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A B S T R A C T

Coupled multiphysics constitutive models are generally developed based on macro-(core) scale measurements
often without an in-depth knowledge of involved micro-scale phenomena. Recent addition of micro-scale ima-
ging capabilities to triaxial and direct shear systems has enabled the characterisation of micro-scale phenomena
during failure process using techniques such as 3D X-ray computed tomography. These X-ray transparent de-
formation-flow cells, however, are often force controlled, and incapable of measuring the displacement in-
dependently. They also have difficulties in controlling the temperature, and often do not allow measurement of
permeability or cannot combine both direct shear and triaxial capabilities in one system. We therefore present
the development and the first trial of an X-ray transparent apparatus capable of controlling the sample tem-
perature without influencing X-ray radiation. The designed system allows for measurement of axial deformation
both in load and displacement control-mode where permeability measurements can be conducted during the
experiment. In order to assess the robustness of the designed system, the conductivity of fractured shale samples
from the Beetaloo basin, Australia were measured under triaxial and direct shear loading. The triaxial experi-
ment was conducted on a sample drilled parallel to bedding planes at 10MPa confinement and up to 30MPa
axial stress. The gas permeability was continually measured during the loading and micro CT-images were
acquired before-loading, at peak-load and after-unloading to investigate any induced damage and its potential
effect on the permeability. In addition, a direct shear test was conducted on another Beetaloo shale sample with
0.5MPa normal stress and 0.5 mm/s shear displacement. The fracture conductivity was measured throughout
the test and sample was scanned before-shearing and right after-peak to investigate the effect of fracture
shearing on overall fracture conductivity and aperture variations.

1. Introduction

Rock deformation and resultant strain localisation due to applied
external loads is of interest in many engineering disciplines especially
geo-engineering [1–4]. Macroscale deformation measurements are
often used for model development while the microscale driving forces
leading to such macroscale observations are yet to be properly char-
acterised. This leads to models that are not adequately linked to the
physical processes underpinning complex phenomena such as strain
localisations [5,6]. A 3D-map of changes induced by micro-scale phy-
sical processes can be constructed with acoustic measurements [7] and
more recently imaging techniques such as micro-CT scanning [8,9].
Digital Image Correlation is an additional tool to analyse the strain
development provided that images can be obtained with high resolution
[10,11]. In 3D X-ray computed tomography technique, the sample is

exposed to a polychromatic beam, where the photon beam is attenuated
as it passes through the sample. The attenuated photon beam is re-
ceived by an array of detectors and the response signal from the pho-
tons is transferred to a computer for reconstructing a 3D multiphase
gray-scale image (tomogram). Each data point in a tomogram (voxel)
represents the effective X-ray attenuation coefficient which is a function
of density and atomic number of the material [12]. The reconstructed
images are then processed i.e. registration, segmentation [13] and etc.

Understanding microscale processes is specifically important when
coupling multiphysics phenomena is of interest. Examples can be fluid
flow characterisation under triaxial loading, mechanical behaviour of
the rock at different temperature, mechanical loading and fluid reaction
and many others [14,15]. In order to carry out the triaxial testing to
investigate the coupling phenomena and image the sample using X-ray
technique, the cell body needs to be X-ray transparent and no external
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obstacle should exist around the sample [16] i.e. it is especially im-
portant when elevated temperature is needed. In addition, independent
deformation should be measured while fluid flows through the sample
or pore pressure is elevated.

In addition, the frictional properties and triaxial behaviour of geo-
materials are often studied using different experimental systems i.e.
whether the apparatus is X-ray transparent or not. In order to in-
vestigate the frictional properties of geomaterials, direct shear and ro-
tary shear tests are conducted. Zhao et al. [17] developed an X-ray
transparent rotary shear cell to study the frictional properties of geo-
materials. Later, Crandall et al. [18] designed an X-ray transparent
shear cell however the cell was mainly used for permeability mea-
surement as the axial load was only applied manually and therefore
could not perform direct shear testing with constant displacement rate.
On the other hand, X-ray transparent triaxial systems were developed to
investigate the soil mechanical behaviour or very soft rocks [19,20].
While such triaxial systems are very useful for soil-soft rocks mechan-
ical characterisation, their applications to rock engineering are limited
due to higher stresses required for testing and the need of permeability
measurement at controlled temperature.

We therefore designed a new X-ray transparent system capable of a)
providing 35 and 25MPa axial and confining stresses respectively, b)
measuring the permeability, c) controlling the temperature up to 90 °C,
d) measuring the axial displacement independently during the experi-
ment, e) conducting direct shear test with the same setup and finally f)
allowing sample setup with a minimal time. In order to assess the ro-
bustness of the designed cell we performed a set of triaxial and direct
shear experiments on organic rich shale samples from Middle Velkerri
Shale formation with a depth around 2180m from Beetaloo sub-basin,
Australia. The axial displacement and the gas flowrate were continually
measured throughout the tests. The obtained results were then dis-
cussed and microscale-macroscale links between physical processes
were established.

2. Experimental design

2.1. Cell body

One of the main challenges in designing triaxial cells for the CT
imaging is to use X-ray transparent materials with enough strength and
stiffness to hold the confining pressure and also low sensitivity to
temperature for high temperature applications. In this study, we use
PEEK material as the main body for the cell and the thickness is ad-
justed so that 25MPa confining pressure can be applied at maximum
temperature of 90 °C. The cell itself has a similar setup to that of Hoek
cells used in rock mechanical measurements where a special flange
shape Viton rubber sleeve is used for pressurisation [21]. Two platens
sit inside the rubber sleeve and are secured with end caps (Fig. 1). Each
platen has a hole to enable permeability measurements.

2.2. Axial loading

The axial load of up to 35MPa can be applied using a micro-ram
screwed to the body of the top cap (Fig. 2). The micro-ram provides an
independent axial stress supplied by an ISCO pump (260D). The Tele-
dyne ISCO D-series pumps consist of a controller and the pump module.
The pump module is a piston-driven pump where many simple-to-
complex operating modes and features can be set using its controller. A
micro Linear Variable Differential Transducer (LVDT) is attached to the
ram's head to monitor the axial displacement continually (Fig. 2a). The
pressure of the axial ram, the displacement from LVDT and confining
pressure are continually recorded using the software developed in
LabView. In addition, the ram can be readily replaced with a screw
shaft (Fig. b) to have displacement control axial loading with any ex-
isting servo-controlled loading systems or strain controlling pumps.

2.3. Temperature control system

In order to control the temperature in the cell while enabling X-ray
passage, two ports are placed on the top and bottom of the cell's body
(Fig. 2b) where the confining fluid is entered from one of the ports and
drained from the other port. A hydro-heat jacket is installed on an ISCO
pump (500D) and connected to the temperature bath. The water is
heated in the bath to the required temperature and circulated on the
syringe of the ISCO pumps heating up the confining fluid sitting in the
syringe. Then the confining fluid is injected at the constant flowrate
through the tube to the body of the cell. The water is drained from the
other port on the cell into a miniature back pressure regulator where
the pressure is set using external gas supply i.e. all high pressure tubes
are made of PEEK material. Thus fluid circulation at the given flowrate
under constant pressure is achieved. The circulation of the heated fluid
(water in this case) around the sample inside the body of the cell will
raise and maintain the sample temperature (Fig. 3). The temperature of
the fluid right at the entry to the cell is continually measured using a
pressure-temperature transducer (Keller).

As discussed, the micro-CT imaging technique non-destructively
maps the variation of X-ray attenuations to produce a 3D visualization
of the internal structure of the sample [22]. Hence, to capture the
change in internal structure of the samples and characterise the de-
veloped strains, the samples were imaged using a high resolution, large
field, helical micro-CT scanner [12] i.e. the resolution of 19.1 μm was
obtained for all images in this study.

3. Experimental methodology

3.1. Sample

In order to carry out the triaxial and direct shear experiments, the
organic rich shale samples were extracted from Middle Velkerri B Shale
formation with a depth around 2180m from Beetaloo sub-basin,
Northern territory, Australia. The mineral composition was measured

Fig. 1. Schematic of the components of the designed cell.
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as Quartz (52.6%), Illite-Muscovite (15.7%), Illite-Smectite, (7.4%),
Pyrite (9.5%), Clinochlore (2%), Albite (8%) and 4.8% loss on ignition
using X-Ray Diffraction (XRD) analysis. The total organic carbon (TOC)
was also measured by CHNSO (Carbon/Hydrogen/Nitrogen/Sulfur/
Oxygen) analysis as 3.15%. The sample pore size, porosity and matrix
permeability were additionally measured using Mercury intrusion ca-
pillary pressure instrument, MICP (PoreMaster). The porosity and per-
meability from MICP were obtained as 0.84% and 4× 10−24 m2 re-
spectively. The result of the MICP pore size distribution is presented in

Fig. A1 in the Appendix.

3.2. Triaxial experiment and CT scanning

An ISCO pump (500D) was used to provide the confining pressure
on the sample. A 260D ISCO pump was also used for axial loading with
a constant pressure rate. To make the end surfaces of the sample ready
for the experiment, the cylindrical specimens (0.5 inch or 12.7mm
diameter and 1.0 inch or 25.4 mm length) were cored and polished
carefully to about 0.003mm tolerance according to ISRM [23] i.e. each
sample was then placed in the cell. The confining pressure was then
increased with axial load to the target hydrostatic stress of 10MPa. The
axial displacement was carefully measured using installed LVDT on the
top platen (Fig. 2). The first CT scan was conducted when the sample
was under relatively low isotropic confinement of 0.25MPa i.e. the CT-
scan was taken around 1 h. The hydrostatic load was then followed to
10MPa and then axial load was increased to 30MPa where the loading
was stopped and second CT-scan was conducted. The sample was then
unloaded back to 0.25MPa confinement where the third scan was
performed. The gas flowrate was continually measured i.e. a constant
input gas pressure was maintained. It is noted that any change in the
maintained axial load during 1 h CT-scanning due to the potential creep
was neglected.

3.3. Direct shear test and CT scanning

Similar to triaxial experiment, an ISCO pump (500D) was used to
provide the normal stress (confining pressure) on the sample. Five
millimetre of each side of the fractured sample was cut and replaced
with a 3D printed rubber with a hole in the middle to allow the fracture
displacement as well as gas flow measurement in the fracture (Fig. 4).

Fig. 2. A) schematic of the cell with micro-ram and LVDT (left) and b) a photo of the cell under displacement control mode (right).

Fig. 3. Schematic of the experimental setup.
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These rubber heads ensure that the shear displacement can progress
with minimal resistance. The sample was then covered with a tape and
grease was applied to reduce any potential friction between the sample
and the rubber sleeve. The first scan was performed after applying
0.5 MPa normal stress with no shear loading. The sample was then
undergone direct shear loading by replacing the micro-ram with screw
head and placing the cell in the servo-controlled loading system. The
constant shear displacement of 0.05mm/s was then applied. The shear
displacement was stopped right after the peak and the sample was
scanned again i.e. the shear load was maintained on the sample. The gas
flowrate having constant inlet pressure of 0.3 MPa was measured
throughout the test using bubble gas flowmeter.

3.4. Temperature measurement

In order to assess the accuracy of the temperature control system, a
shale sample heated up to 50 °C in the oven was placed in the cell. A
micro-thermocouple was then attached to the top centre of the sample
below the platen and the thermocouple wire was passed into the platen
and out of the cell. The water bath adjusted to 50 °C was used to cir-
culate the water in the cell with 10ml/min flowrate and thermocouple
temperature was monitored. The thermocouple temperature reached
the temperature of the Keller transducer at entry after approximately
0.3 h.

4. Experimental results and discussion

The results of the stress-strain response of the Beetaloo shale sample
under loading and unloading along with the measured gas flowrate
ratio (normalised by gas flowrate at maximum axial stress of 30MPa)
are presented in Fig. 5. As can be seen from this figure, the shale sample
experiences significant drop in gas flowrate during the hydrostatic
loading up to 10MPa (∼0.01 axial strain) i.e. gas flowrate represents
the sample permeability as the inlet pressure is constant and the mea-
sured Klinkenberg correction at different stages of loading did not vary
significantly implying that the liquid to gas permeability ratio stays
unchanged [21].

Interestingly, the later differential stress (from 10MPa hydrostatic
stress to 30MPa axial stress) does not affect the gas flowrate con-
siderably. Looking at the stress-strain response during unloading, only a

slight permanent deformation is seen from unloading curve (< 0.001
axial strain), however, the gas flowrate behaviour is very different from
that of loading. It is in fact evident from Fig. 5 that the gas flowrate is
quite constant down to 5MPa hydrostatic stress (∼0.006 axial strain)
suggesting that the gas solely flows through the bedding planes and not
the matrix.

The collected micro-CT images are segmented where a large con-
nected bedding plane is observed throughout the sample (Fig. 6). The
red area in Fig. 6 represents the gap and white area is contact. As seen
from Fig. 6, the bedding plane is relatively conductive (or open) when
the sample is scanned at low isotropic confinement of 0.25MPa
whereas the opening is significantly reduced at maximum applied axial
stress. When unloading the sample to the same isotropic confinement,
0.25MPa and scanning it again, the contact area is considerably higher
than the initial state. This suggests the closure of opening along the
bedding plane under confinement and further interlocking of side walls
of the opening along the bedding plane during shear loading causing
the bedding plane’ surfaces to interbed. It in turn reduces the gas
flowrate during unloading showing lower bedding plane conductivity
for the sample. In addition, the gas only flows through the opening
along the bedding plane with no contribution from the matrix i.e.
matrix permeability was extremely low as previously shown from MICP
analysis.

The shear load-displacement curve for the direct shear test is shown
in Fig. 7. Additionally, the gas flowrate ratio (gas flow rate over gas
flow rate at peak shear load) is presented in Fig. 7. The gas flowrate
measurements suggest an overall increase in fracture aperture thus di-
lation. Such variation of aperture however is not steadily uprise at
every stage of loading. It is in fact seen that the gas flowrate is reduced
at some shear displacement and increases in some others showing the
dynamic nature of fracture shearing and resultant dilation-compaction
while shearing is in progress. This is somehow contrary to the opinion
that major macroscopic movements of the fractures occur at (or after)
the peak shear stress [24]. This observation therefore supports the
opinion that the considerable macroscopic fracture movement takes
place prior to peak [18,25]. Looking at the micro-CT scans performed at
initial normal stress and right after the peak (Fig. 8), a significant re-
duction in the contact area is observed where shearing has caused the
contact area to reduce from 32% to only 5.6% at peak shear load. Such
observations are quite important as they show that the definition of
normal stress might not be applicable for all shearing experiments i.e.
the normal load might be distributed to a much smaller area causing
significantly higher stresses at these contacts [26]. In addition, Fig. 8
shows that the fracture has displaced and dilated considerably as also

Fig. 4. The sample with fracture plus the rubber heads for direct shear testing.

Fig. 5. The loading and unloading stress-strain response of the shale sample
under 10MPa confinement together with the gas flowrate ratio during the test
(normalised in respect to the gas flowrate at maximum measured axial stress of
30MPa).

H. Roshan, et al. NDT and E International 107 (2019) 102129

4



evident by gas flowrate measurement discussed previously. This is an
additional evident that the fracture is likely to move macroscopically
before reaching to the peak shear stress. While the limited number of
experiments cannot provide a solid conclusion, this initial investigation
on the evolution of contact with shearing using 3D X-ray tomography
and the new designed system has a significant potential to reveal the
kinetics of micro-physical shearing processes driving the macro-scale
observations.

5. Conclusion

We have developed a new generation of X-ray transparent apparatus
to conduct triaxial and direct shear experiments at elevated tempera-
ture while the sample is imaged using micro-CT scanning to identify the
micro-scale processes driving macro-scale observations. The system
measures the axial displacement using an on board LVDT and can

control the temperature through a newly designed fluid circulation
system. The system is also able to measure the permeability using the
permeability enabled platens. Most importantly, the system uses a
special design with minimal sample setup time i.e. each sample
mounting will take less than a few minutes. The system can provide up
to 35 and 25MPa axial and radial stresses both on force and displace-
ment control modes and can control the temperature up to 90 °C. In
order to assess the performance of the system, permeability of the
Beetaloo shale samples were measured under triaxial and direct shear
loading. The results of the tests show that a) the change in sample
permeability by hydrostatic loading was relatively linear where no
significant change was observed by further deviatoric loading, b) a
significant hysteresis was observed between the permeability obtained
during loading and unloading of the sample with only trivial damage
also confirmed by CT images and c) the fracture dilation in direct shear
experiment led to overall increase in fracture conductivity with sig-
nificant reduction in the contact area of the fracture. In addition, it was
concluded that the fracture is likely to experience considerable mac-
roscopic yet localised movement before reaching to peak shear stress.
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Fig. 6. The segmented image of the main bedding
plane passing through the sample scanned at dif-
ferent stages: a) 0.25MPa confinement on loading
(left), b) maximum axial stress of 30MPa (middle)
and c) 0.25MPa confinement on unloading (right).
The red area represents the gap and white area is
the contact. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 7. Shear load versus shear displacement together with the gas flowrate
ratio within the fracture.
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Appendix

Fig. A1. Pore size distribution of the sample obtained from high pressure mercury intrusion measurement.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ndteint.2019.102129.
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