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SUMMARY

We developed a pressure and temperature control system for
use inside the micro X-ray CT scanner Xradia 400. We suc-
ceeded in building a pressure vessel that can be pressurized to
34.5 MPa (5000 psi) while being transparent to X-rays. The
setup can currently be cooled to -5◦C and heated to 40◦C. We
were able to observe grain damage and porosity reduction due
to applied confining pressure in clean quartz sand samples and
quartz sand and bentonite samples. The pressure control sys-
tem in combination with ultrasonic transducers will allow to
visually observe pore scale changes in rock samples (such as
crack closure, grain damage, porosity reduction, changes in
saturation) while simultaneously identifying their influence on
elastic properties.

INTRODUCTION

We are implementing a pressure and temperature control sys-
tem for use inside the Xradia-400 µCT machine. Goal of this
work is to be able to conduct µCT images of rock samples
while pore and confining pressure is applied. The tempera-
ture control is mainly intended for scans of gas-hydrate bearing
sediments. In addition to pressure and temperature control we
plan to conduct ultrasonic P-wave velocities simultaneously
with µCT imaging. The combination of imaging and veloc-
ity measurements will give us insight in pore-scale changes in
the rock and their influence on elastic properties.

EXPERIMENTAL METHOD

The Xradia-400 micro X-ray CT works at a maximum source
power of 10 W and source voltage of 150 keV. The maximum
size of field of view is 2 by 2 inches (50.8 mm * 50.8 mm).
The highest resolution is 1 m. For high resolution scans the
field of view is significantly smaller (e.g. for a resolution of 1
µm the field of view is reduced to 1 mm by 1 mm) and for a
big field of view the resolution is reduced (e.g. for maximum
size of field of view, resolution is 70 µm). Thus, we used a
medium resolution (5 µm) and medium size of field of view (5
mm * 5 mm).

Figure 5 shows a schematic of the experimental setup inside
the µCT machine. Confining pressure is applied through an
ISCO pump located outside of µCT machines lead enclosure.
We use water as a confining fluid. Currently, the pressure cell
is closed off with a valve and detached from the pump before
the imaging process in order to avoid movement during the
imaging.

For the temperature control system, air from a compressor is

Figure 1: : Schematic of the µCT machine with pressure cell
and temperature and pressure control systems

Figure 2: Torlon pressure cell with 25.4 mm outer diameter
and 14 mm inner diameter

led through a copper coil in a temperature bath filled with ethy-
lene glycol. The temperature bath can be regulated from -30◦C
to +70◦C. The air is then used to cool or warm the sample in-
side the µCT scanner. The air hose is paired with a hose loop
flowing ethylene glycol. Both hoses are insulated until they
reach the sample. The pressure cell containing the sample is
covered with a plastic cylinder to confine the temperated air to
a small volume around the pressure cell.

We built two pressure cells consisting of Torlon tubing with
stainless steel Swagelog fittings on both ends (Figures 2 and
3). The smaller cell has an outer diameter of 12.7 mm (0.5
inches) and an inner diameter of 8 mm; the bigger cell has an
outer diameter of 25.4 mm (1 inch) and an inner diameter of
14 mm. The cells have been tested for pressures up to 34.5
MPa (5000 psi). We chose Torlon as material for the pressure
cells since it proved to withstand high pressures while having
a low density and thus being transparent to X-rays. Higher
density materials, like stainless steel, would cause significant
attenuation of X-rays and thus a much longer scanning time
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µCT imaging under confining pressure

Figure 3: Torlon pressure cell with 12.7 mm outer diameter
and 8 mm inner diameter along with P-wave ultrasonic trans-
ducers. The PZT crystals are 3 mm in diameter.

Figure 4: Sample of coarse-grained quartz sand with 30wt%
bentonite between Torlon end pieces and heat-shrink jacket

and artefacts in the CT images.

We built ultrasonic transducers that fit into both pressure ves-
sels (Figure 3). The transducers consist of piezoelectric PZT
P-wave crystals and cylindrical pieces of Torlon. Both are con-
nected with conductive epoxy. On the edges and the outward
facing side of each PZT crystal (facing away from the sam-
ple) we applied a rounded layer of K20 epoxy to avoid the
reflection of waves from this direction. The ground wires are
attached to the Torlon buffer and the signal wire is attached to
the PZT crystal. The PZT crystals are squares with the dimen-
sions of 2.5 mm by 2.5 mm. This very small size was necessary
to fit the transducers into the pressure vessel (inner diameter:
8 mm) while still being able to lead all four wires past the up-
per transducers. The small dimensions of the transducers led
us to the decision to include only P-wave crystals and no S-
wave crystals. The S-wave signal that could be acquired under
the described conditions would not be suitable for interpreta-
tion. The ultrasonic transducers were not yet included in the
pressure setup. Thus in this study, we will focus solely on the
imaging part of the experiment.

The sample shown in Figure 4 consists of a 1-cm long sed-
iment pack placed between two Torlon end pieces which will
later be replaced by the ultrasonic transducers. The sample was
jacketed with heat shrink tubing and clamped with steel wires
on both ends. As sediment we used coarse grained quartz sand
mixed with 30t% bentonite. The sample was dry; pore pres-
sure was not applied.

We conducted 3 cycles of confining pressure increase to 13.8
MPa (2000 psi) and subsequent decrease to atmospheric pres-
sure. The confining pressure was increased for 16 hours be-
fore imaging and decreased back to atmospheric pressure for 8

Figure 5: Vertical (top) and horizontal (bottom) slices of µCT
images at atmospheric pressure (left) and 13.8 MPa (2000 psi)
confining pressure (right). The images clearly show changes
in the sample due to pressurization: grain crushing with asso-
ciated fracturing was observed especially where quartz grains
had direct contact points without clay-filled pore space inbe-
tween

hours prior to imaging to allow the sample to equilibrate. Mul-
tiple pressure cycles were performed to observe if the changes
to the sample are reversible and whether there are further changes
in a pre-compacted sample when pressurized again.

RESULTS

Figure 5 shows vertical and horizontal slices through the sam-
ple. For comparison, we are showing images at atmospheric
pressure prior to compaction and at 13.8 MPa confining pres-
sure. We were able to observe grain damage throughout the
entire sample, especially in quartz grains that had direct con-
tact points. Grains that were separated by pore space at at-
mospheric pressure appear to be crushed against each other at
elevated pressure which leads to fracturing.

Figure 6 shows the comparison between an image taken dur-
ing the first pressure cycle at 13.8 MPa and a subsequent image
taken at atmospheric pressure. For some grains we observed
that pre-existing fractures extended further and new fractures
occured upon decreasing the confining pressure. Some frac-
tures also extended further upon repeated increase of confining
pressure pointing to the conclusion that pre-compacted sam-
ples experience further change when subjected to increased
confining pressure again.

Figure 7 shows images taken during the first pressure cycle
at 13.8 MPa, after decreasing the pressure back to atmospheric
pressure during the first cycle and after decreasing the pressure
back to atmospheric pressure after the second pressure cycle.
The bentonite clay in the pore space is compacted upon the ap-
plication of confining pressure. When the confining pressure
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µCT imaging under confining pressure

Figure 6: µCT images during first confining pressure increase
to 13.8 MPa (2000 psi) (left) and after subsequent decrease to
atmospheric pressure. We observed a further progression of
existing fractures and opening of new fractures after the con-
fining pressure was decreased between subsequent pressure
cycles.

Figure 7: µCT images during first confining pressure increase
to 13.8 MPa (2000 psi) (left), after subsequent decrease to at-
mospheric pressure (middle) and at atmospheric pressure after
second confining pressure increase to 13.8 MPa (right). We ob-
served the formation of void spaces especially at quartz grain
surfaces (lower half of middle image). As the sample was con-
fined, the clay in the pore spaces was compressed resulting in a
volume reduction. The sample expands again after decreasing
the confining pressure while the clay stays compacted resulting
in voids in the pore space.

is decreased, the clay stays compacted resulting in a decreased
volume which leads to the formation of void spaces especially
at the grain surfaces of quartz grains. This observed detach-
ment of grains and pore filling materials could potentially lead
to decreased stiffness of the sediment. Upon repeated confin-
ing pressure cycling these voids seemed to be partially closed
again while new ones occurred in oter areas of the sample.

CONCLUSIONS AND FUTURE WORK

We were able to prove the functionality of our pressure and
temperature control system and demonstrate that changes in
rock samples can be visually observed within the resolution
constraints of the Xradia-400 machine. We developed a pres-
sure vessel and ultrasonic transducers suitable for the use in
the micro CT machine.

We observed compaction of the sample upon confining pres-
sure increase resulting in grain damage and fracturing of sedi-
ment grains. When the confining pressure was decreased some
cracks experienced further fracturing. The grain damage ap-

pears irreversible. Further fracturing of grains in pre-compacted
sediment was observed upon repeated confining pressure cy-
cling.

We are currently working on feed-throughs for fluid lines and
electric wiring to use ultrasonic transducers and pressure con-
trol in combination. Further we plan to include pore pressure
in addition to confining pressure into the system.

The pressure control system in combination with ultrasonic
transducers will allow to visually observe pore scale changes
in rock samples (such as crack closure, grain damage, porosity
reduction, changes in saturation) while simultaneously identi-
fying their influence on ultrasonic velocities. Such pore-scale
changes are usually not taken into account by rock physics
models and could help to identify why laboratory data diverges
from theoretical models. Further, it is possible to compute
compressibility from µCT images at different stress states by
image correlation (Lenoir et al., 2007; Dautriat et al., 2011;
Fusseis et al., 2014).
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µCT imaging under confining pressure
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