC) were as follows:TEST 1- Curtin Core Flooding 

Laboratory- Relative Permeability (Multiphase Flow behaviour)  

Cores taken from potential sites were flooded with SC-CO2 and relative permeability tests 

performed at the Curtin Petroleum Engineering Core Flooding Laboratory. Samples were 

pulsed with P- and S-wave ultrasonics to compute the dynamic property changes of the rock 

matrix (rock strength, Poisson’s Ratio, Young’s Modulus etc) for steady state flow properties 

in the far-field, and for assessing potential for long term monitoring and verification by 

seismic methods.   

 

This test evaluated the effect of the multiphase flow behaviour during underground CO2 

sequestration: cyclic CO2-brine flooding, potential chemical reactions between the fluids and the in-

situ rock, flow direction.  

 Fluid-rock chemical interactions  

 Capillary hysteresis 

 Flow direction  

TEST 2 -CSIRO CT Laboratory- Fluid Flow Dynamics 
 
Understanding flow dynamics of SC-CO2 will help improve monitoring of CO2 as it migrates within the 

storage reservoir. Reduced-sized pore throats may trap or block reservoir fluids depending on their 

geometry and intrinsic wettability values. The CT Laboratory produces micro-scale images of fluid 

displacement and interaction during the flooding process, and linked with the Curtin Core Flooding 

Laboratory can produce an improved understanding of the dynamic properties of CO2. This test 

involved flooding cores with SC-CO2 while passing the sample through a CT scanner. During the 

flooding the cores were subjected to variations in CO2 pressure and temperature, allowing an 

understanding of fluid flow dynamics through the rock matrix at the micro-scale, flow/brine 
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directionality and mixing under unsteady-state conditions which are very important to the near-field 

injectivity.   

This test evaluated the effect of the multiphase flow behaviour during underground CO2 

sequestration: the dynamic change in a reservoir during flooding as a function of changes in pressure 

and temperature in a spatial-visual manner. 

TEST 3- Curtin Rock Physics Laboratory- Static and Dynamic rock matrix elastic parameters 

The injection of SC-CO2 into a formation can affect its rock strength and the relationship between 

rock strength and injection pressure/flow rate is a major issue for optimised injectivity. Each sample 

core had a series of passive and dynamic tests in both dry and wet condition to provide data for 

cross-checking with the ultrasonic data obtained by the Core Flooding Laboratory, and provide the 

rock strength characteristics. The basic elastic parameters allow mathematical models to be built 

containing all physical parameters which could then be used to forward model the rock response.   

This test evaluated the effect of the multiphase flow behaviour during underground CO2 

sequestration: the change in the reservoir stress field as indicated by seismic anisotropy and the 

limits of seismic methods to track fluid movement at specific sites. 

 Compressional (P) and shear (S) seismic wave properties before and/or after flooding 

TEST 4 - Curtin True Triaxial Stress Laboratory- Effects of fluid pressure on stress fields 

Fluids are always injected into a wellbore at pressures higher than the surrounding 

formation and as a result localised borehole stress interactions may occur. These high fluid 

pressures may also cause issues with wellbore integrity.  If developed stresses are excessive, 

there is a danger that the reservoir or cap rock fracture gradient may be breached and 

unwanted fracturing could occur.   

 

The laboratory injected SC-CO2 into brine-filled rock cores to observe how the rock performed under 

a conventional stress field, and to observe the strain in any direction as a function of the applied 

stresses and any subsequent fracturing.  

This test evaluated the effect of the multiphase flow behaviour during underground CO2 

sequestration: the change in the reservoir stress field as indicated by changes in compressive 

strength and other variables (Youngs Modulus). 

 Change in reservoir stress field and in-situ fracturing as indicated by true triaxial stress 

compressional forces 

The initial four cores were analysed by a CSIRO CT scanner and from then on the second four cores 

were analysed by a Curtin University Micro-CT scanner (due to the CSIRO machine having failed). The 

result was a new approach to CO2 flood CT interpretation, with rather more complexities due to the 

higher resolution of the microCT machine.  

The report is presented as a series of reports on individual plugs not as a continuous narrative.  The 

report is not a book in the sense that it tells a story, since four different technologies were applied to 

each core, and the results stand on their own. When a series of tests are conducted on individual 

cores, and specific core analyses are of interest to those involved in injectivity of a specific reservoir, 
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it is preferred to report the result specifically for each core as a stand-alone report, and this has 

been the method adopted herein. For this reason, references are also kept with each core rather 

than put to the back of the text- an approach often adopted by technical books which keep 

references with individual technology chapters. 

As a starting point it was considered beneficial to commence tests using a well-known core as a 

calibration example, and consequently Berea sandstone was chosen as the best and most freely 

available core which had well documented characteristics. Following on from the use of Berea, three 

cores were chosen for testing in the first year being, in chronological order, Otway (Waarre-C), 

Pinjarra-1 (Lesueur) and Harvey-1 (Lesueur). During the second year, four more reservoir sandstone 

samples were tested being from the West Wandoan-1, Golden Beach, Hutton-1 and Yalgorup wells.  

The Berea sandstone had a permeability of 165 mD, porosity of 21%, was geomechanically relatively 

strong and did not appear to suffer from chemical reactivity. It was relatively homogeneous 

compared to other cores in the project. CO2 passed through it evenly and its seismic signature was 

fairly constant allowing the potential to see CO2 phase changes when the bubble point was reached 

in the formation. When the CSIRO CT machine failed and was replaced by the Curtin microCT 

machine, a different Berea plug was analysed so with the more high resolution CT scanner involved, 

a slightly different analysis resulted and it was somewhat difficult to provide a strict comparison. 

However, it can be said that the microCT provided images with resolution to 33 micron compared 

with the 1mm resolution of the CSIRO CT machine. From a CO2 flooding perspective, the main 

difference was that the CSIRO machine provided a single slice image of CO2 migration through the 

plug whereas the microCT could provide multiple-slice images. For the purposes of this project 

however, the results may be considered essentially the same (albeit using different Berea plugs from 

the same block). However, the microCT offers much more potential in terms of being able to flood 

any plug with supercritical CO2 and analyse the volume trapped- this ability was not available at the 

time of this project. With regards to the other comparison tests, there was little difference in the 

results. 

The Otway (CRC-1 well, Waarre-C formation) sandstone plug had permeability in excess of 2000 mD 

(for information on permeabilities see Dance et al. 2009) and porosity of 23%. It was the last of the 

Otway CRC-1 core samples available and it had previously been flooded, but it had heterogeneity 

causing flooding to be uneven. Its seismic signature showed a change in acoustic impedance 

adequate to demonstrate the presence of CO2. The plug was found to be weak before and after 

flooding according to geomechanical testing. It is well recognised that the Otway reservoir is 

heterogeneous and that this plug was from a weaker section of the formation. The plug collapsed 

under loading but had been previously flooded and hence was not considered as reasonably 

representative of the reservoir.  

The Pinjarra-1 well (Lesueur-Wonnerup member) sandstone had relatively low permeability in the 

order of 1.6 mD and it was heterogeneous with porosity of 16.5%.Core flooding showed that after 

three floods its relative permeability increased substantially (as much as 100%). This change in 

permeability after flooding indicated geochemical reactivity and hence changing CO2 trapping ability 

over time. The permeability changes brought focus on the produced water, which after analysis 

showed considerable levels of calcium and potassium. A later important observation was that the 

Pinjarra-1 core had substantial diagenetic carbonate cementing, which may react with the low PH of 
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a CO2 flood. Since the plug had been taken from core at 3000m, it became of strong interest to 

review the permeability response of the geographically nearby Harvey-1 plugs. 

A presentation was made in Perth during September 2012 to the ANLEC Project Review Committee, 

on a strict comparison of Pinjarra-1 characteristics with those of the Berea sandstone (the 

presentation is provided at the end of this report). While that Review indicated that progress had 

been good, it highlighted the need to focus on permeability changes in the Harvey-1 plug. This 

included the need to flood with 30,000 ppm brine (rather than 20,000 ppm used for Pinjarra) since it 

was later recognised that salinity in the Wonnerup member is 30,000ppm NaCl. 

The issues regarding permeability changes in plugs from the South West Hub required extensive 

testing of Harvey-1 plugs which resulted in a separate ANLEC Targeted Project being granted (ANLEC 

Project 7-0912-0207).   

The Harvey-1 well (Lesueur plug 55H) sandstone had a permeability of 25 mD and porosity of 14%. 

The early results of the first core flooding of Harvey-1 (Wonnerup Member) from 1,935m  indicated 

reducing permeability (as opposed to increasing permeability at Pinjarra-1) with no change in 

porosity and consequently it was decided to re-perform a set of core floods with particular attention 

to both relative permeability changes and produced water. It became apparent that permeability 

was trending down with each core flood (three in total- two were core floods and the third was slug 

injection during CT scanning). A starting permeability of 25 mD became 10 mD after three core 

floods. A review of a WA-DMP report indicated a high level of kaolin in the interval, which was 

consistent with the concept of these clays being dislodged and blocking pore throats with little to no 

porosity change. This is consistent with a report regarding Wytch Farm oil production, UK (Morris 

and Shepperd, 1982) which stated that: “The kaolinite is found as loosely-attached, discrete particles, 

whilst the mixed-layer clays form patchy pore linings. The permeability reductions may be explained by: (i) the 

adsorption of water and expansion of poorly-crystalline mixed-layer illite-smectites causing blockage of pore 

space (this reduction is largely reversible) and (ii) the physical movement of authigenic kaolinite crystal 

aggregates blocking pore-throats (this reduction is largely non-reversible). The pore-size distribution, clay 

particle sizes, the distribution of the clays within the pore space, and the composition of the clays are all 

important factors in controlling porosity/permeability relationships and permeability reductions in the friable 

reservoir intervals in the Bridport Sands”. 

It is considered that the CO2 flood dislodges the kaolin particles, which block the pore 

throats not changing porosity but reducing permeability. Another unusual observation was 

that the core slightly reduced in size. This phenomenon had been observed in other cores, 

but because this Harvey-1 core was under particular scrutiny, the size change was noted 

with no change in porosity. A subsequent project (ANLEC 7-1111-0199) demonstrated that 

fines migration was the cause. Additionally, the seismic response was considered normal 

(reducing with increasing CO2 injection), except for an apparently unexplained increase in 

seismic velocity towards the end of the slug flow core flood which brings into question what 

is happening physically to the core. Either the core flooding-compression process reduced 

the size of the core (and this was not accounted for in ultrasonic measurements), or the 

flow of kaolin into the pore throats causes both a reduction in its size and an increase in 

seismic velocity (due to alignment of throat-blocking kaolin particles). This is open to further 

question and testing on future cores but is a minor issue. 
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Geomechanical testing indicated the Harvey-1 Lesueur plug weakened after CO2 flood, but not 

significantly. The CT scan indicated a heterogeneous plug with locally higher permeability streaks 

similar to the Pinjarra-1 core, albeit that the permeabilities were an order of magnitude different. 

There does not appear to be geochemical reactivity, but instead kaolinite throat blocking. It is 

worthwhile noting that the Wonnerup member has multiple facies (Delle Piane, 2012) and the 55H 

plug represented a relatively low permeability facies within the Wonnerup. 

The Wandoan Precipice sandstone from Surat Basin had a permeability of 900 mD and porosity of 

23%. Its seismic signature showed a decrease in acoustic impedance of 9% after CO2 injection, which 

is adequate to seismically demonstrate the presence of CO2. Due to the sample’s high permeability, 

the core flooding displacement was expected to be non-uniform. This has resulted in a considerable 

amount of water being produced after scCO2 breakthrough and also relatively low scCO2 relative 

permeabilities. The data obtained may have been all influenced by the non-uniform displacement of 

water by scCO2.  

Considering the relatively moderate level of residual CO2 saturation, in terms of the storage capacity 

in the form of residual saturation, a formation consisting of this type of sandstone could be suited 

for CO2 geo-sequestration operations. The relatively moderate levels of residual CO2 saturation 

would help to trap and store the injected CO2 in a safe and permanent manner. 

The Golden Beach sandstone from the Gippsland Basin had a low permeability value of 2 mD and 

moderate porosity of 18%. From a seismic response point, the more than 10% decrease in acoustic 

impedance as a result of injection of CO2 into this rock indicated the reservoir would be good for 

from a seismic monitoring view for CO2 sequestration. Considering the relatively high level of 

residual CO2 saturation, in terms of the storage capacity in the form of the desired residual 

saturation, a formation consisting of this type of sandstone could be well suited for CO2 geo-

sequestration operations. The relatively high levels of residual CO2 saturation would help to trap and 

store the injected CO2 in a safe and permanent manner. The geomechanics tests indicated that this 

rock had a relatively low elastic modulus, i.e. less stiff material, and strength with a higher Poisson’s 

ratio being more deformable, which are the properties of a cap-type rock which can maintain 

pressure but act as a ductile material at high injection pressures. 

The Hutton-1 sandstone taken from West Wandoan-1 well in Surat Basin had a porosity of 20% and 

permeability of 62 mD.  A 7% decrease in acoustic impedance as a result of CO2 injection allow the 

monitoring of CO2 movement, though not with the degree of accuracy of previous rocks tested. This 

homogenous sandstone with low permeability and relatively high level of residual CO2 saturation has 

storage capacity in the form of the desired residual saturation, so that a formation consisting of this 

type of sandstone could be well suited for CO2 geo-sequestration operations. The relatively high 

levels of residual CO2 saturation would help to trap and store the injected CO2 in a safe and 

permanent manner. Geomechanical analysis indicated the elastic and strength properties of the 

tested sample appeared to be relatively stiff and strong but was very deformable. 

The Yalgorup sandstone from Harvey-1 well in Perth Basin had a porosity of 20% and permeability of 

27 mD. A 3% decrease in acoustic impedance as a result of CO2 injection into the formation would be 

detected by seismic methods, but the difference would not be as easily observed as in previous 

cores tested in this project. The high level of residual saturation allowed it to be suited for CO2 

storage and the high levels of residual CO2 saturation would help to trap and store the injected CO2 
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in a safe and permanent manner. The Unconfined Compressive Strength (UCS) and cohesion of the 

rock was slightly reduced because of the flooding tests. This demonstrates that the flooding process 

has slightly reduced the strength of the rock. 

The Yalgorup 12H plug showed similar CO2 flooding characteristics as Berea: the CO2 swept through 

the plug in a piston-like advance, leading to a generally high initial CO2 saturation, which was evenly 

distributed. However, a bedding layer consisting of minerals with high x-ray absorption was 

identified, but this bedding layer had no apparent influence on the CO2 spreading characteristics. 

Visual inspection of the images in terms of CO2 saturation indicated a saturation value consistent 

with those measured in an independent core-flooding experiment. 
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1. Introduction – the Berea Sandstone standard 

Four co-located research laboratories developed a parallel work-flow methodology to enable the 

ability to test the same rock core, to determine its capacity to be injected with supercritical CO2. A 

rock has characteristics of strength, elasticity/brittleness, pore space/throat size and wettability as a 

result of its matrix composition. Knowledge of these attributes not only allows the estimation of the 

ability of a rock to act as a reservoir for the long term storage of CO2 but also establishes the 

parameters for optimum injection conditions. This assists with the long term prediction of the fate of 

CO2 in-place by providing the parameters critical for estimating CO2 fluid storage utilising reservoir 

simulation.  

This project provided a workflow and the fundamental data for a series of core samples representing 

formations either proposed for injection or typical of injection sites in both Australia and around the 

world. It is noted that two plugs, selected from the same core having identical properties if possible,  

are needed to produce a full suite of analysis from any particular facies of a formation. 

A first step of the project was to take, as the standard, a conventional core of Berea sandstone. The 

Berea sandstone is regarded as the world standard against which all other sandstone cores are 

compared (Oren and Bakke, 2003, Churcher et al, 1991). One core, known as Berea #2 (or B2), had 

its rock strength, geophysics, fluid capacity and volumetric parameters assessed in the laboratories 

of Geomechanics, Rock Physics, Core Flooding and CT, as an initial test of the parallel work-flow 

concept. A second core, Berea #1 (B1) had its fracture properties separately examined since that test 

involved crushing the core (making it unusable by the other laboratories thereafter). The cores 

tested subsequently were site specific. 

Geomechanics Laboratory- Triaxial tests 

By understanding the mechanical properties of rocks, it is possible to determine what stress a rock 

can absorb before it fractures or shears.  This information is valuable input into finding the upper 

limit to CO2 injection pressures during CO2 geosequestration operations. To obtain such data, rock 

samples are submitted to compressional stresses in three different directions, x, y and z, 

representing the in situ earth stress fields in which the overburden weight or stress, may be greater 

or less than the two horizontal stress fields.  

Knowledge of the fracture threshold pressure of the formation and its effective cap rock sealing 

capacity is important. For example, rock tensile strength, which is about 1/10
th the Unconfined 

Compressive Strength (UCS) value, is used to estimate the fracture initiation pressure. A formation’s 

Young’s modulus is also used to study the fracture intersection mode with the cap rock formation.  

Carbon injection wells are normally only pumped up to 90% of the know fracture pressure and this 

constrains the injectivity and thus the number of injection well required to inject a given rate of CO2. 

Log data, acquired from a number of nominated wells, allows the field stress profiles to be 

estimated. The core test results can then be used for assessing different aspects of CO2 injection at 

the site. However, such analyses are areally site-specific and were not an integral part of this project. 

Commonly, the samples used for triaxial experiments of rock samples are cylindrical 1.5” (38mm) 

diameter and 3.0” (76mm) in length. The samples are subjected to constant confining pressures and 

then the axial stress is increased until the sample is failed under shear mode compressional state. 
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Repeating the test on a number of similar samples with different confining pressures allows a 

number of Mohr circles to be drawn (ISRM, 19782). The intercept and slope of the tangent line 

though these circles (known as the rock failure envelope) are used to estimate the mechanical 

properties of rock (i.e. cohesion C, and friction angle ). From these parameters the Uniaxial 

Compressive Strength (UCS) of the rock is estimated using the linear elastic Mohr-Coulomb 

relationship.  

This procedure is referred to as a ‘single stage’ triaxial test, since the rock is compressed to its 

ultimate strength in one stage. Figure 1-1 shows a schematic of a single stage triaxial test and how to 

estimate the rock UCS value. To do a single stage triaxial test a number of similar samples are 

required to be tested, which is normally impractical due to core materials being limited and costly to 

obtain.  In addition, the geomechanical properties of each plug may be different even if they are 

collected from similar parts of the core.  These factors combined, make this method less desirable. 

 

 

. 

 

In the ‘multi-stage’ triaxial test, a sample is subjected to one particular confining pressure and then 

the axial stress is increased until the rock reaches a stress level close to its ultimate strength, but it is 

not allowed to fail. This stage can be monitored through the changes of sample displacement and 

the increase in the axial stress value is stopped immediately a large displacement is observed. At this 

point, the confining pressure is further increased and the procedure is repeated. Usually 4 to 5 

stages (either with or without unloading of axial stress) are required to obtain representative Mohr 

circles which then allow the construction of a plot of the rock failure envelop. This plot provides for 

the estimation of cohesion and friction angle, and thus UCS of the sample. Figure 1-2 shows the 

results of a multi-stage triaxial test. 

 

Figure 1-1  A single stage triaxial test (after 
Youna & Tonon, 20103

) 
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Figure 1-2 Multi-stage triaxial test (after Youna & Tonon, 20103) 

 

The full procedure of a multi-stage triaxial test can be found in the International Society for Rock 

Mechanics (ISRM) suggested test methods1. This method was applied to conduct the experiments on 

the two plugs in this study.   

 

1.1 Berea Sandstone stress tests 

Berea plugs B1 (dry) versus B2 (CO2 saturated) 

Berea sandstone plugs were chosen for the commencing core test, because Berea sandstone is well 

known as a reference rock. Views of core plugs B1 and B2 are shown in Figure 1-3 and Figure 1-4, 

respectively. The plugs had a diameter of 38.1 mm. Strain gauges as shown in these figures were 

used to record axial and radial displacements. 

 

 

 

 

 

 

 

Figure 1-3 Berea plug B1 before stress test 
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Multi-stage triaxial tests were carried out at 5 different confining pressures of 5, 10, 15, 20 and 30 

MPa  (~725, 1,450, 2,175, 2,900, 4,350 psi). The slope of the axial-stress/axial-strain curve (left plots 

in Figure 1-5 and Figure 1-) gives the Young’s modulus of the rock which indicates the rigidity of the 

sample. The larger the slope of the linear part of the plot, the more rigid the sample will be. The 

Young’s modulus reported here is an average of the slope of different stages of the test. The ratio of 

radial to axial strain, which can be obtained from the two plots (i.e. axial-stress/axial-strain and axial-

stress/radial-strain in Figure 1-5 and Figure 1-) is the Poisson’s ratio which shows how deformable 

the rock is. Poisson’s ratio changes between 0 (very low deformability) to 0.5 (i.e. water) and its 

average value for rocks is around 0.3.  

 

 

 

 

 

 

  

 

Figure 1-5  Axial Stress-strain curve (left) and Axial Stress v. Radial strain curve for B1 

 

Figure 1-4 Berea plug B-2 before stress test 

    0.0                               0.00136                           0.0020     0.0                               0.0106                           0.0214 
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The views of samples after tests are shown in Figure 1-andFigure 1-, respectively 

 

 

Figure 1-7 B1 after test: the failure plane is visible 

Figure 1-6 Axial Stress-strain curve (left) and Axial Stress v. Radial strain curve for B2  
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     Figure 1-8  B-2 after stress test; fracture plane is visible 

The peak stress values at each stage were used to plot the axial versus confining stress in order to 

estimate the mechanical properties (cohesion C, friction angle , and uniaxial confining strength 

(UCS) of the samples (Figure 1- and Figure 1-).   

In general, both samples indicated very similar properties as expected, (Table 1-1) but sample B2 

was slightly less competent than that of B1: this could be due to the flooding and pore pressure 

effect. As pore pressure increases the rock becomes less competent against shear failure. However, 

with only one set of tests it is difficult to conclude this is due to the pore pressure effect and not the 

difference in sample inhomogeneity, although both plugs were taken from the same block of Berea 

sandstone. This block had been CT scanned and did not appear to have significant variation in 

character. 

 

Table 1-1 Berea Test Results comparison  

Core Core 
origin 
 

Type 
 
 

Youngs’s 
Modulus 
(GPa) 
(Static) 

Poisson’s 
Ratio 
(Static) 

Cohesion 
(MPa) 

Friction 
angle 
(deg) 

UCS 
(MPa) 
 

1 (Pre-flood) Berea B1 Sandstone 27.58  0.33 13.04 38.14 53.67 

2 (Post-flood) Berea B2 Sandstone 20.68 0.33 9.36 43.34 43.44 
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Figure 1-9 Peak Axial stress at different confining stresses in multi-stage triaxial test for sample B1: this 

plot is used to estimate sample cohesion, C, friction angle, , and uniaxial confining strength, UCS  

 

 

 

 

Figure 1-10 Peak Axial stress at different confining stresses in multi-stage triaxial test for B2   

 

 

s1 = 4.23s3 + 53.67

0

50

100

150

200

0 10 20 30 40

A
x
ia

l 
S

tr
e

s
s
, 
s

1
, 

(M
P

a
)

Confining Stress, s3, (MPa)

Sample B1Sample B1Sample B1Sample B1

Estimated Mechanical Properties:

C=13.05 MPa, =38.14 deg, UCS=53.67 MPa 

s1 = 5.38s3 + 43.44

0

50

100

150

200

0 10 20 30 40

A
x
ia

l 
S

tr
e
s
s
, 
s

1
, 

(M
P

a
)

Confining Stress, s3, (MPa)

Sample B1Sample B1Sample B1Sample B2

Estimated Mechanical Properties:

C=9.36 MPa, =43.36 deg, UCS=43.44 MPa 



8 
 

 

1.1.1 Conclusions- Berea Geomechanical properties 

Having an estimation of the mechanical properties of the formation is essential when performing 

injection studies. The extension of an initiated fracture would be larger in a formation with higher 

Young’s Modulus whereas the fracture may stop propagating sooner if Young’s Modulus is relatively 

low. With these results, it may be said that fracture propagation length tends to reduce following 

CO2 injection when the sample is CO2 saturated, and  the rock’s mechanical strength reduces.  

The rock properties obtained from these laboratory tests, in combination with in situ stresses, which 

are obtainable from log-based analyses, enable pressure estimations for fracture initiation, 

propagation and containment. This information has application in the determination of the 

maximum injection rates and pressures to avoid breaching the cap rock seal or risking the 

reactivating fault or fractures within the vicinity of the CO2 disposal well.       

 

1.2 Core Flooding Laboratory- Berea Injectivity Tests 

Berea sample plug B2 (Table 1-2) was used for the core-flooding experiment. In order to test the 

core sample for injectivity, relative permeability and residual saturation, a two stage unsteady-state 

core flooding experiment was performed at in situ reservoir conditions (Table 1-3). The experiment 

consisted of primary drainage displacement (brine displaced by CO2) followed by primary imbibition 

(CO2 displaced by brine) flood.  

Table 1-2 Characteristics of the core sample used for the experiment  

Sample ID Length, 
cm 

Diameter, cm Lithology Porosity, % in situ Brine 
Permeability, mD 

B2 7.98 3.79 Sandstone 21 165.0 

 

 

Table 1-3 Reservoir P-T conditions during the experiment  

Reservoir parameter Value 

Pore pressure (psi) 2,580.0 

Overburden pressure (psi) 6,725 

Reservoir temperature (°C) 83 

Formation water salinity (ppm) 30,000 

 
Note that all the salinities used throughout the report are either in-situ formation salinities, which 
were extracted from various reports, or are the values provided to us by the clients’ researchers.  
For these core-flooding experiments a special, multilayer combination sleeve was applied. This was 

necessary due to the tendency of CO2 to diffuse and penetrate through the more flexible rubber 

sleeves, which could cause the sleeve to lose its integrity and fail. Also, due to loss of CO2 through 

diffusion, the material balance calculations, which were necessary to work out the residual 

saturations inside the core-sample, would not be in balance.  
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The combination sleeve constituted three layers: one layer of heat-shrink Teflon sleeve; one layer of 

aluminium foil and one layer of conventional Viton sleeve. The heat-shrink Teflon sleeve has an 

extremely low permeability to CO2. However, ensure the CO2 would not escape into the overburden 

annular space, the layer of aluminium foil was positioned between the Teflon and the Viton sleeve. 

1.2.1 Experimental Equipment 

The core-flooding experiment was carried out using the Curtin University Department of Petroleum 

Engineering’s high-pressure/high-temperature, three-phase steady-state core-flooding apparatus. A 

schematic of the core-flooding rig is presented in Figure 1-6. The apparatus is capable of handling 

experiments with pressures up to 15,000 psi and temperatures up to 200° C. The critical wetted 

metal parts of the apparatus are made of highly corrosion resistant material e.g. hastelloy, titanium 

or duplex and super duplex stainless steel, which make the equipment rust free and corrosion 

resistant even under high temperature environments with high chloride concentrations. All the 

components carrying fluids during experiments are placed inside a large constant temperature 

convection oven (see Figure 1-6). The temperature inside the oven is controlled using a PID 

(proportional–integral–derivative) controller module which can regulate the temperature with an 

accuracy of 0.2° C. The oven is also equipped with three fans, which help to circulate the hot air 

inside it ensuring that the temperature remains the same at every point inside the oven. 

The core-flooding apparatus (Figure 1-6) utilises four injection pumps which could be run either 

independently or in synchronised pairs.  

 
Figure 1-6 The schematic diagram of the experimental apparatus used to run the core-flooding 

 

All four pumps are of pulsation-free, positive-displacement pump type and have an injection 

capacity of 300 cc in one cycle. They can inject the fluids under various injection scenarios of 

constant flow-rate, constant pressure, constant pressure with adjustable pressure ramp and 

reaching a target injection volume. All four pumps could be operated directly using the keypads 

placed in front of them or using the monitoring/controlling software installed on two PCs connected 

to the apparatus. The pressure, volume and flow-rate values can be set and recorded with 

accuracies of 2 psi, 0.05 cc and 0.05 cc/hr, respectively. All the pressure sensors utilised within the 
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core-flooding rig have an accuracy of 2 psi. The three collection pumps are identical to the injection 

pumps previously described. 

 

The fluid sample bottles each have a capacity of 1,500 cc which, when combined with the ability of 

the injection pumps to operate in synchronised pairs, can provide enough storage capacity to reach 

steady-state conditions, even in low permeability samples. The core-holder used during this research 

was a standard biaxial core-holder (Figure 1-7). Standard biaxial or hydrostatic type core-holders are 

defined as core-holders that have common radial and axial pressure applied to the core-sample.  

A specially designed, spider-web-type groove pattern (Figure 1-7) is utilised on the end-faces of the 

core-holder’s distribution plugs which come in contact with the end-faces of the core samples. This 

ensures that the fluids are evenly distributed on the whole face of the core-sample, before entering 

or exiting the core-sample. This type of groove pattern is very effective in making the capillary inlet 

and outlet effects less pronounced. (Such effects are commonly experienced during the 

displacement experiments.)  

All core-holder out-flow fluids are passed through a dome-type back-pressure regulator (BPR) which 

keeps the pressure inside the sample constant and equal to reservoir in in situ pore pressure and 

prevents any back-flow of the produced fluids into the core-sample. 

The separation and collection system comprises of a high-pressure/high-temperature three-phase 

vertical separator, three collection pumps and associated sensors. The three collection pumps are 

identical to the injection pumps previously described. 

 Separation occurs due to gravity effects inside the specially designed separator, which can operate 

at the same pressure and temperature conditions inside the core sample (reflecting in-situ reservoir 

P&T). This is highly beneficial for the material balance calculations.  If the fluids were being flushed 

into ambient conditions there would be the need to back-convert the produced volumes to reservoir 

conditions thus with this configuration this correction is not necessary. The high pressures inside the 

separator also eliminates the exsolution of the CO2 dissolved in the CO2-saturated injection brine 

and prevents the evaporation of the hot water coming out of the core-sample. Both of these effects 

could cause significant errors with material balance calculations.  

All of the sensors and electronic interfaces of the apparatus are connected to two computers with 

appropriate data logging and monitoring software installed on both. The whole system, which 

includes the sensors, the PID controllers and the injection and collection pumps, are monitored and 

controlled using these two computers. The logging can be programmed with time-steps down to one 

second. 
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Figure 1-7 Schematic cross-sectional illustration of the core-holder assembly used during core-flooding 

Berea Mutual Pre-saturation of Brine and CO2 

Before the start of the core-flooding test, the brine and CO2 had to be mutually saturated under in 

situ reservoir conditions. The steps outlining the procedure followed to make sure that brine and 

CO2 became fully saturated with each other are as follows: 

1. Two out of the three fluid sample bottles within the experimental apparatus were cleaned, 

vacuumed and filled, one with CO2 and the other with de-aerated brine and then brought to 

reservoir in-situ P-T conditions. 

2. CO2 was then brought in contact with the brine by opening the relevant valves and using the 

lines connecting the two bottles together (Figure 1-8). 

 
Figure 1-8 Schematic diagram of the configuration used to bring CO2 and brine in contact with each other 

3. With the two bottles connected, using one of the injection pumps, about 200 cc of the brine was 
injected into the CO2 bottle. After waiting for 10-15 minutes for the brine to settle at the bottom 
of the CO2 bottle, about the same volume as the injected brine i.e. 200 cc, CO2 was injected into 

Floating pistons 

Brine at the bottom of 
CO2 bottle 

CO2 cushion on top of 
brine bottle 
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the brine bottle. Due to the density difference, this volume of CO2 would act as a gas cushion on 
top of the brine bottle. 

 

4. The system was then left for about 5 days to allow the CO2 cushion to diffuse into the brine and 

the brine, at the bottom of the CO2 bottle to evaporate into the CO2 phase. The convection 

mixing (Ennis-King and Paterson, 2007; Ennis-King et al., 2003) phenomenon was expected to 

enhance the diffusion of CO2 into the brine in order to create a more homogenous mixture. 

During this time one of the injection pumps, shown in Figure 1-6, was left connected directly to 

the CO2 bottle and operating under constant pressure (equal to reservoir pressure). During this 

process, the two bottles and connecting lines were inside a convection oven at constant 

temperature (equal to reservoir temperature). The CO2 being dissolved into the brine could be 

sensed through monitoring the small changes in the displacement of the pump which kept the 

pressure of the CO2 bottle constant. 

5. After 5 days, the CO2 bottle was isolated by closing the top valve. Then a cylindrical stainless 

steel sampler (D=1.5”, L=7 cm) which had a small bore axially drilled in its centre was loaded into 

the core-holder. Then all the lines and the bore in the centre of the stainless steel sample were 

vacuumed and then filled with dead formation brine and then pressurised to the desired 

reservoir pressure. Then the fluid inside the brine bottle was injected to displace the dead brine 

into the separator which was at the same pressure and temperature as reservoir conditions. 

After displacing the dead brine inside the lines and steel sample and the cushion gas which was 

originally on top of the brine bottle, the CO2 saturated brine would be produced into the 

separator. Once the brine production was detected, the CO2 collection pump was set to operate 

a under constant pressure (equal to reservoir pressure) procedure. If the volume of the existing 

CO2 inside the CO2 collection pump kept decreasing, it was a sign that further CO2 was being 

dissolved into the produced brine in the separator and the CO2 and brine needed to be left in 

contact for a few more days. But if the volume of CO2 inside the CO2 collection pump did not 

change it was a sign that the brine was fully saturated with CO2. 

Steps 3, 4 and 5 were repeated until it was felt that the brine had become fully saturated with CO2. It 

is worth noting that, during the flooding experiments, any produced CO2 could be recycled back into 

its corresponding fluid sample through recycling lines. The CO2 phase inside the CO2 bottle was 

expected to become saturated with water vapour soon after the 200 cc water was placed at the 

bottom of the bottle. 

 

1.2.2  Berea Core flooding Procedure 

Below is an outline of the steps involved in carrying out the core-flooding experiment.  

1. The sample was wrapped in the previously described multi-layered sleeve before being inserted 

into the core-holder. In order to eliminate the effect of gravity segregation (underrun or override 

of the injected fluids) within the sample tested while undergoing the core-flooding experiment, 

the core-holder containing the sample was placed vertically and injection was performed from 

base to the top. After loading the wrapped sample into the core-holder, using a hand pump, the 

overburden fluid was pumped into the annular space between the outer diameter of Viton 

sleeve and the inner surface of the core-holder shell.  
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2. After gradually increasing the overburden pressure to the full reservoir net effective pressure, all 

the inlet and outlet ports of the core-holder were capped or connected to appropriate flow-lines 

and pressure gauges. Then low pressure (~300 psi) CO2 gas was passed through the sample for at 

least 20 minutes. Due to its high diffusivity, CO2 would displace and replace any air trapped in 

the sample pores. Compared to air, the CO2 which replaced the air could be evacuated from the 

sample more effectively when required. Furthermore, any remaining CO2 after evacuation would 

readily dissolve in the saturating dead brine and removed from the sample during the later in 

situ saturation process. 

3. After flushing the sample by CO2, all the flow-lines and the sample inside the core-holder were 

evacuated using a vacuum pump for at least 24 hours. Then the Back pressure was brought to 

full reservoir in situ pressure, and the air bath temperature also was raised to reservoir 

temperature. Then the core sample was displaced and saturated using dead formation brine 

while the confining pressure was increased and then maintained equal to its in situ reservoir 

value. The sample was left under reservoir conditions in contact with brine for another 48 hours 

to become completely saturated with dead brine and to establish adsorption equilibrium. 

4. In the next step the CO2-saturated brine was injected into the core sample at constant flow-rate 

to displace the dead formation brine. The CO2-saturated brine injection continued until steady-

state conditions were achieved i.e. constant and steady differential pressure across the sample 

and production flow-rate equal to injection flow-rate.  

5. The injection of the vapour-saturated CO2 began at constant flow-rate (drainage). The 

displacement continued until steady-state conditions were reached i.e. no more brine 

production and constant and steady differential pressure across the sample. At the conclusion of 

this drainage process there was a so called ‘bump flow’ i.e. a short period of high injection flow-

rate, performed to examine and quantify the existence of capillary end effect (Grigg and Svec, 

2006; Heaviside and Black, 1983; Rapoport and Leas, 1953).  

 

During both drainage and imbibition floods about 15 pore-volumes of the injection fluid (either CO2 

or brine) were injected through the sample. The CO2 injection flow-rate was set at 300 cc/hr while 

brine was injected at 200 cc/hr. 

Figure 1-9 shows the brine production profile (top) and differential pressure profile across the 

sample (bottom) derived from the data recorded during the primary drainage flood. The 

corresponding relative permeability data are also presented in Figure 1-10. 
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 Figure 1-9 Brine production profile (top) and differential pressure across the sample versus time (bottom) 

 

1.2.3  Conclusions from Core Flooding tests of the Berea samples 

The B2 core appeared as a very homogenous and clean Berea sandstone sample. The porosity and 

permeability values were of a moderate range as shown in Table 1-2.   

As expected, despite the relatively high CO2 injection flow-rate, the displacement was not 

completely uniform and was slightly influenced by the well-known capillary end effect. That is why a 

small volume of extra brine was produced, due to “bump flow” which was performed close to the 

conclusion of the drainage flood. Considering the relatively high level of residual CO2 saturation and 

the moderate CO2 relative permeabilities, a formation consisting of this type of sandstone could be 

well suited for CO2 geosequestration operations.  The relatively high levels of residual CO2 saturation 

would help to trap and store the injected CO2 in a safe and permanent form. The moderate CO2 

relative permeabilities also would enhance the CO2 injectivity and spreading of the plume towards 

better entrapment of the unwanted gas.   The following table applies to Figure 1-15. 
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Core Core origin 
 

Type 
 
 

Relative Perm. End point residual saturations 

1 Berea Sandstone 
Curves provided 

below 
Swr (drainage)=45.57% 

SCO2,r(imbibition)=20.45% 

 
 

Figure 1-10 Brine (Krw) and CO2 (KrCO2) relative permeabilities for the primary drainage displacement  
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1.3 Geophysics Laboratory- Berea rock physics tests 

 
The injection of supercritical CO2 into a formation can affect its rock mechanical properties. The 

effect of CO2 injection on physical rock properties is not fully understood and may vary from one 

reservoir rock to another. CO2-rock interactions can result in the dissolution of minerals into the 

super critical CO2, the precipitation of minerals or plugging of the pore space, and the drying and 
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disintegration of clay minerals. These processes may result in changes of porosity, pore geometry 

and distribution, effective permeability, and capillary entry conditions, which all influence and 

change the petrophysical and fluid transport properties, and finally significantly affect the elastic 

properties of both the reservoir and seal rocks. Precise ultrasonics laboratory measurements on rock 

samples provide petrophysical and mechanical properties of rocks and are used for the calibration of 

seismic data, which can be implemented for short and long-term monitoring of carbon dioxide 

sequestration. 

 

1.3.1 Experimental Equipment 

 

The rock physics tests were conducted using a triaxial (Hoek) high pressure cell with a capacity of up 

to 70 MPa, with capability for measurements of up to 150 MPa axial load, 70 MPa confining pressure 

and up to 20 MPa pore pressure.  The core flooding equipment shown in Figure 1-11 comprises of a 

CO2 cylinder, a CO2 syringe pump, a high pressure cell, an ultrasonic system and a pump for brine 

injection. The temperature range is room temperature up to 80°C. The ultrasonic system performs 

precise measurements of compressional (P-wave) and shear (S-) waves in the axial direction using 

the “time of flight“ method.. Dynamic elastic moduli (shear, bulk, Young’s ) as well as Poisson’s ratio 

can be estimated from measurements of P and S-waves.   

 

 
Figure 1-11 Rock physics testing equipment. Core flooding equipment: 1) CO2 cylinder; 2) brine injection 

pump; 3) syringe pump ; 4)  heated pipes;  5) high pressure cell; and 6) ultrasonic monitoring system. 

  

 

The Berea B2 sandstone core was 38 mm in diameter, 79.8 mm long and was placed into the Hoek 

cell. Confining, axial and pore pressures were controlled using hydraulic hand pumps. The error in 

pressure measurement was determined by the accuracy of the pressure gauges and was less than 

0.25 MPa. In this test, axial pressure was equal to confining pressure.  

   

To saturate a sample with brine, a “liquid pump” (Shimazu) was used.  Supercritical CO2 was injected 

from the cylinder to the syringe pump (Isco-Teledyne), heated to 45°C and compressed to 9 MPa to 
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ensure the CO2 was in the super-critical phase. The CO2 was then transported via heated pipes into 

the high pressure cell. To maintain pore pressure inside the sample during testing, a relief valve was 

installed in the outlet of the pressure cell. Syringe pump, tubes, and the high pressure cell were 

heated and maintained at a temperature of 46 ± 0.3°C.   

 
 

 
Figure 1-12  Schematic of transducer arrangement: acoustic wave is emitted by transducer, and first 
propagates in the high strength plastic material (Polyether ether ketone “PEEK” platen), then in the 

sample and in another PEEK platen before being recorded by receiving transducer.   

 

Shear S-waves are often difficult to both record and to recognise because their polarity can be 

arbitrary. To obtain a reliable signal from the S-wave transducers, the experimental set-up, shown in 

Figure 1-12 and Figure 1-13, was used. The equipment used to conduct the P and S-wave recording 

(Figure 1-19) measurements comprised of the following:  

 

 Ultrasonic S-wave transducers with a nominal centre frequency of 1 MHz, which generate both 
P and S-waves. 

 Panametrics 5077PR Pulser and Receiver units. 

 Digital oscilloscope Tektronix TDS3031 
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Figure 1-13 Acquisition system: oscilloscope, pulse-receiver at bottom right with Hoek cell in 

background 

 

 

 

Figure 1-14   Typical recorded waveform: Arrivals of P and S-waves are clearly observed 

 

Experimental procedure: 

1. Acquire CT image of the sample before injection  

2. Velocity measurements of dry sample v. effective pressure 

3. Velocity measurements of CO2 (liquid- not supercritical) saturated sample v. effective 

pressure  

4. Velocity measurements of CO2 saturated sample v. effective pressure 

5. Velocity measurements of brine saturated sample v. effective pressure 
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6. Velocity measurements during CO2 injection into brine saturated sample 

7. Acquire  CT image of the sample after CO2 injection 

8. Dry the sample 

9. Velocity measurements of dry sample 

10. Saturate sample with brine 

11. Acquire CT scan of brine saturated sample to evaluate damage of the sample by injection. 

1.3.2 Berea Results 

Figure 1-, Figure 1-21 and Figure 1-22 show the dependence of P and S-wave velocities versus 

different effective pressures for dry, 100% CO2 saturated and 100% brine saturated sandstone, 

respectively. Dynamic moduli (bulk, shear) as well as Poisson’s ratio for these series of experiment 

are provided in Table 4. 
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Injection of CO2 into brine-saturated sandstone was performed at confining pressure of 40 MPa and 

temperature of 46°C. Injection pressure of CO2 was 9 MPa. Injection rate was 1 mL/min. After 

injecting 10 mL of CO2, traces of CO2 leakage from the opposite end were observed and thus the 

total volume of injected CO2 in this experiment was 10 mL (at 9 MPa). Taking into account pore 

volume of the sample as 20 cc, the estimated saturation of CO2   will be 10/20= 0.5 or 48±5%.  

No changes in P-wave velocity (within experimental errors) were observed during injection of CO2 

into brine saturated sandstone. However, the density of the sample after CO2 injection decreased by 

4.5%. This decrease in density resulted in a decrease in the acoustic impedance of the sample by 

4.5%. If we assume that the upper seal layer of the sandstone reservoir is a shale layer, the fractional 

change in seismic wave reflection coefficient  , can be expressed as: 

   

 
          

          
 

          

          
 

          

          

 

where Z is the acoustic impedance of each medium. The acoustic impedances are given by the 

product of density ρ and P-wave velocity,                               

where the subscripts refer to clay and reservoir sandstones in both the initial state (sn0) and at later 

stages (sn1).  

Assuming typical properties of the upper (clay) layer as a density of 2500 kg/m3 and P-wave velocity 

as 3000 m/s, the reflection of the P-wave at the boundary clay/reservoir sandstone is 0.08. After CO2 

injection the reflection coefficient is estimated as 0.1 thus the change in the reflection coefficient 

between the clay/reservoir sandstone will be plus 28%. 

Such changes can be detected by the surface seismic reflection method, depending on the quality of 

the seismic signal (signal/noise ratio). After CO2 injection, B2 sample was dried and the P-wave 
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Figure 1-16  P and S-wave velocities as a function of effective pressure for brine 
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velocity v effective pressure was acquired again. Results were very similar to that obtained 

previously (Figure 1-), which indicates that CO2 did not significantly influence the elastic dynamic 

properties (i.e. elastic moduli derived from velocities of waves) of this particular sample. 

Table 1-4  Test results 

Core  Core 
origin 
 

Type 
 

Dynamic Bulk: Shear Modulus, dry 
at 46°C 

P.R. : Confining 
Pressure dry at 46°C 
(Dynamic) 

P.R. : Confining 
Pressure, brine sat, 
46°C (Dynamic) 

Vp v. CO2 inj 
brine sat 
46°C 

Residual 
CO2 sat 
46°C 

2 Beria B2 
S/st 

P, 
MPa 

Bulk,  
Pa 

Shear 
Pa 

2 1.14E+10 7.34E
+09 

6 1.48E+10 8.11E
+09 

10 1.49E+10 9.26E
+09 

14 1.59E+10 9.77E
+09 

18 1.58E+10 1.03E
+10 

22 1.66E+10 1.05E
+10 

26 1.67E+10 1.07E
+10 

30 1.72E+10 1.08E
+10 

 

P, 
MPa 

Poisson’s 
ratio 

2 0.235 

6 0.268 

10 0.243 

14 0.245 

18 0.232 

22 0.238 

26 0.235 

30 0.240 
 

Peff, 
MPa 

Poisson’s 
ratio 

11 0.300 

15 0.309 

19 0.307 

22 0.313 

26 0.315 

31 0.317 
 

Vp is not 
sensitive to 

scCO2 

injection 
 at 20 MPa 
effective 
pressure 

48% 
±5% 

  

Figure 1-23 to Figure 1-25 show the results of Computer Tomography imaging of the dry, 100% brine 

saturated and brine saturated sample after CO2 injection, respectively. B2 sample was scanned at 

room PT conditions. Each image in the figures shows one slice, 1 mm apart.  CT Spatial resolution 

was 1mm x 1mm x 1mm. No chemical doping (to increase X-ray adsorption) was implemented in 

these scans and cores were not in a core holder (which is required when pressure other than room 

pressure is used). The brighter the images are, the denser (more saturated) the sample is. No cracks 

were observed after CO2 injection.  

 

 

  

 

  

 

 

 

 

 

 

 

Figure 1-17  CT scan of dry sample B2 before injection 
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1.3.3 Conclusions from the geophysics laboratory tests on Berea samples:  

The following observations were drawn from the geophysics laboratory tests: 

 CO2 can be injected in this core (injection pressure of CO2:  9.2 MPa, temperature 46°C)  

 No significant changes in elastic (both P and S-waves)  velocities occurred during  CO2 

injection. However the acoustic impedance of this rock has been decreased by 4.5% which can 

be detected by seismic methods CT imaging before and after CO2 flooding as well as results of 

measurements indicate that no damage was observed after CO2 injection for this particular 

sample 

 

1.4 CT Laboratory- Berea Scanning Tests 

 
Experiments with X-ray CT scanning while core flooding were conducted on the same B2 Berea 

sandstone as used for the geophysics-rock physics testing. The physical parameters, under reservoir 

pressure and temperature conditions of 50 ºC and 12.5 MPa pore pressure, were: porosity, 21%, 

permeability 421.5 mD, pore volume 18.5 cc, length 7.98 cm.). A confining (overburden) pressure of 

18 MPa was used throughout the experiments. The confining pressure was applied using oil with a 

high precision pump. An injection rate of 1 cc per minute was used to avoid any fingering of the CO2 

during the displacement (below the theoretical critical injection velocity). The core plug was 

saturated initially (doped) with 5% NaI and then with 10% NaI water during the experiments to 

enhance the X-ray imaging quality/contrast as NaI has a much stronger X-ray density than normal 

Figure 1-18  CT scan of 100% brine saturated sample B2 before injection- no core 
holder was used or chemical doping. 

Figure 1-19  CT scans of sample B2 after CO2 injection. 
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water. During the core flooding experiment the production end (about 6 cm from the injection end) 

of the core was monitored continuously using an X-ray CT at an interval of 30 seconds. A total of 100 

cc of CO2 was injected during the experiment, equivalent to 5 pore volumes (PVs).  

 

The X-ray CT images can clearly distinguish the supercritical CO2 injection front during the core 

flooding. The top diagram in Figure 26 shows the mean X-ray CT numbers (a measurement of the X-

ray CT densities) versus the injection time. As CO2 displaces the NaI brine the CT numbers would 

drop because CO2 has a relatively lower X-ray density compared with NaI brine. In Figure 26, the 

green areas in the X-ray CT slice represent a relatively high X-ray CT density region, while blue areas 

represent relatively low X-ray CT density region. A sudden drop of the CT numbers would therefore 

imply a breakthrough of CO2 in the core flooding system. An initial CO2 breakthrough at the 

monitoring position (2 cm from the production end) occurred after 40 minutes of injection (Figure 

1-26 with breakthrough positions arrowed). A complete breakthrough occurred at 43.5 minutes as 

shown both on the pressure profile and the X-ray CT images.  

The CO2 breakthrough at the monitoring position appears to be “episodic”, indicating pulses of CO2 

and NaI brine being displayed though the monitoring slice alternating. The CO2 breakthrough 

appears to be instantaneous without showing gravity segregation or fingering, indicating that any 

injection rates greater than 1 cc/minute would not cause any gravity segregation when CO2 is 

injected into sandstone formations with comparable porosity and permeability as the Berea 

Sandstone. The CO2 filled pores were observed from the CT slices to have been refilled by NaI water 

displaced from elsewhere after the initial breakthrough to form a cyclic emplacement and/or 

displacement phenomenon as reflected by the pressure profile (lower diagram in Figure 1-26). This 

phenomenon may be related to the episodic opening/closing of the production valve when a critical 

pressure is attained. 
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The experiment has also shown that a 10% NaI is adequate to image the CO2 displacement process in 

sandstone rocks with properties similar to the Berea Sandstone. Water chemistry analyses of the 

produced water indicated that there was no detectable reaction between the CO2 and the sandstone 

after 8 hours of incubation with the Ca++ remaining unchanged before and after the flooding. There 

was no solid or fine production observed in the produced brine.  

 

1.4.1 Conclusions CT scanning laboratory Berea tests  

The experiments of injecting CO2 into water saturated B2 Berea Sandstone revealed the following:  

 Rock formations with properties comparable to the Berea Sandstone are suitable for CO2 
storage at a reservoir pressure and temperature exceeding the supercritical CO2 pressure 
and temperature values (i.e. >50 °C and 12.5 MPa).  

 CO2 injection rates less than the critical velocity will not cause any fingering and thus 
maximise the CO2 storage in the reservoir formation.  

 After CO2 breakthrough, the distribution of residual formation water may vary locally as 
injection is continued, reflecting the minor pressure changes in the system.  

 X-ray CT imaging is a viable method for monitoring and predicting the behaviour of CO2 
during the injection process in the lab, but a 10% NaI tracer is recommended for good 
quality imaging.  

 Chemical reactions between CO2 and rock formations with compositions similar to the Berea 
Sandstone are unlikely to occur as no changes were detected chemically in the produced 
brine, nor any solids/fines observed after 8 hours. 
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2 Otway Sandstone 

One sample, sample 7-V (Table 2-1) from the Otway sandstone, reservoir formation was available for 
testing purposes. The sample was tested for rock mechanical properties after it was flooded by CO2 
in a core flooding test. 
 

2.1 Geomechanics Laboratory testing of the Otway sandstone 
 

2.1.1 Otway Triaxial Tests 

Figure 2-1 shows that the sample had been significantly affected by flooding. The chemistry of the 

effluent from the core flood experiment showed an increase in calcium and magnesium ionic 

concentrations (peak concentrations of 24 mg/L for Ca and 64 mg/L for Mg) which has resulted in 

the surface of the sample being very rough and irregular.  

 

 

 

 

 

 

 

 

 

 

 

 

 

An ideal sample for rock mechanics tests should have a very smooth surface with both ends parallel 

to avoid any stress concentration. This sample, clearly, is not ideal for triaxial tests. However an 

attempt was made to polish the sample surface as much as was possible and perform a multi-stage 

triaxial test using the strain gauges attached for the measurement of strains in the vertical and 

horizontal directions. Shortly following the start of the test the horizontal strain gauge was 

disconnected and the vertical strain gauge went off in the middle of the first stage of the test at a 

confining stress of 5 MPa. The stress-strain curve for the first stage of the test is shown in Figure 2-2. 

 

Figure 2-1 View of Otway sample after flooding test (Two strain gages glued 
on the sample surface to measure vertical and horizontal strains) 
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The first part of the curve is non-linear indicating that the sample is porous, i.e. this is the phase 

where the compaction is occurring and the porosity is reduced. This is followed by a linear curve 

showing the elastic region of the rock behaviour. From the slope of this curve a relatively small 

Young’s modulus is estimated of 2 GPa, which can be justified considering the reduction of rock 

mechanical properties after the flooding test. It was decided to discontinue the test and preserve 

the sample for further chemical and thin section analyses to better understand the effects of CO2 or 

brine on the sample. These tests were not planned as part of this test series.  

2.1.2 Otway sample geomechanical test results 

The results of rock mechanical tests on a sample from the same formation were made available by 

Geoscience Australia. Figure 2-3 shows the Mohr-circles corresponding to triaxial tests on this 

sample.  

 

The vertical strain gauge was disconnected during 

the first stage of the test at 5MPa confining stress 

A non-linear part (closure of porosity) is followed by 

a linear behaviour. The slope of this section is an 

indication of Young’s Modulus, which is around 2GPa  

Figure 2-2  Stress-Strain curve for the first stage of a multi-stage triaxial test at 5MPa confining stress 
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Figure 2-3  Mohr Circles corresponding to triaxial test on a different sample from Otway formation (after 

Geoscience Australia, 2011) 

From this figure the sample Cohesion factor (C) of 5.26 MPa and friction angle of 37.23 deg was 

estimated. The resultant UCS is about  21.1 MPa, Using the elastic approach, as shown below: 

         (   
 

 
)          . 

This value for UCS is on the lower side of typical strength values expected for sandstones, confirming 

the preliminary findings and test observations discussed above.  

Additionally, Geoscience Australia provided results of a log-based analysis Figure 2-4, performed on 

CRC-1 well which intersected the Otway Waarre-C sandstone. The laboratory test results indicate a 

Young’s modulus of approximately 5 MPa in the upper section and 12 MPa in the lower section. This 

is considered relatively low in comparison to strong sandstones which present a Young’s modulus in 

the order of 20-30 GPa. These results are comparable to a low value of 2 GPa that was obtained 

from the triaxial test considering that in our experiment the sample properties was significantly 

reduced due to the flooding effect whereas the latter results belong to a pre-flooded sample.    
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2.1.3 Conclusions- Otway Geomechanics Properties 

The above discussion indicates that this particular Otway sandstone plug was mechanically weak 

prior to and after CO2 injection. This plug was the only one available and appeared to lose more 

mechanical integrity after being flooded by CO2. Large deformation due to injection-induced stress 

could be expected to occur if this sand was consistent throughout the reservoir, but the reservoir is 

heterogeneous and the sample was neither ideal nor fully representative of the reservoir.     

2.2 Core Flooding Laboratory tests on Otway sample 7V 

Core sample Otway 7V (Table 2-1) was used for the core-flooding experiment. This was a vertical 

core-plug drilled from whole-cores taken the Waarre C formation in Well CRC1.  

Table 2-1 Characteristics of the Otway core sample used for the experiment 

Sample ID Length, 
cm 

Diameter, cm Lithology Porosity, % In-situ Brine 
Permeability, mD 

Otway 7V 6.17 3.85 Sandstone 22.61 1298 

 

Figure 2-4  Log based analysis in a well drilled through the Waarre-C sandstone  

(after Geoscience Australia, 2011). 
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2.2.1 Sample tests 

To test the core sample injectivity and residual saturations, and also the effect of cyclical injection on 

these factors, an unsteady-state, cyclical CO2-to-brine core flooding experiment was performed at in 

situ reservoir conditions (Table 2-2). The experiment consisted of four drainage (brine displaced by 

CO2) and three imbibition (CO2 displaced by brine) floods. Since the sample was highly permeable, 

the injection flow-rates for both CO2 and brine were chosen to be 300 cc/hr (5 cc/min) which is a 

relatively high flow-rate. This was an attempt to maximise the magnitude of the viscous forces which 

could make the capillary forces less pronounced during the lab scale flood resulting in more uniform 

displacements. 

Table 2-2 Reservoir P-T conditions during the experiment  

Reservoir parameter Value 

Pore pressure (psi) 2,580.0 

Overburden pressure (psi) 6,725 

Reservoir temperature (°C) 83 

Formation water salinity (ppm) 30,000 

2.2.2 Test results 

Figure 2-5 shows the brine production profiles obtained during the four drainage displacements 

performed on the sample.  

 
Figure 2-5  Brine production profile during the four drainage floods conducted on the sample 

For the same drainage floods Figure 2-6 shows the recorded differential pressure across the sample 

versus time. It is worth noting that any measured pressure data with a value less than 2 psi falls 

outside the accuracy of the pressure sensors used and may not be free of measurement error.  

 

Additional brine produced 

due to “bump” flow 
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Figure 2-6  Differential pressure across the sample versus time during the four drainage floods 

conducted on the sample  

 

2.2.3 Conclusions  from Otway sample 7V core flooding  

Otway 7V sample has high permeability and moderate porosity values, which are typical 

characteristics of the Waarre-C  sandstone.   

As expected, despite the relatively high CO2 injection flow-rate, the displacement was not 

completely uniform and was influenced by capillary end effects, which are well known. This was 

confirmed by conducting the “bump” flow test (so called because of an abrupt increase in the 

injection flow-rate for limited period of time) at the end of the drainage floods. Each “bump” flow 

resulted in considerable additional volume of brine to be produced.  

As can be seen from the end-point saturations reported in Table 2-3 , despite the expectations, the 

residual brine saturations at the end of the drainage floods were relatively high. This is due to the 

non-uniform displacements promoted by very low viscosity ratio of CO2 (displacing phase) to brine 

(displaced phase) and low IFT of the scCO2-brine system. This has been extensively discussed by 

Saeedi et al. (2011).  

On the other hand, as can be seen from Table 2-3 , the brine saturations achieved at the end of the 

imbibition floods were very low (less than 10%).  

 

Table 2-3 End-point residual brine saturations obtained at the end of the drainage floods  

Core Origin Type 
End-point brine saturation, % 

1st Drain. 1st Imb. 2nd Drain. 2nd Imb. 3rd Drain. 3rd Imb. 4th Drain. 

Otway 7-V Naylor Field Sandstone 46.9 90.6 46.4 91.2 45.8 90.2 46.3 

 

The first reason for this low residual CO2 (non-wetting phase) saturation is the low interfacial tension 

(IFT) of the scCO2-brine system. Generally, during an immiscible imbibition displacement, the lower 

the IFT the lower is going to be the levels of residually trapped non-wetting phase. The second 

Further drop in diff pressure due to “bump” flow 



31 
 

reason for low residually trapped CO2 is the relatively low maximum CO2 saturations achieved during 

the imbibition floods. Since less brine is displaced during the drainage floods, less CO2 would be 

available to be potentially trapped as residual phase during the subsequent imbibition 

displacements. This is in agreement with the “Land” trapping model (Land, 1968), which relates the 

trapped residual non-wetting phase during an imbibition process to the maximum non-wetting 

phase saturation achieved at the end of the preceding drainage flood. 

The main conclusion drawn from the above discussions is that, while CO2 geo-sequestration in highly 

permeable formations may suffer less from injectivity issues and since such formations are also 

expected to have high porosity values, they may have the advantage of presenting large capacities 

for CO2 storage. However, they may offer an ultimate CO2 entrapment, in the form of the desired 

residual capillary trapping, which is far less than intermediate or less permeable formations. The less 

the CO2 capillary entrapment is, the more CO2 would remain as a free and mobile phase which could 

eventually migrate upwards under the influence of gravity forces.   

One of the objectives of this core-flooding experiment was to investigate the effect of cyclical CO2-

to-brine flooding on the residual saturations and injectivity. As can be seen from Table 2-3, the levels 

of residually trapped brine does not seem to have been influenced by the cyclical injection, the 

residual saturations remained relatively steady throughout the experiment from one injection flood 

to the next.  

Presented in Figure 2-7 are the normalised differential pressures across the sample measured just 

before CO2 breakthrough and at the end of the drainage floods. The differential pressure values are 

normalised by dividing them by the differential pressure for the first drainage flood.  

 
Figure 2-7  Normalised differential pressures across the samples versus drainage flood number 

As can be seen from the plot, there is a moderate trend present among the pressure data measured 

at CO2 breakthrough (i.e. a slight increase in differential pressure as the cyclical injection proceeds). 

This trend was also reported to exist among the data measured by Saeedi et al. (2011). It was 

pointed out by the authors that this trend was more evident for the measurements conducted on 

low permeability samples. A full discussion on the possible reasons behind this trend is presented by 

Saeedi et al. (2011). 
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A trend similar to that observed among the data measured at CO2 breakthrough cannot be detected 

among the pressure data recorded at the conclusion of each drainage flood (Figure 2-7). This was 

thought due, mainly, to the measurement errors as the pressure values obtained at the end of the 

drainage floods were extremely low (typically less than 1 psi) which all fall well outside the accuracy 

of the pressure sensors used. One other possible cause of any uncorrelated fluctuation, as discussed 

in details previously, could be non-uniform displacement of brine by low viscosity CO2. 
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2.3 Geophysics laboratory- Otway rock physics tests 

2.3.1 Otway geophysical laboratory tests  

1. Velocity measurements of dry sample v effective pressures 
2. Velocity measurements of CO2 (liquid- not supercritical) saturated sample v. effective 

pressure  
3. Velocity measurements of CO2 saturated sample v. effective pressure 
4. Velocity measurements of brine saturated sample v. effective pressure 
5. Velocity measurements during CO2 injection into brine saturated sample 
6. Dry the sample 
7. Velocity measurements of dry sample 
8. Saturate sample with brine. 

  
 
 
 

2.3.2 Discussion of Otway sample 7V  experiment  test results 

 
Figure 2-8, Figure 2-9 and Figure 2-10 show the dependence of P and S-wave velocities versus 
different effective pressures for dry, 100% CO2 saturated and 100% brine saturated sandstone 
sample 7V, respectively. Dynamic moduli (bulk, shear) as well as Poisson’s ratio for these series of 
experiment are provided in Table 8. 
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Figure 2-8   P and S-wave velocities as a function of effective pressure for dry “Otway 7V” sandstone at 
45°C. 

 

Figure 2-9 P and S-wave velocities as a function of effective pressure for 100% CO2 saturated  7V 
sandstone  at 45°C.  Pore pressure 9 MPa.  
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Figure 2-10  P and S-wave velocities as a function of effective pressure for brine saturated B2 sandstone 
at 46°C.  Pore pressure 9 MPa. 

 

Theoretical predictions of Vp velocity using Gassmann fluid substitution procedure is shown as a 

dash curve in Figure 2-10. 

Table 8 Test Results 

Table 2-4  Sample 7V test results 

Core  Core 
origin 
 

Type 
 

Dynamic Bulk: Shear Modulus, 
dry at 45°C 

P.R. : Confining 
Pressure dry at 45°C 

P.R. : Confining 
Pressure, brine sat, 
45°C 

Vp v. CO2 inj 
brine sat 
45°C 

Residual 
CO2 sat 
46°C 

7V Otway  V7 

  
 

 

51% 
±5% 

  

Injection of CO2 into brine saturated sandstone was performed at confining pressure of 36 MPa and 

temperature of 45°C. Injection pressure of CO2 was 9 MPa. Injection rate was 1 mL/min. After 

injecting 9.5 mL of scCO2, traces of CO2 leakage from the opposite end was observed and thus the 

total volume of injected CO2 in this experiment was 9.5 mL (at 9 MPa). Taking into account pore 

volume of the sample as 18.9 cc, the estimated saturation of CO2   will be 51% ± 5%. Results of 

measurements of P wave velocity during scCO2 injection are shown on Figure 2-11.  
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Pressure shear bulk

[MPa] [Pa] [Pa]

2 2.43E+09 7.32E+09

6 3.60E+09 7.66E+09

10 4.57E+09 8.37E+09

14 5.24E+09 9.12E+09

18 5.88E+09 1.10E+10

22 6.34E+09 1.15E+10

26 6.64E+09 1.22E+10

30 6.87E+09 1.26E+10

34 7.07E+09 1.31E+10

Pressure Poissons 

[MPa] ratio

2 0.350

6 0.297

10 0.269

14 0.259

18 0.273

22 0.266

26 0.270

30 0.270

34 0.272

Effective Poissons

[MPa]  ratio 

7.45 0.349

11.85 0.336

15.65 0.314

19.55 0.308

24.35 0.301

27.65 0.301

30.95 0.297

35.45 0.290

Saturation Vp, m/s

0.000 3499

0.000 3543

0.027 3521

0.054 3493

0.108 3456

0.178 3449

0.216 3446

0.270 3437

0.324 3423

0.514 3394
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Figure 2-11  P wave velocity dependence on saturation of scCO2 during CO2 injection into brine saturated 
Otway sample 7V: injection pressure 9 MPa, confining pressure 36 MPa, temperature 45°C. 

 

2.3.3 Conclusions from geophysical tests of  Otway  sample 7V 

A decrease of more than 5% in P wave velocity during CO2 flooding lead to reduction in acoustic 

impedance of this sample of more than 6%.  

CT Laboratory- Otway sample scanning tests 

A sandstone plug from the Otway Basin (CRC-1 well) was used for CO2 flooding experiments. The 

sample was 6.4 cm long and 3.84 cm in diameter. It has an air porosity of 22.8% and permeability of 

2685 mD at a confining pressure of around 2200 psi. 

2.3.4 Otway Scanning Procedure 

The same experiment setup as reported earlier was used for the core flooding experiment with an 

experimental temperature of 50 ºC, a confining pressure of 18 MPa and injection pressure of 12.5 

MPa. An injection rate of 2 cc/min was used during the CO2 displacing NaI (10%) brine. 

 
The experiment procedure was as the following: 
  

1. The core was first cleaned and dried for 24 hours at 60 ºC. 
2. It was then saturated in NaI (10%) brine for 48 hours under vacuum. 
3. The sample was loaded in the core holder with a thin slice of Berea Sandstone core (1 cm 

thick,=20.4%, K=530 mD at 2000 psi confining pressure) at the injection side to prevent 
damage to the Otway core sample. 

4. The core holder was then pressurised to the experiment confining and injection pressures 
and temperature for leakage testing. 

5. The entire core was scanned using at 0.5 mm resolution prior to the CO2 injection 
experiment. 

6. Once the initial experimental condition was reached (e.g. confining pressure:18 MPa, 
injection pressure: 12.5 MPa and core holder temperature:50 ºC), CO2 injection was started 
at 2 cc/min; 
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7. The injection process was  monitored in real-time using X-ray CT imaging at the production 
side (1 cm from the core end) with a scan interval of 30 seconds. After the experiment was 
completed, the entire core was scanned again for comparison; 

 
 

2.3.5 Otway Scanning Results 

The X-ray CT images obtained during the CO2 flooding record the supercritical CO2 injection front 

very clearly. Initial CO2 breakthrough at the monitoring position occurred after 30 minutes of 

injection (Figure 2-12 and Figure 2-13). The injection pressure profile also shows a reduction at the 

breakthrough time (Figure 2-12 B). 

 

Figure 2-12  X-ray CT number (A), injection pressure (B) profiles recorded during CO2 injection showing 
the CO2 breakthrough time. The cyclic injection pressure profiles after the CO2 breakthrough are caused 

by the production pressure regulator which released supercritical CO2 episodically. 
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Figure 2-13 Selected X-ray CT images showing the CO2 breakthrough occurred around 30 minutes after 
injection. Bright yellow/orange colours representing high X-ray densities, blue and black representing 

low X-ray densities. 

 CO2 entered the monitoring position firstly from the top showing a strong gravity segregation effect 

(Figure 2-14), which last for about 30 minutes before the core was saturated with CO2.  

21.5 min 29.5 min

30.5 min 33.5 min



38 
 

 

Figure 2-14  X-ray CT Number plot and selected CT images showing CO2 first breakthrough from top 
towards bottom of the core 

The initial breakthrough point at the top of the core is through a relatively high permeability area as 

the first entry of CO2 is not directly from the topmost point of the core. The CT images indicate that 

the Otway core is quite heterogeneous (Figure 2-13 and Figure 2-14) with a near vertical low 

permeable zone just to the left of the centre of the core. The CO2 propagation front is affected by 

the heterogeneity in addition to the first order gravity segregation effect. 

Toward the end of the flooding experiment the brine (sodium iodide, NaI) saturation at the 

monitoring site appears to increases (e.g. the region between 80 and 110 minutes in Figure 2-12 A) 

suggesting that CO2 dissolution in brine (NaI) may have occurred 50 minutes after CO2 breakthrough. 

2.3.6 Conclusions from CT scanning of Otway sample 

 The injection front of CO2 displacing brine can be well imaged by X-ray CT using 10% NaI tracer. 

 The CO2 flooding at an injection rate of 2 cc/min shows a pronounced gravity effect with CO2 
breakthrough firstly from the top. 

 Gravity effect appears to be the first order control on the CO2 breakthrough and propagation 
front. 

 The heterogeneity of the Otway Sandstone also affects the CO2 propagation front; 

 CO2 dissolution in brine may have occurred after 50 minutes of CO2 breakthrough as reflected 
by the increase of X-ray density toward the end of the experiment. 
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3 Lesueur Sandstone from Pinjarra-1 core 

A view of the sample from the Lesueur sandstone formation from Pinjarra-1 is shown in Figure 3-1. 

 

 

 

 

 

 

 

 

 

Figure 3-1 View of Pinjarra-1 core plug placed between the two caps ready for the test 

This sample used for the flooding test was compared with the sample which was tested before 

flooding. The length to diameter ratio (L/D) of the sample was 46.1mm/38.7mm=1.19. This is not a 

standard ratio for rock mechanical lab test purposes. The standard ratio suggested by the ISRM is 

between 2 and 2.5. In this case a correction factor was applied to modify the value of uniaxial 

compression strength (UCS). The empirical correlation below was used: 

    









DL
UCSUCS DL

222.0
778.01  

Where UCS (1) is the UCS corresponding to a sample with L/D=1 and UCS (L/D) is the UCS corresponding 

to a different L/D ratio. Assuming ratios of 2 to 2.5 the correction factor to be applied to the results 

of the sample would be 0.89 to 0.87. Here, we applied an average correction factor of 0.88, which 

means that the rock strength reduced as the sample size increased. We applied the same correction 

factor to the Young’s modulus obtained from the test results, knowing that the above correlation 

was proposed for the UCS. 

3.1 Geomechanics Laboratory Lesueur sandstone triaxial tests 

Multi-stage triaxial tests were carried out at three different confining pressures of 5, 12, 20 and 30 

MPa. Strain gages were glued onto the surface of the sample for measurement of vertical and 

horizontal strains. 

Poisson’s ratio illustrates how deformable the rock is; this is the ratio of radial to axial strain, which 

can be obtained from the two plots (i.e. axial stress-axial strain and axial stress-radial strain) with the 

axial stress-axial strain curve shown in Figure 3-2.  



40 
 

 

Figure 3-2  Axial Stress-Axial Strain curves corresponding to Multi-stage triaxial tests on Lesueur 
Sample 

As it is seen, the first part of the curve in Figure 3-2 is non-linear indicating that the sample is porous, 

i.e. this is the phase where the compaction is occurring and the pores are closed. This is followed by 

a linear curve showing the elastic region of the rock behaviour. From the slope of this curve a 

Young’s modulus of 18.13 GPa after correction is estimated. The view of the sample after test is 

shown in Figure 3-3. 

  

 

 

 

 

 

 

 

 

 

The peak stress values at each stage were used to plot the axial versus confining stress in order to 

estimate the mechanical properties (cohesion, C, friction angle, and uniaxial confining strength, 

UCS) of the sample (Figure 3-4).  

Plane of shear failure 

Figure 3-3  Sample view after the Multi-stage triaxial test 
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Figure 3-4  : Rock failure envelop plotted to estimate sample’s elastic and strength properties 

The UCS, cohesion and friction angle of rock are related to each other through the following elastic 

equation:  











2
45tan2


CUCS

 

From Figure 3-4 it is seen that the first and last point are lower than one may expect in relation to 

the two middle points corresponding to confining pressures of 12 and 20 MPa. This comes from the 

heterogeneity of the rock and could be due to a local effect at low scale of grain size or any small 

fracture or weakness plane within the sample. Even a small change in the slope of the line, fitted to 

the data, will result in a big change in the estimated rock properties values. 

3.2  Conclusions- Lesueur Geomechanics Properties 

Table 3-1 gives a summary of the elastic and strength properties of the tested sample.  In this Table 

also the results corresponding to the dry sample are presented. It is seen that the mechanical 

properties of the flooded sample appear to be stronger, while one may expect the opposite 

considering the detrimental effect of pore pressure on shear strength if any exists. However, as 

explained, it is very difficult to draw firm conclusions with only two tested samples. The general 

conclusion, however, could be that both samples have relatively similar properties and show 

relatively moderate stiffness and strength- compared with Berea sandstones, this sample is weaker. 

Table 3-1 Summary of the elastic and mechanical properties of the Lesueur sample. 

Core Origin Type 

Young’s 
Modulus 
(Static) 
(GPa) 

Poisson’s 
Ratio 

(Static) 

Cohesion 
(MPa) 

Friction 
angle 
(deg) 

UCS 
(MPa) 

3 (Pre-
flood) 

Lesueur Sandstone 20 0.33 14 34.2 46 

3 (Post-
flood) 

Lesueur Sandstone 18.13 0.33 6.5 43.7 26.8 
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3.3  Core Flooding Laboratory of Lesueur sample from Pinjarra- 1 

Basic details of the Lesueur core sample, P12, taken from the Pinjarra-1 well, used for the core-

flooding experiment, are shown in Table 3-2.  

Table 3-2  Characteristics of the core sample used for the experiment  

Sample ID Length, cm Diameter, cm Lithology Porosity, % In-situ Brine Permeability, mD 

B2 4.63 3.86 Sandstone 16.5 1.66 

      

  

3.3.1 Pinjarra Core Flooding Procedure 

In order to test the core sample for injectivity, relative permeability and residual saturation, a two 

stage unsteady-state core flooding experiment was performed at in-situ reservoir conditions (Table 

3-3). The pressure and temperature values used correspond to the depth of 1,400 m in Harvey-1.  

Table 3-3  Experiment P&T conditions (corresponding to depth of 1,400m in Harvey 1 well) 

Reservoir parameter Value 

Pore pressure, psi 2,015.0 

Overburden pressure, psi 4,500 

Reservoir temperature, °C 53 

Formation water salinity, ppm NaCl 20,000 

 

The experiment consisted of primary drainage displacement flood (brine displaced by CO2) followed 

by primary imbibition flood (CO2 displaced by brine).  To achieve steady-state conditions, during 

both drainage and imbibition floods, about 30 pore-volumes of the injection fluid (either CO2 or 

brine) were injected. The CO2 injection rate was set at 150 cc/hr, brine was injected at 100 cc/hr. 

Figure 3-5 shows the brine production profile (top) and differential pressure profile across the 

sample (bottom) from data recorded during the primary drainage flood.  
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Figure 3-5  Brine production profile (top) and differential pressure across the sample versus time 

(bottom) 

The corresponding relative permeability data are also presented in Figure 3-6. 

 

 
Figure 3-6  Brine (Krw) and CO2 (KrCO2) relative permeabilities for the primary drainage displacement 
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3.3.2 Pinjarra Core Flooding Conclusions 

P12 core was a relatively homogenous sandstone sample. It had a moderate porosity but a low 

permeability value as shown in Table 3-2.   

Due to the sample’s low permeability, the drainage flood was less prone to instabilities which 

resulted in more uniform displacement of the brine by CO2. No capillary end-effect was detected 

during the experiment. The existence of capillary end-effect was investigated by conducting “bump 

floods” which resulted in no extra brine production.  

A formation consisting of this type of sandstone could be well suited for CO2 geo-sequestration 

operations, in terms of the storage capacity in the form of the desired residual saturation given the 

high level of residual CO2 saturation observed in these tests.  These levels of residual CO2 saturation 

would help to trap and store the injected CO2 in a safe and permanent form. However, due to very 

low absolute permeability and even much lower effective permeability to CO2, this type of 

sandstone may present operational issues from low injectivity. However, on the positive side, the 

low effective permeabilities to CO2 could impede the upwards migration of CO2 injected and result in 

better lateral dispersion of the injected gas.   

 A significant observation made during this experiment was the enhancement in the sample’s 

permeability after undergoing the CO2-brine floods which increased by more than 35%. The change 

in the porosity of the sample, however, was minimal. The enhancement (which could not be checked 

until after each individual flooding experiment) could be attributed to mineral dissolutions which 

may be expected to occur during the floods. To test this possibility four fluid samples were taken at 

different stages during the experiment which were sent out to a third part lab for chemical analysis. 

The results of the fluid analysis tests indicated calcium and potassium were predominantly present.  

 

Table 3-4 End point residual saturation of the core sample used for the experiment 

Core Core origin 
 

Type 
 
 

Relative Perm. End point residual saturations 

P12 Lesueur Formation Sandstone See curves Swr (drainage)=45.5% 
SCO2,r(imbibition)=37.1% 
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3.4 Geophysics Laboratory- Pinjarra Lesueur Rock Physics Tests 

 

3.4.1 Geophysics Experimental Procedure 

 
1. Sample P12 Velocities measurements of dry sample v effective pressure 
2. Velocities measurements of CO2 (liquid- not supercritical) saturated sample v. effective 

pressure.  This step was skipped 
3. Velocities measurements of CO2 saturated sample v. effective pressure. This step was 

skipped 
4. Velocities measurements of brine saturated sample v. effective pressure 
5. Velocities measurements during CO2 injection into brine saturated sample 
6. Dry the sample 
7. Velocities measurements of dry sample 

 

 
Figure 3-7 Lesueur sample P12 before test 

3.4.2 Pinjarra Lesueur Geophysics Results 

 
Figure 3-8 and Figure 3-9 show the dependence of P and S-wave velocities versus different effective 
pressures for dry and 100% brine saturated sample P12 sandstone respectively. Dynamic moduli 
(bulk, shear) as well as Poisson’s ratio for these series of experiment are provided in Table 3-4  
Lesueur sample P12 Geophysics test results.  
 

 

Figure 3-8  P and S-wave velocities as a function of effective pressure for dry P12 sandstone at 45°C. 
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Figure 3-9 P and S-wave velocities as a function of effective pressure for brine saturated P12 sandstone 
at 45°C.  PP 10 MPa.  Theoretical predictions of Vp velocity using Gassmann fluid substitution dashed 

line.   

 

 

Table 3-4  Lesueur sample P12 Geophysics test results 

Core  Core 
origin 
 

Type 
 

Dynamic Bulk: Shear Modulus, dry 
at 45°C 

P.R. : Confining 
Pressure dry at 46°C 

P.R. : Confining 
Pressure, brine sat, 
46°C 

Vp v. CO2 inj 
brine sat 
45°C 

Residual 
CO2 sat 
46°C 

P12  P12 P, MPa Bulk, 
Pa 

Shear, 
Pa 

0 5.30E+
09 

4.26E+
09 

4 9.85E+
09 

5.75E+
09 

8 1.03E+
10 

7.09E+
09 

12 1.07E+
10 

8.50E+
09 

16 1.12E+
10 

9.71E+
09 

20 1.07E+
10 

1.03E+
10 

24 9.86E+
09 

1.11E+
10 

28 1.04E+
10 

1.18E+
10 

32 1.04E+
10 

1.23E+
10 

 

P, 

MPa 

Poisson'

s ratio 

0 0.18 

4 0.26 

8 0.22 

12 0.19 

16 0.16 

20 0.14 

24 0.09 

28 0.09 

 

P 

effect

ive, 

Mpa 

Poisson

s's ratio 

16 0.24 

20 0.22 

24 0.19 

28 0.18 

32 0.19 

  

 

Vp is not 
sensitive to 

scCO2 

injection 
 at 25 MPa 
effective 
pressure 

36% 
±7% 

 

Injection of CO2 into brine saturated sandstone was performed at a confining pressure of 38 MPa 

and temperature of 45°C. The injection pressure of CO2 was at 10 MPa. Injection rate was 1 mL/min. 

After injecting 3.5 mL of scCO2, traces of CO2 leakage from the opposite end were observed and thus 

the total volume of injected CO2 in this experiment was 3.5 mL (at 10 MPa). Taking into account the 

pore volume of the sample was 10 cc, the estimated saturation of CO2   will be 36±7%. Results of 

measurements of P wave velocity during scCO2 injection are shown in Figure 3-10.  
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Figure 3-10  P wave velocity dependence on saturation of scCO2 during CO2 injection into brine saturated 
P12  sandstone. Injection pressure 10 MPa, confining pressure 38 MPa, temperature 45°C. 

 

3.4.3 Pinjarra Lesueur sample P12 Geophysics conclusions 

 

 Supercritical CO2 can be injected into this core (injection pressure of scCO2:  10 MPa, 
temperature 45°C)  

 No significant changes were noted in elastic velocities during  CO2 injection, however acoustic 
impedance of this rock decreased by 4.5% which is a change that is detectable by seismic 
methods  

 The results are very similar to the Berea core.  
 

3.5 CT Laboratory- Pinjarra Lesueur sample P12 scanning tests 

A sandstone core sample from the Pinjarra-1 core plug (P12) was used for CO2 flooding experiments. 

The sample received was 3.72 cm long and 3.87 cm in diameter and had an air porosity of 16.8% and 

permeability of 3.4 mD at a confining pressure of around 2000 psi. 

 

3.5.1 Experiment procedure  

The same experiment setup as reported previously was used for the core flooding experiment with 

an experimental temperature of 50ºC, a confining pressure of 17 MPa and injection pressure of 12.5 

MPa. An injection rate of 1 cc/min was used during the CO2 displacing NaI (10%) brine. 

 
1. The core was first cleaned and dried for 24 hours at 60 ºC. 
2. It was then saturated in 10% sodium iodide (NaI) brine for 48 hours under vacuum. 
3. The core sample was loaded in the core holder with a Berea Sandstone core (7.8 cm long, 

=18.4%, K=277 mD) at 2000 psi confining pressure-Figure 3-11) at the injection side to 
prevent damage to the P12 core sample and avoid the interference of the tubing to the CT 
images; 

4. The core holder was then pressurised to the experiment confining and injection pressures 
and temperature for leakage testing; 
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5. The entire core was scanned using at 1 mm resolution prior to the CO2 injection experiment;  
6. Once the initial experimental condition was reached (e.g. confining pressure: 17 MPa; 

injection pressure: 12.5 MPa and core holder temperature: 50ºC), CO2 injection was started 
at 1 cc/min; 

7. The injection process was monitored in real-time using X-ray CT imaging at the production 
end (1.7 cm from the core end) with a scan interval of 60 seconds; 

8. After the experiment was completed, the entire core was scanned again using the same 
reference as used by Step 5 for comparison. 
 

 

 
Figure 3-11  Configuration of the Berea Sandstone and Pinjarra-1core plugs used in the core flooding 

experiment 

3.5.2 Pinjarra  Lesueur sample scanning results 

The X-ray CT images obtained during the CO2 flooding record the supercritical CO2 injection front. 

Initial CO2 breakthrough at the monitoring position occurred around 16 minutes of  Figure 3-12 

 

 

 

 

 

 

 

 

 

 

 

The injection and production pressure profiles also indicate a slight drop at the breakthrough time 

(Figure 3-13). 
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Figure 3-12 X-ray CT number profile and X-ray CT images during CO2 injection showing the CO2 
propagation front (blue) and the breakthrough time 
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Figure 3-13 Injection and production pressure profiles and X-ray CT images obtained during the CO2 core 
flooding experiments showing abrupt pressure drops at the breakthrough. 

CO2 enters into the monitoring position firstly from localised spots at the upper left-hand side and 

lower right-hand sides (arrowed in Figure 3-12 and Figure 3-13) and then along a prominent SW-NE 

structure in the centre showing no obvious gravity segregation effect (Figure 3-14). The propagation 

front at the monitoring point lasted for about 30 minutes before the core was completely saturated 

with CO2 (Figure 3-15).  

The CT images indicate that the Pinjarra-1 core is heterogeneous (Figure 3-12 to Figure 3-15) with a 

SW-NE high permeability structure in the centre and another feature at the lower right-hand side of 

the core. The CO2 propagation front is affected by the heterogeneity. 

Note the heterogeneities of the core control the initial breakthrough locations. Red and bright green 

colours represent high X-ray densities, blue and black represent low X-ray densities. 
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Figure 3-14 Selected X-ray CT images showing the CO2 propagation front during the initial breakthrough, 
the heterogeneous nature and the absence of gravity effect.  

   

Note the presence of a SW-NE high permeability feature near the centre and another prominent one 

at the lower right-hand corner of the core plug.  
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Figure 3-15 Selected X-ray CT images showing the CO2 propagation front during the final breakthrough, 
the heterogeneous nature and the absence of gravity effect.   

 

Note that the core at the monitoring site was completely saturated with CO2 around 50 minutes 

after the injection. 

In order to evaluate the effect of injection rates on CO2 residual saturation, additional core flooding 

steps were carried out after the first CO2 injection. The system was reinjected with brine (10%NaI) at 

1 cc/minute for 2 hours before a second injection of CO2 at a rate of 2 cc/minute (Figure 3-16). It has 

been noticed that the second CO2 injection had retained 20% more CO2 in the P2 core plug. In 

contrast the CO2 trapping in the Berea Sandstone does not appear to be affected by the higher 

injection rate (Figure 3-16). 
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Figure 3-16 X-ray CT number plots of the entire P12 core plug and partial of the Berea Sandstone 
showing lateral variations and residual water saturation at the monitoring slice at various stages of the 

core flooding.    

Note that the CO2 reinjection at a higher rate results in higher CO2 retention with the residual water 

saturation decreased from 45.5% for the first CO2 injection at 1cc/minute to 24% for the second CO2 

injection at 2cc/minute. The first three water saturation values were obtained by core flooding (Ali 

Saeedi, written communication), while the last one was extrapolated based on X-ray CT numbers.  

3.5.3 Pinjarra Lesueur Sample Scanning Conclusions  

 The injection front of CO2 displacing brine in the tight Pinjarra-1 core can be well imaged by X-

ray CT using 10% NaI tracer; 

 The CO2 flooding in the Pinjarra-1 (P12) sandstone core with an injection rate of 1 cc/min 

shows no gravity effect with CO2  

 Breakthrough observed on the scan images was along some high permeability structures at 

the upper left-hand corner, near the centre (SW-NE oriented) and at the lower left right-hand 

corner; 

 The heterogeneity of the Pinjarra-1 core affects the CO2 propagation front; 

 CO2 trapping in the P12 core is injection rate dependent. An increase from 1 cc/minute to 2 

cc/minute resulted in a 20% increase in CO2trapping. This observed phenomenon should be 

investigated in more detail in future projects. 
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4 Harvey-1 Sandstone 

A view of the sandstone sample 55H from well Harvey-1 is shown in Figure 4-1. The sample had a 

diameter of 37.8mm and a length of 72.2mm.  

 

4.1 Geomechanics Laboratory tests on sample 55H 

Multi-stage tri-axial tests were carried out at 4 different confining pressures of 5, 12.5 and 20 and 30 

MPa with the strain gages glued on the surface of sample for measurement of vertical and horizontal 

strains. The Poisson’s ratio shows how deformable the rock is. It is the ratio of radial to axial strain, 

which can be obtained from the two plots (i.e. axial stress-axial strain and axial stress-radial strain in 

Figure 4-2).  

As it is seen, the first part of the curve in Figure 4-2 is non-linear indicating that the sample is porous, 

i.e. this is the phase where the compaction is occurring and the pores are closed. This is followed by 

a linear curve showing the elastic region of the rock behaviour.  

Two strain gages were used in opposite sides of the sample to record strains. The elastic Young’s 

modulus obtained from the slope of stress-strain curves corresponding to these strain gages were 

20.6 GP. The difference in strain gage reading is due to sample inhomogeneity and the sample ends 

being not ideally parallel. The view of sample after test is shown in Figure 4-3. 

The peak stress values at each stage were used to plot the axial versus confining stress in order to 

estimate the mechanical properties (cohesion, C, friction angle,  and uniaxial confining strength, 

UCS) of the sample (Figure 4-4). The value of UCS was estimated using this equation:  











2
45tan2


CUCS

 

Table 4-1 The elastic and mechanical properties of the Harvey-1 sample 55H.gives a summary of the 

elastic and strength properties of the tested sample. According to this Table the sample appears to 

be stiff and relatively strong. The elastic and mechanical properties of this sample are very similar to 

the Berea sandstones. 

Figure 4-1 View of dry Harvey sample 55H  



54 
 

Comparing sample 55H with sample 54H, (see discussion of tests, following) it is seen that the 

sample mechanical properties have been reduced to some extent, which is due to the sample being 

washed by CO2. 

Table 4-1 The elastic and mechanical properties of the Harvey-1 sample 55H. 

Core 

Core 

origin 

 

Type 

 

 

Young’s 

Modulus 

(GPa) (Static) 

Poisson’s 

Ratio 

(Static) 

Cohesion 

(MPa) 

Friction 

angle (deg) 

UCS 

(MPa) 

 

55H  

(Post-flood) 
Harvey-1 Sandstone 20.6 0.32 10.0025 36.85 40.01 

 

 

 

 

 

 

 

 

Figure 4-2  Harvey-1, sample 55H axial stress-axial strain (left) and axial stress-radial strain (right) curves 
corresponding to multi-stage tri-axial tests. 

Figure 4-3  Sample 55H view after the multi-stage triaxial test 

Plane of 

shear failure 
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Figure 4-4  Rock failure envelop plotted to estimate sample’s elastic and strength properties 

4.1.1 Harvey -1 Sample 54H tests 

A view of the sandstone sample from well Harvey-1 is shown in Figure 4-5. The sample had a 

standard size of 38mm diameter and a length of 75mm.  

 

 

Multi-stage triaxial tests were carried out at 4 different confining pressures of 5, 12.5 and 20 and 30 

MPa with the strain gages glued on the surface of sample for measurement of strains in vertical and 

horizontal directions. The Poisson’s ratio shows how deformable the rock is. It is the ratio of radial to 

axial strain, which can be obtained from the two plots (i.e. axial stress-axial strain and axial stress-

radial strain in Figure 4-6).  
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 As it is seen, the first part of the curve in Figure 4-6 is non-linear indicating that the sample is 

porous, i.e. this is the phase where the compaction is occurring and the pores are compressing. This 

is followed by a linear curve showing the elastic region of the rock behaviour.  

Two strain gages were used in opposite sides of the sample to record strains. The elastic Young’s 

modulus obtained from the slope of stress-strain curves corresponding to these strain gages were 21 

GP and 27 GPa. We use an average Young’s modulus of 24 GPa for the sample. The difference in 

strain gage reading is due to sample inhomogeneity and the sample ends being not ideally parallel. 

The view of sample after test is shown in Figure 4-7. 

 

 

 

 

 

 

 

 

The peak stress values at each stage were used to plot the axial versus confining stress in order to 

estimate the mechanical properties (cohesion, C, friction angle, , and uniaxial confining strength, 

UCS) of the sample (Figure 4-8). The value of UCS was estimated using this equation:  











2
45tan2


CUCS

 

Figure 4-6  axial stress-axial strain (left) and axial stress-radial strain (right) curves corresponding 
to multi-stage triaxial tests on Harvey-1, 54H. 

 

Plane of 

shear failure 

Figure 4-7 Sample view after the multi-stage triaxial test   
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Figure 4-8 Rock failure envelop plotted to estimate sample’s elastic and strength properties   

Table 4-2 gives a summary of the elastic and strength properties of the tested sample. According to 

this Table the sample appears to be stiff and relatively strong. The elastic and mechanical properties 

of this sample are very similar to the Berea sandstones. 

Table 4-2  Summary of the elastic and mechanical properties of the Harvey-1, 54H sample 

Core 

Core 

origin 

 

Type 

 

 

Young’s 

Modulus 

(GPa) (Static) 

Poisson’s 

Ratio 

(Static) 

Cohesion 

(MPa) 

Friction 

angle (deg) 

UCS 

(MPa) 

 

54H  

(Pre-flood) 
Harvey-1 Sandstone 21 0.3 12.35 39.2 52 

 

 

4.1.2 Harvey samples 54H and 55H geomechanics test conclusions 

Both Harvey-1 samples showed relatively similar mechanical properties to Berea sandstone. 

However, the post-flood sample 55H, comparing to pre-flood sample 54H, showed weaker 

mechanical properties. This is expected to be due to the sample being washed by fluid during 

flooding tests. 
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4.2 Core Flooding Laboratory Harvey -1 sample 55H 

4.2.1  Harvey Core Flooding Procedure 

Core sample 55H (Table 4-3) taken from Harvey-1 well was used for this core-flooding experiment. 

The main objective of the experiment was to measure the relative permeabilities and residual 

saturations through a two-stage unsteady-state core flooding experiment performed under the in 

situ reservoir conditions (Table 4-4). The experiment consisted of a primary drainage displacement 

flood (brine displaced by scCO2) followed by a subsequent primary imbibition flood (scCO2 displaced 

by brine).  

Table 4-3  Characteristics of 55H sample used for the experiment- Pre-flood 

Sample ID Length, 
mm 

Diameter, 
mm 

Lithology Porosity, 
% 

Pore Volume, 
cc 

In-situ Brine Permeability, 
mD 

55H 72.1 37.7 Sandstone 14.33 11.53 4.65 

 

The pressure and temperature values used correspond to the depth of 1,927m in Harvey-1 where 

sample 55H was recovered. The pore pressure and temperature values listed in Table 4-4 were 

calculated using the pressure and temperature data gathered from surveys which had been run in 

Harvey-1 well. The overburden pressure was calculated using a lithostatic gradient of 1 psi/ft. 

 

 

Table 4-4  P-T conditions of the experiment  

Reservoir parameter Value 

Pore pressure, psi 2,765 

Overburden pressure, psi 6,322 

Reservoir temperature, °C 61 

Formation water salinity, ppm NaCl 30,000 

 

4.2.2 Harvey sample core flooding results 

For both the drainage and imbibition floods steady-state conditions are established before 

terminating the fluid injection. In every displacement stage of an unsteady-sate core-flooding 

experiment, steady-state conditions are attained when differential pressure across the sample 

becomes steady and stable and displaced fluid produced ceases (i.e. the production and injection 

rates of the displacing fluid become equal). In this experiment, in order to achieve steady-state 

conditions, during both drainage and imbibition floods about 11-15 pore-volumes of the injection 

fluid (either scCO2 or brine) were injected through the sample.  

Figure 4-9 is the brine production profile derived from the data recorded during the primary 

drainage flood. The corresponding relative permeability data are also presented in Figure 4-10. Table 

4-5 shows the residual brine and scCO2 saturations obtained at the end of the drainage and 

imbibition floods respectively. 
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Figure 4-9 Brine production versus pore-volumes of scCO2 passed through sample 55H 

 

Table 4-5  End point residual saturations 

Core ID Core origin 

 

Lithology 

 

 

Relative Perm. End point residual 
saturations 

1 Wonnerup Member,  

 Lesueur Sandstone 

Sandstone Curves provided in 

Figure 1-10 

Swr (drainage)=39.2% 

SCO2,r(imbibition)=34.5% 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-10  Brine (Krw) and CO2 (KrCO2) relative permeabilities for the primary drainage displacement 

At various stages during the experimental work carried out on Sample 55H, the sample’s porosity 

and permeability values were measured using an automated overburden helium porosi-

permeameter. These measurements monitored how porosity and permeability of the sample may 

be altered after each stage of the work. The sample’s porosity and permeability were measured as 

listed below: 

 Measurement #1: Taken prior to any flooding. 
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 Measurement #2: Taken after the first stage of flooding to measure ultrasonic 
properties and obtain x-ray images. 

 Measurement #3: Taken after the sample underwent the main stage of the flooding 
process to measure relative permeabilities and residual saturations. 

The results of the gas permeability measurements (Klinkenberg corrected) are plotted in Figure 4-11. 

As can be seen from this figure, the porosity does not show appreciable changes in value but the 

permeability of the sample has been reduced progressively from the first stage of the flooding to the 

last.  

 

 

Figure 4-11 Change in porosity and permeability of sample during various stages of experimental work 

Table 4-6 also presents the length and diameter of the sample after undergoing various stages of 

scCO2-brine flooding.  Both measurements have been reduced slightly from their initial values. 

  

 

Table 4-6  Sample 55H post-flood sample dimensions (pre-flood bracketed) 

Sample ID Length, mm Diameter, mm 

55H 71.8 (72.8) 37.4 (37.7) 

 

4.2.3 Harvey sample 55H Core Flooding Conclusions 

Sample 55H drilled from the whole-cores taken from Harvey-1 well was a relatively homogenous 

sandstone sample. It had moderate porosity but relatively low permeability.  No report on the 

sample’s mineralogy was available. The samples closest to 55H with XRD mineralogy data available 

was sample 53H (depth 1,916.38m) and sample 60H (depth 1,935.5m). Table 4-7 presents the results 

of the XRD mineralogy analysis performed on these two samples. Both samples contain very high 

percentages of kaolin. The XRD mineralogy analysis of five samples, taken from the depths between 

1900m and 1940m in the Wonnerup Member, show an average kaolin content of 8.2%. However not 
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all the samples taken from the Wonnerup Member showed this high kaolin content. For instance 

sample 69H taken from the depth of 2491.56m contains only 2% kaolin.  

Table 4-7 Results of the XRD analysis performed on sample 53H and 60H  

Mineral species Sample 53H Sample 60H 

Quartz 70 77 

K-feldspar 14 12 

Kaolin 13 7 

High-Mg calcite 1 0 

Berthierine 2 0 

Ankerite 0 4 

 

The data shown in Table 4-7 indicates significant amounts of kaolin in the Wonnerup sandstone 

around the depth where sample 55H was drilled (Mohammadzadeh Bahar, 2012). Kaolinite is a clay 

mineral which is known to cause severe formation damage associated with fines migration within 

porous media (Hayatdavoudi and Ghalambor, 1996; Musharova, Mohamed, and Nasr-El-Din, 2012; 

Priisholm, Nielsen, and Haslund 1987). The presence of kaolinite in the pore space could cause a 

moderate to significant reduction in the permeability of a core sample once flooded. The sample 

tested showed about 60% reduction in permeability after undergoing three stages of scCO2-brine 

flooding (Figure 4-11) which could be due to presence of kaolinite in its pore network (Morris and 

Shepperd, 1982).  

Another factor which may have caused permeability reduction in sample 55H, but to a lesser extent, 

is physical compaction of the sample after the extensive flooding experiments. Measurements taken 

before and following flooding showed that the sample became slightly compacted both radially and 

axially. However, since the sample’s porosity has not reduced, this slight compaction seems only to 

have had a negative effect only on the pore throat size which mainly controls the permeability of the 

sample, rather than affecting the main pore spaces which account for the bulk of the sample’s 

porosity and storage capacity. 

The drainage flood was less prone to instabilities, when compared with high permeability samples, 

resulting in a relatively uniform displacement of brine by scCO2 (e.g. no capillary end effect could be 

detected during the experiment). The existence of capillary end effect was investigated by 

conducting the so-called “bump floods” which, in this case, resulted in no extra brine production.  

A formation consisting of this type of sandstone could be well suited for CO2 geo-sequestration 

operations considering the high level of residual CO2 saturation, in terms of the residual saturation 

storage capacity.  Residual CO2 saturation would help to trap and store the injected CO2 in a safe and 

permanent manner.  

There are a number of uncertainties associated with the relative permeability data for the primary 

drainage flood, (Figure 4-10). Most likely this sample underwent some degree of formation damage 

before the commencement of, and during the flooding experiments which has impacted on these 

data. Furthermore, as with any scCO2-brine flooding experiment, the injection fluids may have had 

chemical interactions with the rock sample matrix. This is in conflict with the assumptions made in 

the derivation of Darcy’s Law which is the basis for relative permeability measurements and 

interpretation techniques. 
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4.3 Geophysics Laboratory- Harvey Rock Physics Tests 55H 

 Harvey Experimental Procedure 
 

1. Velocity measurements of dry sample v. effective pressure 
2. Velocity measurements of brine saturated sample v. effective pressure 
3. Velocity measurements during N2 injection into brine saturated sample 
4. Sample saturated with brine 
5. Velocity measurements during CO2 injection into brine saturated sample 

 

 

 

 

Figure 4-12 Sample 55H before geophysics test 
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4.3.1 Harvey sample 55H geophysics results 

 
Figure 4-13 and Figure 4-14 show the dependence of P and S-wave velocities versus different 
effective pressures for the dry sample and 100% brine saturated sandstone plug 55H, respectively. 
Dynamic moduli (bulk, shear) as well as Poisson’s ratio for these series of experiment are provided in 
Table 4-8 Sample 55H geophysics test results.  
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Figure 4-13  P and S-wave velocities as a function of effective pressure for dry 55H 
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Injection of supercritical CO2 into brine saturated sandstone was performed at a confining pressure 

of 36 MPa and a temperature of 45°C.  The injection pressure of CO2 was 10 MPa. Injection rate was 

1 mL/min. After injecting 6 mL of scCO2 traces of CO2 from the opposite end was observed and thus 

the total volume of injected CO2 in this experiment was 6 mL. Applying a pore volume of the sample 

as 11.5 cc, the estimated saturation of CO2   was 51%, ±7%.  

Results of measurements of P wave velocity during scCO2 injection are shown on the Figure 4-15. 

Special experiment to check feasibility of using nitrogen to substitute scCO2 was done prior scCO2 

injection.  

 

 

 

Comparison between scCO2 injection and N2 injection for this core is shown in Figure 4-16. 
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Figure 4-16  P-wave velocity of 100% brine saturated sample 55H, and after injection of N2 and CO2 gases 
into sample. 

 

 

Table 4-8 Sample 55H geophysics test results 

Core  Core 
origin 
 

Type 
 

Dynamic Bulk: Shear Modulus, dry 
at 45°C 

P.R. : Confining 
Pressure dry at 46°C 

P.R. : Confining 
Pressure, brine sat, 
46°C 

Vp v. CO2 inj 
brine sat 
45°C 

Residual 
CO2 sat 
46°C 

55H Harvey S/S 

  

 

Vp is not 
sensitive to 

scCO2 

injection 
 at 26 MPa 
effective 
pressure 

51% 
±7% 

 

4.3.2  Harvey sample 55H geophysics conclusions 

 At a pressures of 10 MPa and temperature 45°C scCO2CO2 can be injected into this sample 

 No significant changes in elastic velocities were recorded during  CO2 injection, however 
acoustic impedance of this rock decreased by 4.5% which can be detected by seismic methods  

 For this particular sample N2 had a similar effect on acoustic properties as scCO2,. 

 Using 4D seismic it would be difficult to determine any difference between a reservoir flooded 
with N2 compared with one flooded with CO2. 

 The results are very similar to those obtained for Berea samples and Pinjarra-1 cores. 
 

 P, MPa Bulk, Pa Shear, Pa

10 1.53E+10 1.24E+10

16 1.63E+10 1.36E+10

20 1.71E+10 1.43E+10

26 1.83E+10 1.49E+10

30 1.90E+10 1.54E+10

36 1.96E+10 1.58E+10

40 1.88E+10 1.63E+10

46 1.81E+10 1.68E+10

 P, MPa Poisson's ratio

10 0.182

16 0.173

20 0.173

26 0.180

30 0.181

36 0.183

40 0.163

46 0.145

P, MPa Poisson's ratio

22 0.222

15 0.230

18 0.221

21 0.233

26 0.238

29 0.226

12 0.246
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4.4 CT Laboratory- Harvey sample 55H scanning tests 

A sandstone core sample from the Harvey-1core plug (55H) was used for CO2 flooding experiments. 

The sample received is 7.21 cm long and 3.77 cm in diameter and has an air porosity and of 14.3% 

and permeability of 26.7 mD at a confining pressure of around 2500 psi. 

The same experiment setup as reported for samples discussed previously was used for the core 

flooding experiment. The experimental temperature was 50 ºC, with a confining pressure of 17 MPa 

and injection pressure of 12.5 MPa. An injection rate of 1 cc/min was used during the CO2 displacing 

NaI (10%) brine. 

 
The experiment procedure was as follows: 
  

1. The core was first cleaned and dried for 24 hours at 60 ºC; 
2. It was then saturated in NaI (10%) brine for 48 hours under vacuum; 
3. The core sample was loaded in the core holder with a Berea Sandstone core (7.8 cm 

long, =18.4%, K=277 mD at 2000 psi confining pressure; Figure 71 at the injection 
side to prevent damage to the 55H core sample and avoid the interference of the 
tubing to the CT images; 

4. The core holder was then pressurised to the experiment confining and injection 
pressures and temperature for leakage testing; 

5. The entire core was scanned using at 1 mm resolution prior to the CO2 injection 
experiment;  

6. Once the initial experimental condition was reached (e.g. confining pressure: 17 
MPa; injection pressure: 12.5 MPa and core holder temperature: 50ºC), CO2 
injection was started at 1 cc/min; 

7. The injection process was monitored in real-time using X-ray CT imaging at the 
production side (1.7 cm from the core end) with a scan interval of 60 seconds; 

8. After the experiment was completed, the entire core was scanned again using the 
same reference as used by Step 5 for comparison; 

 

 

 

 

 
 

 

 

4.4.1   Harvey sample 55H CT scanning results 

 
The X-ray CT images obtained during the supercritical CO2 (scCO2) flooding record the scCO2 injection 

front. Initial scCO2 breakthrough at the monitoring position occurred around 21 minutes from the 

55H CoreBerea Sandstone

Figure 4-17  Configuration of the Berea Sandstone and Pinjarra-1core plugs used 
in the core flooding experiment. Red arrow indicates injection direction. The 

monitoring slice in the Harvy-1 core (55H) is indicated by the yellow line. 
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start of injection at a rate of 1 cc/min (Figure 4-18). The injection and production pressure profiles 

also indicate a sudden pressure drop corresponding to the breakthrough time (Figure 4-19). 

 

Supercritical CO2 enters into the monitoring position firstly from localised spots at the lower left-

hand side corner and upper right-hand corner arrowed in Figure 4-20 and then along a prominent a 

SW-NE structure (bedding plane) near the centre progressively upwards showing no obvious gravity 

segregation effect (Figure 4-20). The propagation front at the monitoring site lasted for about 30 

minutes before the core was completely saturated with scCO2 about 50 minutes after the injection 

(Figure 4-18-Figure 4-20).  

 

 

 

 

Note that the heterogeneities of the core control the initial breakthrough locations. Red and bright 

green colours represent high X-ray densities (e.g. high density rock matrix), blue and black represent 

low X-ray densities (fluids).   
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Figure 4-18 X-ray CT number profile and X-ray CT images during scCO2 injection showing the CO2 
propagation front and the breakthrough time  
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Key locations arrowed (green vertical triangles) correspond to the location on the saturation profile 

shown in Figure 4-18. 

 

The CT images indicate that the Harvey-1 core is quite heterogeneous (Figure 4-18 and Figure 4-20) 

with distinct SW-NE structures (beddings) characterised by alternating high and low permeability 

beds. The scCO2 propagation front is strongly affected by the heterogeneity. 

The scCO2 saturation profile (Figure 4-18) closely mimics the pressure profile (Figure 4-19) with 

increasing scCO2 saturation associated with key pressure drops. Along the core plugs the scCO2 

saturation in the relatively porous and permeable (18.4% and 277 mD) Berea Sandstone is largely 

uniform with no apparent trend (Figure 4-21). In contrast scCO2 saturation in the relatively less 

porous and permeable (14.3% and 26.7 mD) Harvey-1 core plug (55H) appears to be progressively 

decreased toward the downstream end with decreasing differential CT number before and after 

scCO2 flooding (Figure 4-21 and Figure 4-22). The relatively low differential pressure recorded in the 

55H core plug as compared with that of the Berea Sandstone suggests that a relatively high residual 

brine (NaI) has remained in the core. 
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Figure 4-19  Injection and production pressure profiles obtained during the scCO2 core flooding 
experiments showing abrupt pressure drops at the breakthrough and fluctuations. 
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20 min 21 min 22 min

23 min 24 min 25 min

26 min 27 min 28 min

30 min 40 min 50 min

Figure 4-20 Selected X-ray CT images showing the CO2 propagation front during the initial 
breakthrough, the heterogeneous nature and the absence of gravity effect. Note the presence of 
SW-NE high permeability feature (bedding plane) near the centre and two other prominent ones 

at the upper left-hand and lower right-hand corners of the core plug.  
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Figure 4-21 X-ray CT number profiles along the core (injection from left to right) before and after CO2 
injection showing the relative displacement of the NaI brine by scCO2. The contact of Berea Sandstone 

and the 55H core plug and the monitoring site are indicated (dash lines). 

  

Figure 4-22  Differential X-ray CT number profile along the core before and after CO2 injection showing 
the relative displacement of the NaI brine by scCO2. The contact of Berea Sandstone and 55H core plug 

and the monitoring position are indicated (dashed lines). 
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4.4.2 Harvey Scanning Conclusions:  

 The injection front of CO2 displacing brine in the Harvey-1 tight core can be well imaged by X-

ray CT using 10% NaI tracer; 

 The CO2 flooding in the 55H sandstone core with an injection rate of 1 cc/min shows no 

gravity effect with CO2 breaking through firstly along some high permeability structures, seen 

in the scanning images  at the lower left-hand and upper left-hand corners and along a porous 

bedding plane near the centre (SW-NE oriented), then progressively upwards; 

 The heterogeneity of the Harvey-1 core affects the CO2 propagation front; 

 The scCO2 propagation behaviour of the Harvey-1 core (55H) is very similar to that 

documented in the Pinjarra-1 core (P12) . This is despite the permeabilities of the cores being  

different by almost an order of magnitude. 
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5 Wandoan Sandstone  

Note- This section commences the second part of the project. Due to the failure of the CSIRO CT-

scanner, the project was delayed some three months until a replacement scanner was sourced. 

Consequently, the new Curtin University micro-CT scanner was used and as a result those results are 

presented which replace the CSIRO scanner results. Another group (Project 3-1101-0101) was 

working on the nitrogen and water permeabilities for a number of cores, one of which was the 

Wandoan core.  This work was due to be completed after the compilation of this report, and the 

reader is advised to review it when the report is produced 

5.1 Mechanical and Elastic Properties of Wandoan Samples 

5.1.1 Tests performed on dry Wandoan sample 

 

Figure 5-1 is a view of the sample from the Wandoan Sandstone formation when dry (pre-

flooding). 

 

 

The rock sample is very porous, permeable and the grains are relatively large and not 

consolidated very well. The length to diameter ratio (L/D) of the sample is 46mm / 38mm = 1.21; 

this is not a standard ratio for rock mechanical lab test purposes. The standard ratio suggested 

by the ISRM is between 2 and 2.5. A correction factor will be applied to modify the value of 

uniaxial compression strength (UCS). The empirical correlation below was used here:  

    









DL
UCSUCS DL

222.0
778.01  

Where UCS (1) is the UCS corresponding to a sample with L/D=1 and UCS (L/D) is the UCS 

corresponding to a different L/D ratio.  

Assuming ratios of 2 to 2.5 the correction factor to be applied to the results would be 0.89 to 

0.87, respectively. An average correction factor of 0.88 was used, which means that the rock 

Figure 5-1 View of the dry Wandoan sandstone sample. 
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strength reduces as the sample size increases. Young’s Modulus (E), and internal friction angle 

are also scale-dependent properties. The same correction factor is applied to these properties, 

knowing that the above correlation was proposed for UCS. 

Multi-stage tri-axial tests were carried out at 3 different confining pressures of 0, 5, and  

10 MPa with the strain gauges glued on the surface of sample for measurement of strains in 

vertical and horizontal directions. Figure 5-2 is a graph of axial stress versus time; each confining 

pressure stage is shown in this figure. As it is seen, the first part of the curve in Figure 5-2 is non-

linear indicating that the sample is porous, where compaction is occurring and the pores and 

micro-cracks are compressing. This is followed by a linear curve showing the elastic region of the 

rock behaviour.  

 

 

Figure 5-2  Axial stress versus experiment time in different confining stresses 

The Poisson’s ratio shows how deformable the rock is; this is the ratio of radial to axial strain, 

which can be obtained from the two plots (i.e. axial stress-axial strain and axial stress-radial 

strain in Figure 5-3).  
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Figure 5-3  Axial Stress-Axial Strain (right) and Axial Stress-Lateral Strain (left) curves corresponding to 
Multi-stage tri-axial tests on Wandoan non-flooded sample. 

 

As it is seen in this figure, because the sample was not well consolidated, the axial and lateral 

strain gauges became detached from the sample at the first and second stage of the test, 

respectively. From the slope of the first stage, a corrected Young’s modulus of 18.2 GPa, and a 

Poisson’s ratio of 0.375 are estimated. The view of the sample after the test is shown in Figure 

5-4, which shows a clear shear failure fracture in the rock. 
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The peak stress values at each stage were used to plot the axial versus confining stress in order 

to estimate the mechanical properties (cohesion, C, friction angle, , and uniaxial confining 

strength, UCS) of the sample (Figure 5-5).  

 

Figure 5-5  Rock failure envelop plotted to estimate sample’s strength properties 

Figure 5-4  Sample view after the Multi-stage tri-axial test with shear failure plane. 
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The value of UCS was estimated directly from the graph and then was modified using the 

correction factor introduced earlier. The slope of the curve in was also modified using the same 

correction factor and then was applied to calculate the amounts of cohesion and friction angle 

through the Mohr-Coulomb failure criterion; 




















2
45tan2

2
45tan2

31


ss C

 

Table 5-1 gives a summary of the elastic and strength properties of the tested sample. The 

results show that this sample, compared to the Golden Beach sample (see later section on 

Golden Beach), has a lower elastic modulus because the sample is very porous. However, 

because the grains of the sample are poorly sorted and not rounded, the internal friction angle 

of the sample is expected to be relatively high, and consequently the UCS is also high.  

 

Table 5-1  Summary of the elastic and mechanical properties of the Wandoan Pre-Flooded sample 

Core 
Core origin 

 

Type 

 

 

Young’s 

Modulus 

(GPa) 

(Static) 

Poisson’s 

Ratio 

(Static) 

Cohesion 

(MPa) 

Friction 

angle (deg) 

UCS 

(MPa) 

 

1 (pre- 

flooding) 
Wandoan Sandstone 18.2 0.375 6.16 42.48 27.97 

 

The high Poisson’s ratio of the sample demonstrates that this sandstone is very deformable. It 

indicates that the formation, at the sample recovery depth, can transfer larger horizontal 

stresses. This type of formations usually undergoes ductile failure and pores show deformable 

response to injection. This behaviour is preferable to brittle failure which shows no pre-failure 

indications before reaching the maximum injection pressure. 

 

5.1.2 Tests on flooded Wandoan sample 

A view of the sample (after flooding), is shown in Figure 5-6  
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As it is seen in Figure 5-6 (left), it is similar to the dry sample (Figure 5-1), the ends of the cylindrical 

sample are not well trimmed. Teflon material had been used to fill the breakdowns. It was realized 

was in poorer condition than the dry sample. It was decided to trim the ends of the sample. Figure 

5-6 (right) shows the trimmed sample. The axial and lateral strain gauges are seen in this figure, 

glued to the rock surface. 

After trimming, the length to diameter ratio (L/D) of the sample was 44.2 (mm) / 37.7 (mm) = 1.17. 

As discussed, the standard ratio suggested by the ISRM is between 2 and 2.5; therefore, using the 

empirical correlations the same correction factor (0.88), was applied to for correcting the estimated 

UCS. Young’s Modulus (E), and internal friction angle are also scale dependent properties, therefore, 

the correction factor was also applied to these properties. 

Multi-stage tri-axial tests were carried out at 3 different confining pressures of 0, 5, and  

10 MPa. Figure 5-7 is a graph of axial stress versus time; each confining pressure stage is shown in 

this figure.  

Figure 5-6  View of the flooded sample (left) before trimming, and after trimming (right). 
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Figure 5-7 Axial stress versus experiment time in different confining stresses. 

  

The first stage of the test was not completed because of a system error. As it is seen, the first part of 

the curve in Figure 5-7 is non-linear indicating that the sample is porous, i.e. this is the phase where 

the compaction is occurring and the pores and micro-cracks are compressing. This is followed by a 

linear curve showing the elastic region of the rock behaviour.  

To obtain the Poisson’s ratio of the rock sample the graph presented in Figure 5-8 was used.  

Confining Stress = 10 MPa 

Confining Stress = 5 MPa 

Confining  
Stress = 0 MPa 
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Figure 5-8  Axial Stress-Axial Strain (right) and Axial Stress-Lateral Strain (left) curves corresponding to 
Multi-stage tri-axial tests on Wandoan non-flooded sample. 

Poisson’s ratio is the ratio of radial to axial strain, which can be obtained from the ratio of the slopes 

of the axial to radial curves in Figure 5-8. A  Poisson’s ratio of 0.3 was obtained in this test, which is 

less than that of the non-flooded sample.  

From the slope of the axial stress versus axial strain curves, an average corrected Young’s modulus of 

27.3 GPa was estimated. The view of the sample after the test is shown in Figure 5-9, which shows 

the development of the shear failure fracture plane in the rock. 

 Figure 5-9  Sample view after the Multi-stage tri-axial test with shear failure plane 
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Similar to the dry sample, the peak stress values at each stage were used to plot the axial versus 

confining stress in order to estimate the mechanical properties (cohesion, C, friction angle, , and 

uniaxial confining strength, UCS) of the sample (Figure 5-10).  

 

Figure 5-10  Rock failure envelop plotted to estimate sample’s strength properties 

The value of UCS was estimated directly from the graph and then was modified using the correction 

factor introduced earlier. The slope of the curve in was also modified using the same correction 

factor and then was applied to calculate the amounts of cohesion and friction angle through the 

Mohr-Coulomb failure criterion. 

Table 5-2 gives a summary of the elastic and strength properties of the tested sample. The results 

show that this sample has a higher elastic modulus, compared with the dry sample. Also it has higher 

internal cohesion and UCS, when it was anticipated a reduction in strength properties would result 

because this sample was subjected to flooding.  

Table 5-2  Summary of the elastic and mechanical properties of the Wandoan sandstone sample. 

Core 

Core 

origin 

 

Type 

 

 

Young’s 

Modulus 

(GPa) 

(Static) 

Poisson’s 

Ratio 

(Static) 

Cohesion 

(MPa) 

Friction 

angle (deg) 

UCS 

(MPa) 

 

2 

(flooded) 
Wandoan Sandstone 27.30 0.30 11.69 41.50 51.92 
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This anomaly relates to two factors: Firstly, the flooded sample was trimmed very well and the dry 

sample was not trimmed. It is generally accepted in the literature that, when a cylindrical sample is 

trimmed well, it will have a circular end, exactly vertical to its axis, and, as a result, it will show 

higher strength properties. If the measured values of strength are different from the expected range 

for particular type of rocks it could be due to bad sample preparation, e.g. bad sample trimming 

quality. Secondly, the permeability of this sample is very high (in the order of Darcies). Such samples 

cannot contain the fluids for a long period of time, which means that the effective stress is not 

substantially different than the total stress. As a result the strength properties of the sample have 

not been reduced over the course of the flooding tests.      

Similar to the dry sample, because the grains of the rock are poorly sorted and angular, the internal 

friction angle of the sample is relatively high, and consequently the UCS is also high. Also the 

reduction in Poisson’s ratio after flooding shows that, when the formation corresponding to this rock 

is flooded with a similar fluid, there could be reduction of horizontal stresses, because of decrease in 

Poisson’s ratio.  

5.2 Curtin Core Flooding Laboratory 

5.2.1 Sample Characteristics and Experimental Conditions 

Core sample WC12 (Table 5-3) taken from whole-core slabs from wells drilled into the Precipice 

formation in Surat Basin was used for this core-flooding experiment. The main objective of the 

experiment was to measure the relative permeabilities and residual saturations through an 

unsteady-state core flooding experiment performed under the in-situ reservoir conditions Table 

5-4). These data were provided by the client.  

 The experiment consisted of a primary drainage displacement flood (formation water displaced by 

scCO2) followed by primary imbibition flood (scCO2 displaced by formation water).  

Table 5-3  Characteristics of the core sample used for the experiment 

Sample ID Length 
(cm) 

Diameter 
(cm) 

Lithology Porosity 
(%) 

Pre-flood Klinkenberg Corrected 
Helium Permeability (mD) 

In-situ Water 
Permeability (mD) 

WC12 4.86 3.76 Sandstone 22.9 800 380.3  

 

 

Table 5-4  P-T conditions of the experiment 

 

Reservoir parameter Value 

Pore pressure (MPa) 11.7 

Reservoir temperature (°C) 62 

Formation water salinity (ppm NaCl) 1,000 
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5.2.2 Experimental Results 

For both the drainage and imbibition floods steady-state conditions are established before 

terminating the fluid injection. Steady-state conditions are attained when differential pressure 

across the sample becomes steady and stable and also no appreciable volumes of the displaced fluid 

is produced (i.e. the production and injection rates of the displacing fluid become equal). In this 

experiment, in order to achieve steady-state conditions, during both drainage and imbibition floods, 

nearly 26 pore-volumes of the injection fluid (either scCO2 or formation water) were passed through 

the sample.  

Presented in Figure 5-11 is the water production profile derived from the data recorded during the 

primary drainage flood. The corresponding relative permeability data are also presented in Figure 

5-12. Reported in  

Table 5-5 are the residual water and scCO2 saturations obtained at the end of the drainage and 

imbibition floods, respectively. 

 

 

Figure 5-11 Water production versus pore-volumes of scCO2 passed through the sample 

 

 

 

Figure 5-12  Water (Krw) and scCO2 (KrCO2) relative permeabilities for the primary drainage displacement 
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Table 5-5  End-point residual saturations 

Core ID Core origin 

 

Lithology 

 

 

Relative Perm. End point residual saturations 

1 Precipice Formation Sandstone See graphs Swr (drainage)=45.9% 

SCO2,r(imbibition)=16.1% 

 

 

5.2.3 Conclusions 

Sample WC12 was homogenous sandstone, characterised by high porosity and permeability values.   

Due to the sample’s high permeability, the displacement was expected to be non-uniform. This has 

resulted in a considerable amount of water being produced after scCO2 breakthrough and also 

relatively low scCO2CO2 relative permeabilities. The data obtained may have been all influenced by 

the non-uniform displacement of water by scCO2.  

Considering the relatively moderate level of residual CO2 saturation, in terms of the storage capacity 

in the form of residual saturation, a formation consisting of this type of sandstone could be suited 

for CO2 geo-sequestration operations. The relatively high levels of residual CO2 saturation would 

help to trap and store the injected CO2 in a safe and permanent manner.  
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5.3 Geophysics Laboratory-Rock Physics Tests 

Sample: Wandoan Precipice 

 

5.3.1 Experimental procedure: 

 
1. Velocity measurements of dry sample vs effective pressures 
2. Velocity measurements of brine saturated sample vs effective pressure 
3. Velocity measurements during CO2 injection into brine saturated sample 

 

 

5.3.2 Results 

 
Figure 5-13 and Figure 5-14 show the dependence of P and S-wave velocities versus different 
effective pressures for dry, 100% brine saturated sandstone and velocities calculated using 
Gassmann fluid substitution in the Wandoan sample, respectively.  

 

 

Figure 5-13  P and S-wave velocities as a function of effective pressure for dry Wandoan sandstone at 
45°C 
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Figure 5-14  P and S-wave velocities as a function of effective pressure for brine saturated  Wandoan 
sandstone at 45°C.  Pore pressure 9MPa.  Theoretical predictions of Vp and Vs velocities using 

Gassmann fluid substitution procedure is shown as solid and dashed lines. 

 

Dynamic moduli (bulk, shear) as well as Poisson’s ratio for these series of experiment are provided in 

Table 5-6 . 
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Table 5-6  Test results 

 

Injection of supercritical CO2 into brine saturated sandstone was performed at confining pressure of 

30 MPa and temperature of 45°C. Injection pressure of CO2 was 10.3 MPa. Injection rate was 1 

mL/min. After injecting 7.1 mL of scCO2, traces of CO2 leakage from the opposite end was observed 

and thus the total volume of injected CO2 in this experiment was 7.1 mL (at 10.3 MPa). Taking into 

account pore volume of the sample as 13.01 cc, the estimated saturation of CO2 will be 54±10%. 

Results of measurements of P wave velocity during scCO2injection are shown on Figure 5-15. 

 

 

Figure 5-15 P wave velocity dependence on saturation of  scCO2 during CO2 injection into brine 
saturated Wandoan  sandstone. Injection pressure 10.3 MPa, confining pressure 30 MPa, temperature 

45°C. 
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Vp is 
sensitive to 

scCO2 

injection 
 at 
19.7MPa 
effective 
pressure 

54% 
±10% 

Pressure, 

Mpa

Bulk modulus, 

Pa

Shear 

modulis, Pa

42 1.03E+10 1.24E+10

38 1.05E+10 1.25E+10

34 1.06E+10 1.24E+10

30 1.05E+10 1.23E+10

26 1.06E+10 1.21E+10

22 1.04E+10 1.20E+10

18 1.01E+10 1.15E+10

14 9.82E+09 1.12E+10

10 9.39E+09 1.05E+10

6 8.31E+09 9.55E+09

2 6.99E+09 7.37E+09

Pressure, 

Mpa

PR

42 0.069

38 0.075

34 0.081

30 0.078

26 0.088

22 0.085

18 0.089

14 0.087

10 0.093

6 0.084

2 0.110

Pressure, 

Mpa

PR

34 0.241

38 0.242

34 0.246

30 0.244

26 0.244

22 0.246

18 0.250

14 0.247

10 0.255

6 0.268
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5.3.3 Conclusions 

 Injection of scCO2 into this core was possible at a pressure of 10.3 MPa and temperature 45°C.  

 A 4% decrease in S wave velocities during CO2 injection, and more than 9% decrease in  
acoustic impedance of this rock was observed. Such changes can be detected  by seismic 
methods  
 

 

5.4 Micro-CT Laboratory- scanning  tests on Wandoan samples 

The CT scanning equipment that had been used in earlier (2012) tests broke down in December 2012 

and was irreparable for further experimental work on this later series (2013) of  4 more cores,  viz 

the Wandoan, Golden Beach, Hutton and Yalgorup samples, to run through the four labs. Those tests 

are here-in described. Micro CT scans were performed on 3 of the 4 mentioned core samples, 

however no CT tests are available for the Wandoan Sandstone sample which was damaged by 

crushing in preceding mechanical tests and was unsuitable for scanning. 

The Berea sandstone sample was also scanned using the micro CT scanner to provide a fourth test, 

as a baseline for the subsequent CT scanning utilising the Curtin University’s micro device which was 

commissioned and configured to provide comparative  results. These results proved to be more 

useful, producing more and better data including some insight into the effects of heterogeneities in 

the samples.  

The Berea micro CT scanning results are presented and discussed separately, in a later section of this 

report together with some technical details relating to the equipment and its use. 
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6 Golden Beach Sandstone samples 

6.1.1 Mechanical and Elastic Properties of Golden Beach Sandstones Sample 

 A view of the sample which was a dry sample (pre-flooding) from Golden Beach Sandstones 

formation is shown in Figure 6-1. 

 

 

 

Shown in this figure are the lateral and axial strain gauges glued to the sample.  

The length to diameter ratio (L/D) of the sample is 50.7/27.6 = 1.83 (mm); this is very close to 2, 

which is the standard ratio suggested by the ISRM. However, the diameter of the sample is slightly 

over 1.0 in which is smaller than the standard size of 1.5 in which is used in petroleum engineering 

laboratory experimental work. 

Multi-stage triaxial tests were carried out at 4 different confining pressures of 0, 5, 10 and  

20 MPa with the strain gauges recording vertical and horizontal strain. The results of the first stage 

(i.e. confining pressure of 0 MPa) were not used in calculating the mechanical properties. The 

ultimate strength at this stage is relatively very low. However, this stage was applied to estimate the 

elastic properties. 

 The Poisson’s ratio shows how deformable the rock is; this is the ratio of radial to axial strain, which 

can be obtained from the two plots, i.e. axial stress-axial strain and axial stress-radial strain in Figure 

6-2.  

Figure 6-1 View of the dry Golden Beach Sandstone sample 
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Figure 6-2  Axial Stress-Axial Strain (left) and Axial Stress-Radial Strain (right) curves corresponding to 
Multi-stage triaxial tests on Golden Beach Sample. 

 

As it is seen, the first part of the curve in Figure 6-4 is non-linear indicating that the sample is porous, 

i.e. this is the phase where the compaction is occurring and the pores are closed. This is followed by 

a linear curve showing the elastic region of the rock behaviour. From the slope of this curve a 

Young’s modulus of 13.78 GPa is estimated. The view of sample after test is shown in Figure 6-3, 

which shows a clear shear failure fracture in the rock. 

 

 

 
Figure 6-3  Sample view after the multi-stage triaxial test with shear 

failure plane shown by arrows. 
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The peak stress values at each stage were used to plot the axial versus confining stress in order to 

estimate the mechanical properties (cohesion, C, friction angle, and uniaxial confining strength, 

UCS) of the sample (Figure 6-4). The value of UCS was estimated directly from the graph in Figure 

6-2, and the amounts of cohesion and friction angle were calculated using the Mohr-Coulomb failure 

criterion; 




















2
45tan2

2
45tan2

31


ss C

 

Table 6-1gives a summary of the elastic and strength properties of the tested sample. The results 

show that this sample has a relatively lower elastic modulus, i.e. less stiff material, and strength with 

higher Poisson’s ratio, i.e. more deformable, when compared with previously tested samples. These 

properties are indicative of a cap type of rock which can possibly maintain the pressure but act as a 

ductile material at high injection pressures. 

Table 6-1  Summarises the elastic and Mechanical properties of the Golden Beach sample. 

Core 

Core 

origin 

 

Type 

 

 

Young’s 

Modulus 

(GPa) 

(Static) 

Poisson’s 

Ratio 

(Static) 

Cohesion 

(MPa) 

Friction 

angle (deg) 

UCS 

(MPa) 

 

1 pre- 

flooding 

Golden 

Beach 
Sandstone 13.78 0.31 7.58 34.49 28.78 

 

 

Figure 6-4 Rock failure envelop plotted to estimate sample’s elastic and strength properties. 
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6.2 Curtin Core Flooding Laboratory 

6.2.1 Sample Characteristics and Experimental Conditions 

Core sample GB-1 (Table 6-2) taken from whole-core slabs from wells drilled into the Golden Beach 

formation in Gippsland Basin was used for this core-flooding experiment. The main objective of the 

experiment was to measure the relative permeabilities and residual saturations through an 

unsteady-state core flooding experiment performed under the in situ reservoir conditions (Table 

7-3). The experiment consisted of a primary drainage displacement flood (brine displaced by scCO2) 

followed by primary imbibition flood (scCO2 displaced by brine).  

Table 6-3 presents the pressure and temperature values used during the experiment. These data 

were provided by the client.  

 

Table 6-2 Characteristics of the core sample used for the experiment 

Sample 

ID 

Length, 

mm 

Diameter, 

mm 

Lithology Porosity, 

% 

Pore 

Volume, 

cc 

In-situ Brine 

Permeability, 

mD 

GB-1 4.65 3.73 Sandstone 18.29 9.27  2  

 

 

Table 6-3  P-T conditions of the experiment 

 

Reservoir parameter Value 

Pore pressure, MPa 11.7 

Reservoir temperature, 

°C 

53 

Formation water 

salinity, ppm NaCl 

2,000 

 

6.2.2 Experimental Results 

For both the drainage and imbibition floods one has to make sure that steady-state conditions are 

achieve before terminating the fluid injection. In every displacement stage of an unsteady-sate core-

flooding experiment, steady-state conditions are attained when differential pressure across the 

sample becomes steady and stable and also no appreciable volumes of the displaced fluid is 

produced (i.e. the production and injection rates of the displacing fluid become equal). In this 

experiment, in order to achieve steady-state conditions, during both drainage and imbibition floods 

nearly 25 pore-volumes of the injection fluid (either scCO2 or brine) were passed through the 

sample.  

Presented in Figure 6-5 is the brine production profile derived from the data recorded during the 

primary drainage flood. The corresponding relative permeability data are also presented inFigure 
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6-6. Reported in Table 6-4 are the residual brine and scCO2CO2 saturations obtained at the end of 

the drainage and imbibition floods respectively. 

 

 

 

 

Table 6-4  End-point residual saturations End-point residual saturations 

Core 

ID 

Core origin 

 

Lithology 

 

 

Relative 

Perm. 

End point residual 

saturations 1 Golden 

Beach 

Formation 

Sandstone Curves 

provided 

in Figure 

6-7 

Swr (drainage)=49.73% 

SCO2,r(imbibition)=25.7% 

 

 

 

Figure 6-5  Brine production versus pore-volumes of scCO2 passed through the sample 

Figure 6-6  Brine (Krw) and CO2 (KrCO2) relative 
permeabilities for the primary drainage displacement 
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6.2.3 Conclusions 

Sample GB-1 was a relatively homogenous sandstone sample. It had a moderate porosity but 

relatively low permeability value.   

With regards to the displacement performance during the drainage flood, as may be expected, 

compared to other highly permeable sandstone samples, the results obtained showed that the 

drainage flood was less prone to instabilities resulting in a relatively uniform displacement of brine 

by scCO2CO2. No capillary end effect could be detected during the experiment. The existence of 

capillary end effect was investigated by conducting the so-called “bump flood” which in this case 

resulted in no extra brine production.  

Considering the relatively high level of residual CO2 saturation, in terms of the storage capacity in the 

form of the desired residual saturation, a formation consisting of this type of sandstone could be 

well suited for CO2 geo-sequestration operations. The relatively high levels of residual CO2 saturation 

would help to trap and store the injected CO2 in a safe and permanent manner.  

 

Acknowledgement 

We would like to acknowledge the help from Weatherford Petroleum Consultants for granting us the 
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6.3 Geophysics Laboratory- Rock Physics Tests 

Sample: Golden Beach (GB) 

6.3.1 Experimental procedure 

1. Velocity measurements of dry sample v effective pressure.  
2. Velocity measurements of brine saturated sample v effective pressure.  
3. Measurements during CO2CO2 injection into brine saturated sample 

 

 

6.3.2 Results 

 
Figure 6- and Figure 6- show the dependence of P and S-wave velocities versus different effective 
pressures for dry, 100% brine saturated sandstone and velocities calculated using Gassmann fluid 
substitution for Golden Beach, respectively. Dynamic moduli (bulk, shear) as well as Poisson’s ratio 

for these series of experiment are provided in Table 6-5  Test results. 
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Figure 6-8  P and S-wave velocities as a function of effective pressure for brine saturated  55H sandstone 
at 45°C.  Pore pressure 9MPa.  Theoretical predictions of Vp velocity using Gassmann fluid substitution 

procedure is shown as solid and dashed lines 
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Figure 6-7  P and S-wave velocities as a function of effective pressure for dry GB  
sandstone at 45°C. 
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Injection of supercritical CO2 into brine saturated sandstone was performed at confining pressure of 

30 MPa and temperature of 45°C. Injection pressure of CO2 was 10 MPa. Injection rate was 1 

mL/min. After injecting 7.5 mL of scCO2, traces of CO2 leakage from the opposite end was observed 

and thus the total volume of injected CO2 in this experiment was 7.5 mL (at 10 MPa). Taking into 

account pore volume of the sample as 9.35 cc, the estimated saturation of CO2 will be 80±7%. 

Results of measurements of P wave velocity during scCO2CO2 injection are shown on the Figure 6-.  

 

 

Figure 6-9  P wave velocity dependence on saturation of  scCO2 during CO2 injection into brine 
saturated GB  sandstone. Injection pressure 10 MPa, confining pressure 36 MPa, temperature 45°C. 
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Table 6-5  Test results 

Core  Core 
origin 
 

Type 
 

Dynamic Bulk: Shear Modulus, dry 
at 45°C 

P.R. : Confining 
Pressure dry at 46°C 

P.R. : Confining 
Pressure, brine sat, 
46°C 

Vp v. CO2 inj 
brine sat 
45°C 

Residual 
CO2 sat 
46°C 

GB  sand
ston
e 

 

Pressu
re 
(MPa) 

Poissons 
ratio 

38 0.020 

34 0.034 

30 0.042 

26 0.052 

22 0.049 

18 0.053 

14 0.068 

10 0.084 

6 0.128 

2 0.180 
 

Press
ure 

(MPa) 

Poissons 
ratio 

34 0.23 

38 0.23 

34 0.24 

30 0.23 

26 0.23 

22 0.25 

18 0.26 

14 0.26 

10 0.30 
 

Vp is 
sensitive to 

scCO2 

injection 
 at 21 MPa 
effective 
pressure 

80% 
±7% 

 

6.3.3 Conclusions 

 scCO2 can be injected in this core (injection pressure of scCO2:  10 MPa, temperature 45°C)  

 8% decrease  in P wave c velocities during  CO2 injection, and more than 10% decrease in  
acoustic impedance of this rock was observed, such changes can be detected  by seismic 
methods  
 

6.4 Micro CT scanning Golden Beach sample 

A description of the microCT equipment and the scanning procedure adopted for all four scans (the 

Berea, Golden Beach, Hutton and Yalgorup samples) is included with the write up for the Berea 

sample. 

6.4.1 CT scan images and results for the Golden Beach sample 

Injection pressures of  CO2 versus volume of produced fluid is shown in Figure 6-8; a backpressure of 

4.13 MPa and a confining pressure of 10 MPa were applied. Initially CO2 was compressed until it 

reached the capillary entry pressure; once this threshold was passed CO2 percolated into the plug 

and displaced brine; the pressure then decreased as CO2 dissolved in the brine (Iglauer, 2011).  

Pressure 

(MPa)

Bulk 

modulus 

(GPa)

Shear 

modulus 

(GPa)

38 7.44E+09 1.05E+10

34 7.67E+09 1.04E+10

30 7.71E+09 1.02E+10

26 7.65E+09 9.77E+09

22 7.32E+09 9.44E+09

18 7.04E+09 8.96E+09

14 6.79E+09 8.25E+09

10 6.51E+09 7.50E+09

6 6.18E+09 6.13E+09

2 5.50E+09 4.47E+09
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Figure 6-8  CO2 injection pressure versus fluid volume produced for the Golden Beach sandstone plug. 

 

Figure 6-9 illustrates differences between the dry, fully brine saturated and partially CO2 saturated 

plug. 

 

 

Dry Golden Beach Fully brine saturated Golden 
Beach 

Partially saturated with CO2  
Golden Beach 

   

33.3mm  33.3mm  33.3mm  
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26.6mm  26.6mm  26.6mm  

   

16.6mm  16.6mm  16.6mm  

   
10mm  10mm  10mm  

   
8.3mm  8.3mm  8.3mm  
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7mm   7mm  7mm  

   
6.5mm  6.5mm  6.5mm  

   
5.8mm  5.8mm  5.8mm  

Figure 6-9  Set of selected axial slices through Golden Beach sandstone: (left) dry sandstone; (middle) 
fully brine saturated sandstone; (right) partially saturated with CO2. The height from the plug’s bottom 

face is written below each slice. The diameter of the shown circles is 38.1mm 

 

6.4.2 Discussion of CT results 

As in the Berea plug, the black areas in the dry Golden Beach image indicate pore space, which 

appears to be fairly evenly distributed, i.e. the plug is relatively homogeneous. There are, however, a 

significant number of white patches, which indicate minerals with high x-ray absorption; these 

minerals are randomly distributed in the bulk volume of the plug. Analogous to the observation in 

the Berea experiment, the pore space (black area) disappeared when doped brine was injected, and 

the plug was saturated with brine.  

The CO2 distribution and injectivity behaviour of this plug were, however, significantly different than 

those for the Berea plug. The most obvious difference is that CO2 displaced brine in a piston-like 

advancing front, up to a plug height of approximately 5mm. The displacement then transitioned 

through a zone, where piston-like advance and CO2 channeling both occurred. At a plug height of 

about 6.7mm the advance changed into CO2 channelling displacement.  
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This type of viscous fingering resulted in low sweep efficiency ( Lake, 1990), and consequently low 

initial CO2 saturation, which then results in low residual CO2 saturation (Pentland et al. 2011) and 

capillary trapping capacity (Iglauer et al. 2011). It is hypothesized that the reason for viscous 

fingering are pore-scale heterogeneities, which are not or not clearly observable at this resolution. 

Because of the high mobility ratio even small heterogeneities have a dramatic impact. This 

hypothesis is consistent with the permeability (2mD) of this rock, which suggests a significantly finer 

(pore) structure than that of Berea sandstone (165mD). 
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7 Hutton core sample tests 

 

7.1 Mechanical and Elastic Properties of Hutton-1 Sandstone  

7.1.1 Sample details 

A view of the Hutton sandstone sample from West Wandoan-1 is shown in Figure 7-1. The sample 

has a diameter of 37.7 mm and a length of 49.25 mm. Sample depth was 821.6 m. 

 

 

 

The length to diameter ratio (L/D) of the sample is 49.25 / 37.7 = 1.31. This is not a standard ratio for 

rock mechanical lab test purposes. The standard ratio suggested by the ISRM is between 2 and 2.5. 

In the Hutton sample tests a correction factor will be applied to modify the values of the axial stress. 

The empirical correlation below was used here:  

               
  

(     
 
 )       

  

where                is the corrected axial stress which corresponds to a sample with standard 

length to diameter ratio, and     is the value of the axial stress, which was measured during the test. 

Using this equation, all axial stress values are corrected and consequently other parameters, such as 

UCS, Young’s modulus, internal friction angle, Poisson’s ratio and cohesion, will also be corrected, 

because they have been calculated inputting the corrected axial stress values. 

7.1.2 Tests performed on the Hutton sample 

Multi-stage tri-axial tests were carried out at five different confining pressures of 0, 5, 10, 20 and 30 

MPa with the strain gauges glued on the surface of the sample for measurement of strains in vertical 

Figure 7-1  View of the sample before testing. 



102 
 

and horizontal directions. The Poisson’s ratio shows how deformable the rock is; this is the ratio of 

radial to axial strain, which can be obtained from two plots (i.e. axial stress-axial strain and axial 

stress-radial strain in Figure 7-2).  

 

 

 

 

 

As it is seen, the first part of the curve in Figure 7-2 is non-linear indicating that the sample is porous, 

i.e. this is the phase where the compaction is occurring and the pores are compressing. This is 

followed by a linear curve showing the elastic region of the rock behaviour.  

Three strain gauges were glued on the sides of the sample to record strains; two laterals and one 

vertical. The elastic Young’s modulus obtained from the slope of stress-strain curves corresponding 

to these strain gauges was 17.39 GP, and the Poisson’s ratio was 0.44. This is a relatively high value 

for Poison’s ratio, and this could be because of the flooding process. The sample looks to be almost 

tight sandstone, therefore the flooding test had to be longer in terms of time, and as a result the 

sample had been in contact with the flooding fluids for a long time. Consequently, the flooding fluids 

had enough time to alter the mechanical properties of the rock. The view of the sample after the 

test is shown in Figure 7-3 

 

Figure 7-2  Axial Stress-Axial Strain (right) and Axial Stress-Radial Strain (left) curves 
corresponding to Multi-stage tri-axial test on Hutton-1. 
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7.1.3 Test Results  

The peak stress values at each stage were used to plot the axial versus confining stress in order to 

estimate the mechanical properties (cohesion, C, friction angle, , and uniaxial confining strength, 

UCS) of the sample (Figure 7-4).  

 

 

 

 

The value of UCS was estimated using the following equation:  

Plane of 

shear failure 

Figure 7-3 Sample view after the Multi-stage tri-axial test. 

Figure 7-4  Rock failure envelop plotted to estimate sample’s elastic and strength properties 
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Table 7-1 gives a summary of the elastic and strength properties of the tested sample which appears 

to be relatively stiff and strong but it is very deformable. 

Table 7-1  Summarises the elastic and mechanical properties of the sample. 

Core 

Depth 

(m) 

Core origin 

 

Type 

 

 

Young’s 

Modulus 

(GPa) (Static) 

Poisson’s 

Ratio 

(Static) 

Cohesion 

(MPa) 

Friction 

angle (deg) 

UCS 

(MPa) 

 

821.6 Wandoan-1 
Sandstone 

(Flooded) 
17.39 0.44 8.69 38.79 36.27 

 

 

7.2 Curtin core flooding laboratory 

 

7.2.1 Sample Characteristics and Experimental Conditions 

Core sample Hutton-1 (Table 7-2  Characteristics of the core sample used for the experiment) taken 

from whole-core from well West Wandoan-1 in the Surat Basin was used for this core-flooding 

experiment. The main objective of the experiment was to measure the relative permeabilities and 

residual saturations through an unsteady-state core flooding experiment performed under the in 

situ reservoir conditions (Table 7-3 P-T conditions of the experiment). The experiment consisted of a 

primary drainage displacement flood (formation water displaced by scCO2CO2) followed by primary 

imbibition flood (scCO2CO2 displaced by formation water).  

Table 7-3 presents the pressure and temperature values used during the experiment. These data 

were calculated using the pressure and temperature surveys run in Hutton-1.  

Characteristics of the core sample used for the experiment: 

Table 7-2  Characteristics of the core sample used for the experiment 

Sample ID Length 

(cm) 

Diameter 

(cm) 

Lithology Porosity 

(%) 

Pre-flood Klinkenberg Corrected 

Helium Permeability (mD) 

In-situ Water 

Permeability (mD) 

Hutton-1 5.28 3.79 Sandstone 20.4 62 18.64 

 

 

Table 7-3 P-T conditions of the experiment 

Reservoir parameter Value 

Pore pressure (MPa) 12 

Reservoir temperature (°C) 60 

Formation water salinity (ppm NaCl) 1,000 
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7.2.2 Experimental Results 
For both the drainage and imbibition floods one has to make sure that steady-state conditions are 

achieve before terminating the fluid injection. In every displacement stage of an unsteady-sate core-

flooding experiment, steady-state conditions are attained when differential pressure across the 

sample becomes steady and stable and also no appreciable volumes of the displaced fluid is 

produced (i.e. the production and injection rates of the displacing fluid become equal). In this 

experiment, in order to achieve steady-state conditions, during both drainage and imbibition floods 

nearly 24 pore-volumes of the injection fluid (either scCO2 or formation water) were passed through 

the sample.  

Presented in Figure 7-5 is the water production profile derived from the data recorded during the 

primary drainage flood.  

 

 

The corresponding relative permeability data are also presented in Figure 7-6.  
 

 

 

 

 

 

 

 

Figure 7-5  Water production versus pore-volumes of scCO2 passed through the sample 

Figure 7-6  Water (Krw) and scCO2 (KrCO2) relative permeabilities for the primary drainage displacement  
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Reported in Table 7-4 are the residual water and scCO2 saturations obtained at the end of the 

drainage and imbibition floods, respectively. 

 

Table 7-4 Hutton End-point residual saturations 

Core ID Core origin 
 

Lithology 
 
 

Relative Perm. End point residual saturations 

1 Hutton Sandstone Curves provided in 

Figure 1-10 

Swr (drainage)=42.3% 
SCO2,r(imbibition)=26.88% 

 

 

7.2.3 Conclusions 

The Hutton-1 sample was a homogenous sandstone, characterised by moderate porosity but 

relatively low permeability values.  Due to the sample’s low permeability the displacements during 

the experiment were expected to be uniform.  

Considering the relatively high level of residual CO2 saturation, in terms of the storage capacity in the 

form of the desired residual saturation, a formation consisting of this type of sandstone could be 

well suited for CO2 geo-sequestration operations. The relatively high levels of residual CO2 saturation 

would help to trap and store the injected CO2 in a safe and permanent manner.  
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7.3 Hutton Geophysics Laboratory- Rock Physics Tests 

7.3.1 Experimental procedure Sample Hutton-1  

 

1. Velocity measurements of dry sample vs effective pressures (at 45C Hutton).  

2. Velocity measurements of brine saturated sample vs effective pressure (at 45C).  

3. Velocity measurements during CO2 injection into brine saturated sample  (at 45C). 

 

 

7.3.2 Hutton rock physics test results 

 
Figure 7-7 and Figure 7-8 show the dependence of P and S-wave velocities versus different effective 
pressures for dry, 100% brine saturated sandstone and velocities calculated using Gassmann fluid 
substitution for Hutton-1, respectively. Dynamic moduli (bulk, shear) as well as Poisson’s ratio for 
these series of experiment are provided in Table 7-5  Hutton rock physics tests results.  
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Figure 7-8  P and S-wave velocities as a function of effective pressure for brine saturated  Hutton-1 
sandstone at 45°C.  Pore pressure is 6 MPa.  Theoretical predictions of Vp and Vs velocities using 

Gassmann fluid substitution procedure is shown as solid and dashed lines. 

Figure 7-7  P and S-wave velocities as a function of effective pressure for dry Hutton-1  
sandstone at 45°C. 
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Injection of supercritical CO2 into brine saturated sandstone was performed at confining pressure of 

15 MPa and temperature of 45°C. Injection pressure of CO2 was 7 MPa. Injection rate of scCO2 was 1 

mL/min. After production of  6.7 mL (about  0.53 PV (sample’s pore volume))  of brine , traces of CO2 

leakage from the opposite end was observed and thus the total volume of injected CO2 in this 

experiment was 6.7 mL (at 7 MPa). Taking into account pore volume of the sample as 12.62 cc, the 

estimated saturation of CO2 will be 53±10%. Results of measurements of P wave velocity during 

scCO2CO2 injection are shown on the Figure 7-7.  

 

Figure 7-9  P wave velocity dependence on saturation of  scCO2 during CO2 injection into brine 
saturated Hutton-1  sandstone. Injection pressure 7 MPa, confining pressure 15 MPa, temperature 45°C. 

 

Table 7-5  Hutton rock physics tests results 

Core  Core 
origin 
 

Type 
 

Dynamic Bulk: Shear Modulus, dry 
at 45°C 

P.R. : Confining 
Pressure dry at 45°C 

P.R. : Confining 
Pressure, brine sat, 
45°C 

Vp v. CO2 inj 
brine sat 
45°C 

Residual 
CO2 sat 
45°C 

Hut
ton 

 sand
ston
e 

 
 

 

Vp is 
sensitive to 

scCO2 

injection 
 at 8 MPa 
effective 
pressure 

53% 
±10% 

 

Pressure,	MPa Bulk	Modulus,	PaShear	Modulus,	Pa

0 3.93E+09 4.52E+09

1 4.04E+09 4.89E+09
4 5.09E+09 5.96E+09
6 6.06E+09 6.84E+09
8 7.24E+09 7.49E+09

10 7.39E+09 8.05E+09
12 8.11E+09 8.31E+09
14 8.34E+09 8.86E+09
16 9.14E+09 8.96E+09
18 9.43E+09 9.33E+09
20 9.97E+09 9.37E+09
24 1.11E+10 9.65E+09
28 1.13E+10 9.75E+09
32 1.08E+10 9.81E+09
36 1.12E+10 9.88E+09
40 1.11E+10 9.87E+09

Pressure,	MPa Poisson's	ratio,

0 0.085

1 0.069
4 0.079
6 0.090
8 0.116

10 0.101
12 0.118
14 0.108
16 0.131
18 0.128
20 0.142
24 0.163
28 0.166
32 0.152
36 0.160
40 0.156

Pressure,	MPa Poisson's	ratio,

20 0.266

24 0.274
28 0.266

32 0.269
36 0.267

34 0.268
28 0.268
22 0.269
18 0.264
16 0.265
14 0.268
12 0.262
10 0.263
16 0.255
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7.3.3 Hutton rock physics conclusions 

 scCO2CO2 can be injected in Hutton-1 core (injection pressure of scCO2CO2:  7  MPa, 
temperature 45°C)  

 A 6% decrease in P wave c velocities during  scCO2 injection, and more than 7% decrease in  
acoustic impedance of this rock was observed. Such changes can be detected  by seismic 
methods  
 

7.4 Hutton-1  sandstone micro CT scanning laboratory 

7.4.1 CT Scan images and results 

CO2 was injected into the Hutton-1 plug at 7.02 MPa while a backpressure of 4 MPa and a confining 

pressure of 15 MPa were applied. Figure 7-10 displays selected axial slices through the dry, fully 

brine saturated and partially CO2 saturated plug images. 

Dry Hutton-1 Fully brine saturated Hutton-
1 

CO2 injection 
High flow rate 
Hutton-1 

   
24.9mm  24.9mm  24.9mm  

   
21.6mm  21.6mm  21.6mm  

   
17.1mm  17.1mm  17.1mm  
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13.8mm  13.8mm  13.8mm  

   
10.5mm  10.5mm  10.5mm  

   

5.5mm  5.5mm  5.5mm  

   
3.7mm  3.7mm  3.7mm  
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2mm  2mm  2mm  

Figure 7-10  Set of selected axial slices through Hutton-1 sandstone: (left) dry sandstone; (middle) fully 
brine saturated sandstone; (right) partially saturated with CO2. The height from the plug’s bottom face is 

written below each slice. The diameter of the shown circles is 38.1mm. 

The Hutton-1 plug showed good sweep efficiency and a high and homogeneously distributed initial 

CO2 saturation. 

 

7.4.2 Effect of gravitational forces 

The effect of gravitational forces can be assessed by considering the Bond number NBo, which is 

defined as ratio of gravitational forces to interfacial forces (equation 1, McGraw-Hill 2003); a low 

Bond number implies that interfacial forces dominate, while a high Bond number indicates that 

gravitational forces dominate. 

    
     

 
         (1) 

where ρ is the density difference between CO2 and brine, g is the gravitational acceleration, d is the 

CO2 droplet diameter, and σ is the interfacial tension between CO2 and brine. 

When inserting the values for σ (Georgiadis et al., 2010), g = 9.81 m/s2, ρ(brine), ρ(CO2), and d at the 

individual experimental conditions one obtains NBo numbers between 300 and 850, Table 7-6. This 

indicates a strong influence of gravity forces; despite these implications, significant viscous fingering 

was only observed in one sample (Golden Beach), which had a low permeability (2mD), while high 

sweep efficiency was observed in the other three specimens. 

 

Table 7-6  Bond number estimates for the CO2-flooding experiments 

Specimen Temperature 
[K] 

Pore 
pressure 
[MPa] 

ρ(CO2) 
[kg/m3] 

ρ(brine) 
[kg/m3] 

ρ 
[kg/m3] 

σ 
[N/m] 

NBo 

Berea 296 7 775 1040 265 0.031 410 

Golden  
Beach 

296 4.2 102 1040 938 0.053 
 

850 

Harvey H-
12 

296 7.2 781 1040 259 0.03 414 

Hutton-1 296 7 775 1040 265 0.031 410 
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8 Yalgorup Sandstone (Lesueur formation, Perth Basin) 

 

8.1 Mechanical and Elastic Properties of Yalgorup Sandstone (12 

H) after Flooding 

8.1.1 Sample details 

Sample depth was 915.46 m. A view of the Yalgorup sandstone sample from well Harvey-1 is shown 

in Figure 8-1.  

 

 

The sample has a diameter of 37.7 mm and a length of 72.9 mm. The length to diameter ratio (L/D) 

of the sample is 72.9 / 37.7 = 1.93; this is not a standard ratio for rock mechanical lab test purposes. 

The standard ratio suggested by the ISRM is between 2 and 2.5. In this case a correction factor will 

be applied to modify the values of the axial stress. The empirical correlation below was used :  

               
  

(     
 
 )       

  

where                is the corrected axial stress which corresponds to a sample with 

standard length to diameter ratio, and     is the value of the axial stress, which was 

measured during the test. Using this equation, all axial stress values are corrected and 

consequently other parameters such as UCS, Young’s modulus, internal friction angle, 

Poisson’s ratio and cohesion will be corrected, because they will be calculated based on the 

corrected axial stress values. 

Figure 8-1 View of the 12H sample before testing 
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8.1.2 Tests performed on 12H  

Multi-stage tri-axial tests were carried out at five different confining pressures of 0, 5, 10, 20 and 30 

MPa with the strain gauges glued on the surface of the sample for measurement of strains in vertical 

and horizontal directions. The Poisson’s ratio shows how deformable the rock is; this is the ratio of 

radial to axial strain, which can be obtained from two plots (i.e. axial stress-axial strain and axial 

stress-radial strain in Figure 8-2).  

 

Figure 8-2  Axial Stress-Axial Strain (right) and Axial Stress-Radial Strain (left) curves corresponding to 
Multi-stage tri-axial test on Harvey-1 (12H). 

 

As it is seen, the first part of the curve in Figure 8-2 is non-linear indicating that the sample is porous, 

i.e. this is the phase where the compaction is occurring and the pores are closed. This is followed by 

a linear curve showing the elastic region of the rock behaviour.  

Three strain gauges were glued on the sides of the sample to record strains; two laterals and one 

vertical. The elastic Young’s modulus obtained from the slope of stress-strain curves corresponding 

to these strain gauges was 13.73 GP, and the Poisson’s ratio was 0.37. A comparison between the 

results of this test and a previous test, which was done on a similar dry sample from Harvey-1, shows 

that flooding process did not affect the Young’s modulus of the rock; however, the Poison’s ratio has 

been increased. This indicates that after flooding the rock will become more deformable. The view 

of the sample after the test is shown in Figure 8-3. 
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8.1.3 Test Results 

The peak stress values at each stage were used to plot the axial versus confining stress in 

order to estimate the mechanical properties (cohesion, C, friction angle, , and uniaxial 

confining strength, UCS) of the sample (Figure 8-4). The value of UCS was estimated using the 

following equation:  











2
45tan2


CUCS

 

Plane of 

shear failure 

Figure 8-3 Sample view after the Multi-stage triaxial test. 
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Figure 8-4 Rock failure envelop plotted to estimate sample’s elastic and strength properties. 

 

Table 8-1 gives a summary of the elastic and strength properties of the tested sample. According to 

this table, when it is compared to the dry sample results, the UCS and cohesion of the rock was 

slightly reduced because of flooding tests. This demonstrates that the flooding process has slightly 

reduced the strength of the rock. 

Table 8-1 Summarises the elastic and mechanical properties of the sample. 

  

Core 
Depth (m) 

Core 
origin 
 

Type 
 
 

Young’s 
Modulus 
(GPa) (Static) 

Poisson’s 
Ratio 
(Static) 

Cohesion 
(MPa) 

Friction 
angle (deg) 

UCS 
(MPa) 
 

915.46 Harvey-1 
Sandstone 
(Flooded) 

13.73 0.37 8.33 29.11 28.36 

 

 

8.2 Curtin Core Flooding Laboratory 

8.2.1 Sample Characteristics and Experimental Conditions 

 

Core sample 12H (Table 8-2) taken from whole-core from well Harvey-1 (Yalgorup member of 

Lesueur Formation) was used for this core-flooding experiment. The main objective of the 

experiment was to measure the relative permeabilities and residual saturations through an 

unsteady-state core flooding experiment performed under the in situ reservoir conditions (Table 

7-3). The experiment consisted of a primary drainage displacement flood (formation water displaced 

by scCO2) followed by primary imbibition flood (scCO2 displaced by formation water).  
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Table 8-3 presents the pressure and temperature values used during the experiment. These data 

were calculated using the pressure and temperature surveys run in Harvey-1.  

 

Table 8-2 Characteristics of the 12H core sample used for the experiment 

Sample ID Length 

(cm) 

Diameter 

(cm) 

Lithology Porosity 

(%) 

Pre-flood Klinkenberg Corrected 

Helium Permeability (mD) 

In-situ Water 

Permeability (mD) 

12H 7.45 3.77 Sandstone 20.1 27 7.38 

 

 

Table 8-3 P-T conditions of the H12 experiment 

Reservoir parameter Value 

Pore pressure (MPa) 9.18 

Reservoir temperature (°C) 46.4 

Formation water salinity (ppm NaCl) 40,000 

 

8.2.2 Experimental Results 
For both the drainage and imbibition floods one has to make sure that steady-state conditions are 

achieve before terminating the fluid injection. In every displacement stage of an unsteady-sate core-

flooding experiment, steady-state conditions are attained when differential pressure across the 

sample becomes steady and stable and also no appreciable volumes of the displaced fluid is 

produced (i.e. the production and injection rates of the displacing fluid become equal). In this 

experiment, in order to achieve steady-state conditions, during both drainage and imbibition floods 

nearly 13 pore-volumes of the injection fluid (either scCO2 or formation water) were passed through 

the sample.  

Presented in Figure 1-9 is the water production profile derived from the data recorded during the 

primary drainage flood. 

 

 

Figure 8-5 Water production versus pore-volumes of scCO2 passed through the sample 
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The corresponding relative permeability data are also presented in Figure 8-6.  

 
 

 

 
Figure 8-6 Water (Krw) and scCO2 (KrCO2) relative permeabilities for the primary drainage displacement 

 

Reported in Table 8-4 are the residual water and scCO2 saturations obtained at the end of the 

drainage and imbibition floods, respectively 

 

Table 8-4 End-point residual saturations 

Core ID Core origin 
 

Lithology 
 
 

Relative Perm. End point residual saturations 

1 Yalgorup member Sandstone Curves provided in 

Figure 1-10 

Swr (drainage)=47% 
SCO2,r(imbibition)=21.3% 

 

 

8.2.3 Conclusions 

Sample 12H was a homogenous sandstone sample. It was characterised by moderate porosity but 

relatively low permeability values.  Due to the sample’s relatively low permeability the 

displacements during the experiment were uniform.  

Considering the relatively high level of residual CO2 saturation, in terms of the storage capacity in the 

form of the desired residual saturation, a formation consisting of this type of sandstone could be 

well suited for CO2 geo-sequestration operations. The relatively high levels of residual CO2 saturation 

would help to trap and store the injected CO2 in a safe and permanent manner.  

 

8.3 Geophysics Laboratory-Rock physics tests 

8.3.1 Harvey-1 sample experimental procedure 

1. Velocity measurements of dry sample vs effective pressures (at 45C). 
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2. Velocity measurements of brine saturated sample vs effective pressure (at 45C). 

3. Velocity measurements during scCO2 injection into brine saturated sample  (at 45C). 

8.3.2 Harvey-1 rock physics results 

 
Figure 8-7 and Figure 8-8 show the dependence of P and S-wave velocities versus different effective 
pressures for dry, 100% brine saturated sandstone and velocities calculated using Gassmann fluid 
substitution for Harvey-12, respectively. Dynamic moduli (bulk, shear) as well as Poisson’s ratio for 
these series of experiment are provided in Table I.  

 

 

Figure 8-7 P and S-wave velocities as a function of effective pressure for dry Harvey-12 sandstone at 
45°C. 
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Figure 8-8  P and S-wave velocities as a function of effective pressure for brine saturated Harvey-
12 sandstone at 45°C.  Pore pressure is 6 MPa.  Theoretical predictions of Vp and Vs velocities 

using Gassmann fluid substitution procedure is shown as solid and dashed lines 
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Injection of supercritical CO2 into brine saturated sandstone was performed at confining pressure of 

15 MPa and temperature of 45°C. Injection pressure of CO2 was 7 MPa. Injection rate of scCO2 was 1 

mL/min. After production of  4.1 mL (about  0.24 PV (sample’s pore volume))  of brine, traces of CO2 

leakage from the opposite end was observed and thus the total volume of injected CO2 in this 

experiment was 4.1 mL (at 7 MPa). Taking into account pore volume of the sample as 17.2 cc, the 

estimated saturation of CO2 will be 24±10%. Results of measurements of P wave velocity during 

scCO2 injection are shown on the Figure 8-9. 

  

 

Figure 8-9 P wave velocity dependence on saturation of scCO2 during CO2 injection into brine saturated 
Harvey-12  sandstone. Injection pressure 7  MPa, confining pressure 15 MPa, temperature 45°C. 

 

 

Note that results of measurements of sample’s pore volume using gas (He) and brine are different. 

Using gas the pore volume of the sample is 17.1 mL at the same time using water is 11.3 mL, such 

difference can be explained by swelling of the clay inside sample during water flooding. Additional 

analysis of material composition and especially clay will be useful to uncover this observation.  
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Table 8-5 Yalgorup Test results 

Core  Core 
origin 
 

Type 
 

Dynamic Bulk: Shear Modulus, dry 
at 45°C 

P.R. : Confining 
Pressure dry at 45°C 

P.R. : Confining 
Pressure, brine sat, 
45°C 

Vp v. CO2 inj 
brine sat 
45°C 

Residual 
CO2 sat 
45°C 

Har
vey 
12 

 sand
ston
e 

 
 

 

Vp is less 
sensitive to 

scCO2 

injection 
 at 7MPa 
effective 
pressure 

24% 
±10% 

 

8.3.3 Yalgorup conclusions: 

 scCO2 can be injected in the Yalgorup Harvey-12 core (injection pressure of scCO2:  7  MPa, 
temperature 45°C)  

 3% decrease  in P wave velocities during  scCO2 injection, and 3% decrease in  acoustic 
impedance of this rock was observed, such changes may  be detected  by seismic methods  
 

8.4 Micro CT scanning tests Yalgorup12H 

As in the Golden Beach experiment, CO2 pressure built up by CO2 compression; CO2 should not enter 
the plug until the CO2 capillary entry pressure is reached. With increasing CO2 pressure the capillary 
pressure increased and a higher initial CO2 saturation was reached (Figure 8-10), consistent with 
independent measurements (Pentland et al. 2011, Pini et al. 2012, Sarmadivaleh and Iglauer 2014). 
The CO2 pressure then went through a maximum: the CO2 pressure decreased because of mass 
transfer effects, i.e. CO2 dissolution in brine. For this experiment the initial CO2 saturation after CO2-
flooding was measured via volume balance and it amounted to 57.7%, consistent with independent 
measurements (Table 1, Evans et al. 2012, Pini et al. 2012). The confining pressure was 15 MPa and 
the backpressure was 7 MPa in this experiment.  
 

 
 
 
 

Pressure,	MPa Bulk	Modulus,	Pa Shear	Modulus,	Pa

6 7.86E+09 7.88E+09

8 7.76E+09 8.53E+09
10 7.81E+09 8.90E+09

12 7.73E+09 9.29E+09
14 8.00E+09 9.43E+09

16 7.89E+09 9.82E+09
18 8.20E+09 9.95E+09

20 8.26E+09 1.01E+10
24 8.63E+09 1.00E+10

28 8.72E+09 1.01E+10
30 8.86E+09 1.01E+10

Pressure,	MPa Poisson's	ratio

6 0.124

8 0.098
10 0.087

12 0.071
14 0.077

16 0.060
18 0.068

20 0.067
24 0.081

28 0.082
30 0.087

Pressure,	MPa Poisson's	ratio

14 0.236

12 0.227

16 0.238
20 0.238

24 0.235
28 0.230

34 0.226

Figure 8-10 CO2 injection pressure versus fluid volume produced for the Harvey H-12 
sandstone plug 
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Dry Harvey 12-H Fully brine saturated Harvey 12-H Partially saturated with CO2 Harvey 
H-12 

   
34mm  34mm  34mm  

   
27.3mm  27.3mm  27.3mm  

   
20.7mm  20.7mm  20.7mm  

   

17.3mm  17.3mm  17.3mm  



124 
 

   
14mm  14mm  14mm  

   
10.7mm  10.7mm  10.7mm  

   
9mm  9mm  9mm  

   

7.3mm  7.3mm  7.3mm  

Figure 8-11 Set of selected axial slices through Harvey H-12 sandstone: (left) dry sandstone; (middle) 
fully brine saturated sandstone; (right) partially saturated with CO2. The height from the plug’s bottom 

face is written below each slice. The diameter of the circles is 38.1mm. 
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The Yalgorup 12H plug showed similar CO2 flooding characteristics as Berea: the CO2 swept through 

the plug in a piston-like advance, leading to a generally high initial CO2 saturation, which was evenly 

distributed. However, a bedding layer consisting of minerals with high x-ray absorption was 

identified, but this bedding layer had no apparent influence on the CO2 spreading characteristics. 

Visual inspection of the images in terms of CO2 saturation indicates a saturation value consistent 

with those measured in an independent core-flooding experiment, Table 8-6.  

Table 8-6 Petrophysical properties of the rocks (Evans et al. 2012, Saeedi 2014). 

Plug Berea Harvey 12-H Golden Beach Hutton-1 

Porosity [%] 21.0 20.5 18.3 21.3 

Permeability [mD] 165.0* 19.5** 2* 68.4** 

residual water 
saturation after 
CO2 flooding*** 

46%  50%  

*brine permeability 
**Helium permeability 
***with 15PV of CO2 at 300cc/hr 
 

Figure 8-12 shows coloured slices of the same images. In order to colour the images the raw data 

had to be processed: the images were filtered with a non-local means filter (Buades, 2005), and 

segmented according to Otsu’s algorithm (1979). As a significant portion of information is lost 

through such image processing at this resolution we only show coloured images for this specific plug 

and only for illustration purposes. Any analysis should be based on the original (raw) images at this 

low resolution. 
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Plug 
height 

Dry Harvey 12-H Fully brine saturated Harvey 
12-H 

Partially saturated with CO2 
Harvey H-12 

10mm 

   
30mm 

   
frontal 
slice 
through 
the 
middle 
of the 
plug 

   
Figure 8-12  Selected slices through the Harvey H-12 plug at dry condition (left), fully brine saturated 

(middle), and partially CO2 saturated (right). Top row shows axial slices at 10mm plug height, middle row 
at 30mm plug height, and the bottom row shows frontal slices through the middle of the plug (note that 

the ends have been removed due to cone beam artefacts). 
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9 MicroCT scanning of the Berea sandstone sample 

This section reviews the results from scanning tests of the Berea sandstone using the micro CT 

scanning equipment that was adapted by Curtin Universty’s scanning laboratory. The Berea sample 

had been scanned previously but using the CSIRO machine. This equipment became inoperable in 

December 2012 and was unavailable for performing tests on the second series of samples. The Berea 

tests with the micro CT device provides a baseline for the subsequent tests and also serves as a 

comparison with the CSIRO CT scans of the Berea samples. 

9.1 MicroCT laboratory – scanning tests 

Four cylindrical sandstone plugs (Berea, Harvey 12-H, Golden Beach, Hutton-1) with diameters of 

38mm and 45-70mm in length were provided to the Curtin scanning laboratory  for micro CT testing. 

The petrophysical properties of the plugs are tabulated in Table 9-1. 

 

Table 9-1 Petrophysical properties of the rocks (Evans et al. 2012, Saeedi 2014). 

Plug Berea Harvey 12-H Golden Beach Hutton-1 

Porosity [%] 21.0 20.5 18.3 21.3 

Permeability [mD] 165.0* 19.5** 2* 68.4** 

residual water 
saturation after 
CO2 flooding*** 

46%  50%  

*brine permeability 
**Helium permeability 
***with 15PV of CO2 at 300cc/hr 
 
 
 

9.1.1 Experimental Procedure 

For the CO2-flooding experiments, each plug was housed in a high pressure elevated temperature 

(HPET) polyetheretherketone core holder Figure 9-1. The plugs were positioned vertically and all 

fluids were injected into the bottom face of the plug, while production occurred from the top. The 

effect of gravity is further discussed below. 
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Figure 9-1  Radiograph of the x-ray transparent core holder used for the CT experiments. A 38mm 
diameter Berea sandstone plug is located in the middle of the core holder. The plug is currently 

subjected to 10 MPa confining pressure and 4 MPa pore pressure at 296K. 

 

A confining pressure of 4 MPa was applied, and each plug was imaged in a dry state with a micro-

computed tomograph (Xradia Versa XRM-500T) at a nominal resolution of (33.3μm)3. The same 

resolution was used throughout the whole workflow, and at this resolution some of the larger 

individual pores and their saturation states as well as the behaviour and saturation states of 

fractures in the plugs could be observed. In the images of the dry plugs, air is black (as it has the 

lowest relative radio-density), quartz is dark grey and minerals with high x-ray absorption are white 

or light grey. Each dry plug was then vacuumed for at least 24 hours. Subsequently the confining 

pressure was increased to 10-15 MPa, and more than 6 pore volumes (PV) of brine were injected at 

pore pressures varying between 4 -7 MPa to fully saturate the plugs with brine. Each plug was then 

imaged again at full water saturation. As a next step, CO2 was injected at a constant flow rate and 

the volumes of injected and produced fluids were measured. In addition, the pressures  at the inlet 

and outlet of the plugs were measured for some experiments; note that the pressure at the outlet 

was kept constant by a high accuracy syringe pump. After injecting 1-2 pore volumes of CO2, 

injection was stopped while the pore and confining pressures were kept constant by closing valves at 

the relevant inlet and outlet ports of the HPET cell. The plugs – now at initial CO2 saturation, i.e. 

partially saturated with CO2 – were imaged again. All experiments were conducted at 296K and scan 

time for each image amounted to 30min.  

From the images, the CO2 distributions in the bulk volumes of the plugs were measured, this is 

discussed further below. In addition, the saturation of the plugs can be qualitatively assessed by 

visual inspection of the measured relative radio-densities while considering the porosities of the 

plugs. 

 

 

 

 PLUG 
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9.1.2 MicroCT Results and Discussion 

Figure 9-2 displays selected sets of axial slices through the tested sandstone plugs at different 

saturation states (dry, fully brine saturated, partially CO2 saturated) and plug heights. Darker 

greyscale tones relate to matter with lower relative radio-densities, i.e. air or CO2. The brine (we 

used dope brine, 10wt% NaI, to enhance CT contrast) had approximately the same CT number as 

quartz and could consequently not be distinguished from quartz. Moreover, minerals with high x-ray 

absorption, which are light grey or white were identified; their frequency and distribution varied 

with each plug, this is discussed in more detail below. 

CO2 was injected at 7 MPa injection pressure while a backpressure of 6.8 MPa and a confining 

pressure of 12 MPa was applied. Figure 9-3 shows a set of selected axial slices through the dry, brine 

saturated and CO2-containing plugs. 

Dry Berea Fully brine saturated 
Berea 

Partially saturated with CO2 
Berea 

 

  
 28.3mm  28.3mm  

   
23.3mm 23.3mm  23.3mm  

 
  

21.6mm  21.6mm  21.6mm  
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17.05mm  17.05mm  17.05mm  

   
13.3mm  13.3mm  13.3mm  

 
  

11.1mm  11.1mm  11.1mm  

   
7.6mm 7.6mm  7.6mm  

   
3.3mm  3.3mm  3.3mm  

Figure 9-2 Set of selected axial slices through Berea sandstone: (left) dry sandstone; (middle) fully brine 
saturated sandstone; (right) partially saturated with CO2. The height from the plug’s bottom face is 

written below each slice. The diameter of the circles is 38mm. 

 

The dry image clearly shows a pattern of grey texture, which reflects the pore space; micro-fractures 

were quite clearly identified as larger black features in the image (cp. for instance plug height 

17.05mm). In contrast, the image of the fully brine saturated plug was light grey throughout (as 

doped brine and quartz had very similar CT numbers, see discussion above). However, after CO2 

injection, a pattern of grey texture re-appeared, which now reflected the location of the CO2 (in the 

pore space). From visual inspection it appears that the pore space is saturated with CO2 to a large 

extend, consistent with core-floods conducted earlier (Table 9-1, Evans et al. 2012) and literature 

data (Pentland et al. 2011, Krevor et al. 2012, Pini et al. 2012, Sarmadivaleh and Iglauer 2014), so 
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that a high capillary trapping capacity can be expected (Iglauer et al. 2011). Furthermore, the CO2 is 

quite clearly homogeneously distributed, which indicates high sweep efficiency (Lake 1990), again 

resulting in high capillary trapping capacities. Minerals with high x-ray absorption are relatively finely 

and randomly distributed, this is clearer in the high resolution images, Figure 9-3. We also note that 

the light spots in the middle of some of the slices are beam hardening artefacts, they do not reflect 

true saturations.  

 

   
9.7μm resolution, diameter 

shown is 10mm. 

3.43μm resolution, diameter 

shown is 3.5mm. 

1.23μm resolution, diameter 

shown is 1.2mm. 

Figure 9-3 Set of selected axial slices through high resolution Berea sandstone images (dry sandstone). 

 

9.1.3 Berea micro CT scanning conclusions 

The CSIRO CT scanner is very good and provided a 1mm resolution for a 1 ½” (38mm) plug, 

compared with the microCT scanner which provides a 33 micron resolution for the same core. Thus 

the microCT is better in terms of resolution and provides the ability to monitor effects of 

supercritical CO2 injection on mineralised particles, if any. 

However, a distinct benefit of the microCT scanner was that it provided a range of slices through the 

core at different locations, which was impossible with the CSIRO CT machine- it could only provide a 

constant view of one slice. As a result, the microCT scanner allows volumetric analysis and all of the 

benefits of 3D imaging- ability to make a volumetric assessment of minerals in a sample, none of 

which was called for by this project. It is simply fortunate that there was an alternative CT scanner 

located in the same building as the other laboratories, which allowed supercritical CO2 to be injected 

into a plug at the same time as scanning. No other laboratory in Australia can perform this feat. 

In the final analysis, it is argued that both CT scanners provide similar outputs for a very 

homogeneous Berea plug, but the microCT can indicate whether a reservoir similar to the Berea 

sandstone has a high capillary trapping capacity- as the Berea does (Iglauer et al. 2011). The ability to 

see 3D graphics of CO2 in the pore space has yet to be achieved, but whether this will add any value 

to existing knowledge may be academic only. 
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10 Conclusions 

The project has demonstrated a series of workflows into the characterization of reservoir properties 

fundamental to assessing the suitability of geologic reservoirs for the long-term storage of carbon 

dioxide. The sequential workflows include:  

 analyzing geomechanical properties using multistage triaxial tests that represent the in-situ 

stresses of the reservoir to reveal aspects of the strength of the rock relative to fracture 

initiation which is important for designing injection strategies;  

 core flooding also for assessing injection characteristics and determine parameters around 

relative permeability, residual CO2 saturation and potential short-term geochemical 

alterations;  

 rock physics testing to identify potential changes in the reservoir rock resulting from CO2 

injection to pore geometry, effective permeability and capillary entry conditions and sonic 

velocity – all important for understanding behaviour of the injected CO2 and for determining 

possible success in monitoring;  

 and X-ray CT Scanning to image the flow of CO2 within the reservoir matrix to help 

understand controls on flow dynamics and CO2 movement such as fingering and CO2-rock 

reactions. 

The study determined that the different time-lengths involved within each workflow impacts the 

efficiency of attempting to perform these analyses on several samples in parallel even at co-located 

laboratories. The report identified that the most efficient process requires an uninterrupted set of 

analyses that can be difficult to achieve if anomalous results indicate there is a requirement to 

perform repeat analyses to validate findings. However, improved workflow methods which most site 

data sets will offer will enhance the efficiency of these detailed analyses and should result in cost-

savings for the characterization of storage sites. 

Seven samples of sandstone from representative formations for geologic storage around Australia 

and one international standard were successfully analysed by the above workflows to identify CO2 

injectivity, rock response to CO2 injection, and CO2 flow behaviour. The samples represent 

formations associated with the Surat Basin, the Otway site, Gippsland Basin, and the Perth Basin, all 

sites being considered for geological storage of CO2.  

The geomechanical analyses indicated that CO2 injection can impact the permeability of storage 

reservoirs and this process must be carefully examined relative to injection characteristics. 

Core flooding procedures provided insight into effect of cyclical injection of CO2 on residual trapping 

and injectivity. Geophysical tests were successful in identifying changes to P wave velocities during 

CO2 flooding and this provides an indication as to whether monitoring by time lapse seismic has 

potential as a viable monitoring method for each potential Australian site. X-ray CT scanning was 

able to record the CO2 injection front and breakthrough. The imaging can also provide information 

on flow behaviour such as identifying the presence of gravity segregation mechanisms during CO2 

movement within the core (which is very useful in understanding the long-term storage potential at 

a site). 

The parameters provided by the workflow as presented are fundamental and essential for modelling 

the injection and long-term behaviour of CO2 in storage reservoirs, and will provide a basis for the 
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upscaling process. By utilizing such a co-located laboratory-based process, consistency in methods 

and results is enhanced. While this report presents a few examples from prospective storage 

reservoirs in Australia it provides a foundation for the development of a catalogue of analog or type-

reservoir information around CO2-related influences. This work will also lead to better understanding 

of controls impacting petrophysical parameters by comparison of these factors as shown by a range 

of reservoir examples. 

  



134 
 

11 Slides provided to the ANLEC Review Committee, Perth 

September 2012 
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