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Evaluating CO
2
 breakthrough 

in a shaly a caprock material: 
a multi‑scale experimental 
approach
Eleni Stavropoulou* & Lyesse Laloui

The potential of underground CO
2
 storage relies on the sealing efficiency of an overlaying caprock 

that acts as a geological barrier. Shales are considered as potential caprock formations thanks to their 
favourable hydro‑mechanical properties. In this work the sealing capacity of Opalinus Clay shale to 
CO

2
 injection is studied by means of capillary entry‑pressure and volumetric response. The overall 

objective of this work is to contribute to the safe design of a CO
2
 injection strategy by providing a 

better understanding of the geomechanical response of the caprock material to CO
2
 injection and 

eventual breakthrough at different scales. This is achieved by relating lab‑measured hydro‑mechanical 
properties of the studying caprock material (porosity, permeability, volumetric response) to field‑
related parameters (effective stress, injection pressure). A number of CO

2
 breakthrough tests is 

performed in Opalinus Clay samples under two different scales, meso and micro. At the meso‑scale, 
CO

2
 injection is performed in oedometric conditions under different levels of axial effective stress 

in both gaseous or liquid phase. In parallel, the material’s transport properties in terms of water 
permeability are assessed before CO

2
 injection at each corresponding level of effective stress. The 

impact of CO
2
 phase and open porosity on the material’s CO

2
 entry pressure are demonstrated. The 

correlation between measured entry pressure and absolute permeability is discussed. A second testing 
campaign at a smaller scale is presented where CO

2
 breakthrough is for the first time identified with 

in‑situ X‑ray tomography. CO
2
 injection is performed under isotropic conditions on an Opalinus Clay 

micro‑sample (micro‑scale), and CO
2
 breakthrough is identified through quantitative image analysis 

based on the measured localised volumetric response of the material. This innovative methodology 
provides important insight into the anisotropic response of this complex material that is indispensable 
for its representative modelling in the context of safe geological CO

2
 storage.

Carbon Capture and Storage (CCS) is a technology that has been introduced by the petrol and gas industry 
since more than twenty years. However, large scale CO2 storage sites have been limited around the world, with 
facilities mainly in the USA and northern Europe, until a few years ago when the momentum of CCS started 
growing  back1,2. This increasing interest in CCS investment has been driven by the increasing need to reduce 
emissions as an effort to mitigate climate change while maintaining the energy demand. Since a couple of years, 
more countries around the globe are initiating CO2 storage facilities that will enable energy transition while 
keeping CO2 emissions  low3.

The technology of underground CO2 storage is based on the same principles that nature has been employing 
to keep oil and gas underground over millions of years. Geological or structural trapping of CO2 is the primary 
mechanism that prevents CO2 migration from the storage reservoir to the surface and relies on the existence of 
an impermeable caprock formation that acts as a hydromechanical barrier. The CO2 injection pressure in the 
reservoir is compensated by the capillary forces that are created in the caprock’s pore space and prevent CO2 
penetration and leakage to the surface. To achieve a higher storage volume, CO2 is compressed and injected in 
the reservoir in a liquid (pressure, p ≥ 7.4 MPa) or supercritical form (pressure, p ≥ 7.4 MPa and temperature, 
T ≥ 31.2◦C ). For this reason a minimum depth of 700 to 800 m is desired assuming hydrostatic conditions. Fig-
ure 1 illustrates the main principles of geological CO2 storage together with the corresponding density evolution 
of CO2 with depth, both for a constant temperature of 25 ◦C (testing conditions of this study) and assuming a 
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thermal gradient of 2.5 ◦C per 100 m depth (surface temperature equal to 15 ◦C ) as suggested by Ref.4. Com-
pressed CO2 is usually injected in a brine saturated reservoir (usually sandstone or limestone) and because the 
density of the injected CO2 is lower than that of the in-situ brine, CO2 migrates upwards until in contact with 
the caprock; this is referred to as plume  effect5,6 (see Fig. 1) or as formation dry-out7,8.

The minimum pressure of CO2—or a non-wetting fluid more generally—that is required to displace the pore 
water of the caprock material is called entry pressure (PE) and it is defined as the difference between the CO2 
injection pressure ( uCO2 ) and the pore water pressure ( uw ): PE = uCO2 - uw . The CO2 entry pressure is also referred 
to as CO2 overpressure or threshold pressure and in this work the concept explained by Ref.9 is considered for its 
measurement. Upon CO2 injection, water is first displaced from the largest pores of a water saturated sample. 
Even though breakthrough may have not yet occured at this stage, i.e. the invading non-wetting fluid has not yet 
reached the other side of the sample due to local heterogeneities or due to the scale of observation, breakthrough 
and entry pressures are considered to be equal. From an experimental point of view the CO2 injection pressure 
can be further increased in order to measure a breakthrough pressure that corresponds to the capillary pressure 
of the largest interconnected pores across the rock volume and is defined as:

where γ (N/m) and θ ( ◦ ) are the interfacial tension and contact angle of the wetting (water) / non-wetting ( CO2 ) 
interface respectively, and d (m) is the corresponding pore or throat diameter. This definition of capillary pres-
sure describes the case of a single throat (see Fig. 1), it is thus somewhat simplistic for the description of capil-
larity of a natural heterogeneous material. Nevertheless, capillarity (and therefore breakthrough) is driven by 
the larger pores or throats of the material. In the case of an existing (micro-) fracture, this will be the principle 
flow channel and therefore, the definition of the entry pressure can be brought down to a single diameter; the 
minimum local fracture aperture.

It is obvious that capillarity is related to the shape and size of the porous space. A potential caprock material is 
expected to develop high capillary forces, therefore very small pore sizes are required. Shales (or other mudrocks) 
are usually identified as preferable caprock formations thanks to their favourable properties among which except 
for high capillarity are the very low permeability, self-sealing and high sorption capacity. Shales have indeed a 
very small dominant pore size with ranges that vary from a couple of nm to a couple of hundreds of  nm10. It has 
been shown that porosity decreases exponentially as depth increases in normally-compacted  formations11, and 
consequently it is commonly accepted that porosity decreases exponentially with effective  stress12. Depth (over-
burden stress) and effective stress are parameters related to site conditions and have to be taken into account for 
the characterisation of a caprock material. The impact of these site parameters on the material’s hydromechanical 
properties are reflected through porosity.

(1)pc =
4 γ cosθ
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Figure 1.  Schematic representation of underground CO2 injection accompanied by the evolution of the CO2 
density with depth (considering hydrostatic pressure conditions): for a constant temperature of 25 ◦C and a 
thermal gradient of 2.5 ◦C/100 m for a surface temperature equal to 15 ◦C.
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Previous studies have investigated the entry pressure of shaly caprock materials upon CO2  injection13,14 and 
they have identified an entry pressure that varies from a couple of MPa up to close to 18 MPa. These results are 
encouraging and demonstrate the material’s sealing potential, however, they have been obtained based on differ-
ent techniques with limited emphasis on the applied hydromechanical boundary conditions which represent the 
different possible storage or injection conditions. The lack of experimental results under known geomechanical 
boundary conditions motivated the current study, the objective of which is to relate the sealing response of the 
material with site related parameters (effective stress and CO2 injection pressure) and transport properties (water 
permeability and CO2 capillary entry pressure) that can be assessed from lab-scale characterisation.

Tested material
An Opalinus Clay (OPA) core extracted from borehole D5S (corresponding to a total overburden of 262.7 m) 
in the Mont Terri Underground Research Laboratory (URL) in Switzerland has been used for the experimental 
activities of this work. The OPA core is shown in Fig. 2 and it is mainly composed of clay particles, i.e. extracted 
from the shaly facies of Opalinus Clay  stratum17.

The basic properties of the intact material (“as-received”) have been identified in the lab. More precisely, the 
water content of the core is measured equal to 6.47% based on mass measurement before and after oven drying at 
105 ◦C . The solid grain density is measured equal to ρs = 2.73 g/cm3 according to the water pycnometer technique 
on crushed material that was sieved at 0.5 mm. Finally, the bulk density is measured on a cylindrical sample from 
caliper measurements of the height and diameter and is found equal to ρ = 2.37 g/cm3 . From these parameters, 
the initial void ratio and and the degree of saturation are calculated equal to e =   0.226 and Sr = 78% respectively.

The pore size distribution (PSD) of the Opalinus Clay core is measured based on the Mercury Intrusion 
Porosimetry (MIP) technique and it is presented in Fig. 3 together with the results reported in Ref.14. The clay-
rich material presents in both cases a single dominant pore size; uni-fractional distribution. The slight difference 
between the range of the two shaly cores (10–20 nm from current study vs. 10–30 nm from ref.14) could be attrib-
uted to the accuracy and limitations of the MIP  technique15 or it can be additionally related to the mineralogical 
composition of the studied cores (see Table 1); a higher clay content and lower carbonate and quartz content 
measured in the core of the present study and therefore more intraparticle to interparticle  porosity16.

In the same figure, the PSD of the material after CO2 breakthrough is presented. Similarly to the Ref.14 
observations, no significant differences are visible on the dominant pore size before and after exposure to CO2 . 
In addition, the obtained PSD is not affected in the higher range between 10 µ m and 100 µ m unlike the results 
reported  by14. This may be related to the duration of CO2 exposure; while in this study each CO2 injection lasts 

Figure 2.  Opalinus Clay core sample.
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Figure 3.  Pore size distribution (PSD) of the tested material, before and after exposure to CO2.
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an average of one week and it is followed by water resaturation, Ref.14 exposed the Opalinus Clay sample to CO2 
for 105 days. This long-term exposure may have partially dried the sample and created fissures that manifest 
in the higher range of the PSD. Nevertheless, it should be reminded that the accuracy of the MIP technique in 
shales presents several limitations related to the detection of macro-pores due to the presence of fissures and 
surface  effects18.

Methodology and experimental campaign
Breakthrough is commonly identified in low permeable media based on the stepwise  technique9. CO2 is placed 
in contact with the upstream surface of a water-saturated sample at an initial pressure equal to the pore water 
pressure of the material. The CO2 pressure is then increased in constant pressure steps, the resolution and dura-
tion of which depend on the sample’s permeability and the required accuracy for the capillary entry pressure 
definition. When the CO2 overpressure ( CO2 pressure minus pore water pressure) is higher than the capillary 
entry pressure of the material, water is displaced out of the sample and when flow increase is observed on the 
other side of the sample breakthrough is identified. This means that once breakthrough has occurred, the CO2 
entry pressure of the material is defined within the range of the last CO2 pressure step. In this campaign, CO2 
breakthrough experiments in Opalinus Clay have been performed under two different scales and boundary 
conditions. All tests have taken place under controlled temperature conditions equal to 25 ◦C ± 0.5 ◦C and the 
description of each testing procedure is presented in the following.

Meso‑scale oedometric breakthrough tests. A first series of CO2 injections under oedometric con-
ditions has been performed on two cylindrical OPA samples (samples OPA-1 and OPA-2) with dimensions 
h = 35.0 mm and d = 12.5 mm as shown in Fig. 4. A high pressure oedometric device located in the Laboratory of 
Soil Mechanics in EPFL has been employed for the tests, where the axial load (max. 100 MPa) and the upstream 
and downstream pore pressures (max. 16 MPa each) can be independently applied and monitored both in pres-
sure and  volume19. The axial displacement is measured by three LVDTs while an individual pressure transducer 
is connected upstream and downstream close to the cell for additional validation of the applied pressures.

CO2 is injected at the upstream side of the sample at increasing steps of 1 MPa (constant pressure steps) 
while applying constant pressure conditions at the downstream reservoir, as illustrated in Fig. 5. Once a sudden 
increase at the downstream outflow volume is observed, breakthrough is identified and the CO2 entry pressure 
of the material is defined as PE = uCO2,up − uw,dw . Evidently, the precision of the breakthrough and consequently 
entry pressure is directly related to the resolution of the applied steps, i.e. 1 MPa. CO2 injection under constant 
pore pressure conditions downstream is considered more representative to in-situ conditions since in a simple 
case of a homogeneous caprock without for example low permeability faults, the conditions are closer to drained 
(constant pressure). From an experimental point of view, constant volume conditions downstream (undrained 
conditions) result in immediate pressure increase downstream due to water’s incompressibility.

Each breakthrough test lasts an average of 15 days, during which a series of different phases takes place in 
the order illustrated in Fig. 6. First, the sample is saturated with water (initial saturation under constant volume 

Table 1.  Mineralogical composition of the Opalinus Clay; current study and from Ref.14.

Shaly OPA (wt%) Quartz Carbonate Clay Other

OPA core from current study 9 15 74 2

Minardi et al.41 6 20 68 6
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Figure 4.  High pressure oedometric cell and Opalinus Clay specimen in the oedometric ring.
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conditions for the assessment of the swelling pressure of the sample) after which a total axial load is applied. 
After consolidation is completed (average 2 days) the water permeability of the material is assessed (1–3 days).

The pre-exposure phase is then followed by the CO2 injection phase which can last up to 8–10 days; average 
injection duration per step ≈ 2 days. Finally, after breakthrough has occured, the sample is resaturated with 
water and post-injection permeability is in most cases measured. The different breakthrough tests have been 
performed on two Opalinus Clay samples from the same core; sample 1 and sample 2. Both samples are cut 
parallel to the bedding with a mechanical lathe and placed in the oedometric ring immediately after unsealing 
the core. Sample 2 is tested immediately after mounted in the oedometric ring while sample 1 is sealed in a 
vacuumed neoprane envelope and stored in controlled humidity (85%) and atmospheric pressure conditions.

Micro‑scale isotropic compression breakthrough tests. In addition to the oedometric conditions, 
CO2 breakthrough tests under isotropic compression conditions have been performed using a “home-made” 
polyetheretherketone (PEEK) cell, the so called PEEKcell that has been developed by the authors. PEEKcell 
allows testing of small cylindrical samples (5 mm × 5 mm) during live X-ray tomography and it is designed to 
sustain 20 MPa and 40 ◦C maximum pressure and temperature respectively. The consideration of such small 
size samples aims first of all to achieve reduced time durations of the different hydromechanical phenomena—
consolidation (based on Terzaghi’s consolidation theory) and entry pressure/breakthrough—in this very low 
permeable material (improved temporal resolution), but also to the increase of spatial resolution of the acquired 
X-ray scans.

The setup that has been developed and employed during this study is presented in Fig. 7. The sample is placed 
between an aluminium base and cap and it is sealed on a steel base with a neoprene membrane and two o-rings 
(top and bottom). The confining pressure is applied from an entry at the top of the cell while the pore pressure is 
accessed from the bottom of the cell directly to the sample (upstream). The tests are performed under constant 
volume conditions, i.e. once the target confining stress and pore pressure are applied, the lines (valves) are closed 
and any potential leakage is monitored from the pressure metres that are connected in between.
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Figure 5.  CO2 breakthrough testing layout under constant pressure conditions.
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Given the fact that there is no downstream pressure control, the pore water pressure of the sample is null and 
therefore PE = uCO2 . In order to avoid the undrained constant volume conditions that were discussed in the case 
of the oedometer, a cavity of an approximate volume equal to the average pore volume of the sample is created 
on the top cap of the sample. In this way, breakthrough can physically occur by displacing the pore water in the 
existing empty space. The described configuration of this top part of the sample setup is shown in Fig. 8 from two 
vertical slices of X-ray images before and after the application of confinement (spatial resolution 7.85 µm/px).

As revealed from the setup’s cross-section in Fig. 8, the top and bottom sides of the sample are not entirely 
in contact with the cap and base. This may have an impact on the distribution of the applied confinement. To 
evaluate this potential drawback, the displacement maps of the sample along the three axes are calculated for an 
applied confinement of 10 MPa. As shown in Fig. 9a, a localised displacement of a couple of microns is meas-
ured along the vertical axis (z), at the top and bottom of the sample. Along the two horizontal axes (x and y) a 
homogeneously distributed displacement is obtained, which is as expected more pronounced along the axis x, 
i.e. perpendicular to the bedding orientation of the sample. The error of the measurement has been evaluated by 
comparing two consecutive identical X-ray scans at the initial state of the sample, i.e. under undonfined condi-
tions. After calculation of the displacement field between these two “identical” scans, the error has been meas-
ured equal to 0.04 px, i.e. 0.3 µ m, however, this is an overestimation since the sample has already experienced 
some strain from one scan to the other (possibly due to minor drying). For a better understanding of the local 
displacement within the sample, the local displacement vectors are plotted in Fig. 9b. An overall isotropic com-
paction is obtained, proving the successful application of confinement, with only some slightly more pronounced 
displacement activity at the upper and lower edges of the sample. In any case, in the context of breakthrough 
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testing, confinement perpendicular to the sample’s bedding is what is of utmost importance to ensure closure of 
potentially pre-existing micro-fissures.

Similarly to the larger scale breakthrough tests CO2 injection is performed according to the stepwise tech-
nique, this time in constant pressure steps equal to 2 MPa. The tested sample is initially resaturated under 
controlled humidity and atmospheric pressure conditions until mass stabilisation is reached. Then the sample 
is mounted inside PEEKcell and confinement is applied. Thanks to the small size of the sample, consolidation is 
completed shortly after the application of the confining pressure ( ≈ 1 h) and finally, CO2 is injected at increasing 
pressure levels. The mechanical response of the sample is evaluated with image analysis on the different acquired 
scans before and after each loading phase.
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Figure 8.  Sample setup in the PEEKcell from two vertical slices (a) before and (b) after confinement.
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Oedometric breakthrough testing results
In this section, the results obtained from the different breakthrough tests under oedometric conditions are pre-
sented. First, the CO2 entry pressure of the material is assessed under different levels of axial effective stress and 
different CO2 phases (gaseous and liquid). Then the hydraulic behaviour of the material is investigated based on 
the acquired water permeability at different levels of applied effective stress in order to investigate its association 
to the corresponding measured entry pressure. The axial effective stress, σ ′

ax , is considered based on the Terzaghi’s 
equation, i.e., σ ′

ax = σax − up where, σax is the total axial compressive stress and up is the pore-fluid pressure. It is 
important to point out the given definition refers to the effective stress applied on the sample before CO2 break-
through, i.e. while the material is fully saturated with water. After CO2 breakthrough, CO2 injection is stopped and 
the sample is resaturated with water for the measurement of the corresponding permeability (single phase flow).

Assessment of the CO
2
 entry‑pressure. In this campaign, a series of breakthrough tests has been 

performed under constant pressure boundary conditions at the downstream water reservoir. In the following, 
the results of four breakthrough tests (performed on sample OPA-2) are explained in detail and presented in 
chronological order: loading history can have an irreversible impact on the structural (porosity) and therefore 
hydromechanical properties of the material. During each subsequent breakthrough test the same or an increased 
level of axial effective stress is applied. In the following results, CO2 is injected under two levels of axial effective 
stress (10 MPa and 22 MPa) and two levels of pore water pressure are considered (2 MPa and 8 MPa). The ini-
tial CO2 injection pressure is equal to the given pore water pressure corresponding to injection of both gaseous 
( uCO2,init = 2 MPa) and liquid CO2 ( uCO2,init = 8 MPa).

First, the sample is saturated under low pore water pressure ( udw = 200 kPa) and constant volume conditions, 
i.e. zero axial displacement, in order to assess the swelling pressure which is stabilised to 3.2 MPa (see Fig. 10a 
t = 2 days). Afterwards, the total axial stress and the pore water pressure, both upstream and downstream, are 
increased by 1 MPa in order to further enhance saturation and upon stabilisation of the axial displacement one 
day after, a constant pore pressure gradient of 1 MPa between the upstream and downstream sides of the sample 
is applied for the measurement of water permeability, once steady state conditions are achieved (t = 2 to 4 days). 
The total axial stress is then increased to a target value equal to 12 MPa and upon the end of consolidation, i.e. 
stabilisation of the axial displacement (t = 5 days), the water permeability is again evaluated. This is the end of 
the pre-exposure phase.

As shown in Fig. 10a, CO2 is introduced at the upstream side of the sample at a pressure equal to the down-
stream water pressure i.e. 2 MPa. Figure 10b shows the evolution of the downstream water volume outflow 
during CO2 injection (blue plot) together with the corresponding CO2 overpressure uCO2 - uw,dw (red plot). 
Upon overpressure increase from 1 to 2 MPa, a sudden increase of the water outflow at the downstream side is 
obtained indicating the excess of capillary forces in the pores of the material. CO2 pressure is further increased 
(after the dashed lines in Fig. 10) to ensure that breakthrough has occured and as expected the downstream 
outflow is further increased.

Figure 11 shows the results of the proceeding breakthrough test that is performed under the same axial effec-
tive stress (i.e. 10 MPa) and liquid CO2 injection; pore water pressure and initial CO2 injection pressure equal 
to 8 MPa. Given the chronological order of the presentation of the tests, the first 2 days of the graph in Fig. 11a 
shows the water resaturation of the sample after the first gaseous CO2 injection. Then the total axial load is 
increased to 18.2 MPa followed by a consolidation phase that lasted around 3 days. The sample’s water perme-
ability is then assessed with the application of a pressure gradient equal to 1 MPa during 2 days when steady state 
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conditions have been achieved. Finally, the two pore pressures upstream and downstream are set to a pressure 
equal to 8 MPa before the beginning of injection. Figure 11b shows the evolution of the CO2 overpressure with 
time, toghether with the downstream water volume outflow. A clear increase of the water outflow is obtained 
upon CO2 overpressure increase from 1 to 2 MPa.

After the end of the second breakthrough test ( σax = 18.2 MPa and udw,w = 8 MPa) the sample is unloaded 
to a total axial stress equal to 6 MPa and resaturated with water under low pore pressure equal to 1 MPa. After 1 
day, the total axial load and pore water pressure (at both sides) are increased to 24 MPa and 2 MPa respectively 
as shown in Fig. 12a. Upon completion of consolidation, the water permeability of the sample under 22 MPa 
axial effective stress is measured with the application of a pressure gradient equal to 1 MPa. The two sides of 
the sample are then set back to a pressure equal to 2 MPa and after equilibration, gaseous CO2 injection from 
the upstream side is initiated under the same pore pressure, i.e. 2 MPa. The upstream CO2 pressure is then 
increased with 1 MPa steps that last an average time equal to 1.5–2 days (Fig. 12b). In this test, breakthrough is 
identified during CO2 overpressure increase from 2 to 3 MPa as shown from the downstream water outflow on 
the downstream side in Fig. 12b.

A last breakthrough test is presented in this section under the same axial effective stress (22 MPa) and liquid 
CO2 injection. As shown in Fig. 13a after resaturation the sample’s total axial load and pore water pressure are 
increased to 30 MPa and 8 MPa. Liquid CO2 is then injected from the upstream side at an initial pressure equal to 
8 MPa. Step-wise injection has been re-initiated at 1 MPa pressure steps that have been halted due to leak issues 
on the downstream side. A second step-wise injection follows and it is presented in terms of CO2 overpressure 
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and downstream water outflow in Fig. 13. An increase of the water outflow is observed upon increase of the 
CO2 overpressure from 3 to 4 MPa, while an additional CO2 pressure increase has been performed to ensure 
breakthrough; indeed, the downstream water outflow increases even more.

The results of the presented breakthrough tests reveal a higher CO2 entry pressure under higher axial effec-
tive stress. Under low effective stress (here 10 MPa) the impact of the CO2 phase does not directly reflect on the 
measured entry pressure—obviously under the given resolution of CO2 pressure increase, i.e. 1 MPa. Under a 
higher and more realistic level of effective (22 MPa) the CO2 entry pressure is higher when CO2 is injected in 
liquid form. These results together with those of additional liquid CO2 injection tests are assembled and discussed 
in “Entry-pressure evolution with applied effective stress” section.

Hydraulic response. Before further analysis and interpertation of the breakthrough results, the hydraulic 
response of the material in terms of water permeability is presented and discussed. It has been demonstrated by 
various experimental results on multiple shale samples that the level of the applied effective stress has an impact 
on the permeability of shales, in particular at levels higher than the pre-consolidation stress of the  material20–23. 
Some researchers reported a higher stress sensitivity of permeability for samples with high clay and low carbon-
ate  content24,25. The decrease of permeability is mainly attributed to a decrease in connected pore volume net-
work with the increase of the effective stress, in particular those pores which act as critical links in the  network26.

Different empirical equations have been proposed in the literature for the description of acquired experi-
mental data, most commonly in the form of exponential  functions27–29 or power  laws30,31. Even though Ref.32 
showed that the power law permeability models can be approximated by exponential equations, in this study 
we chose a power law model to describe the relation between effective stress and measured water permeability, 
k (m2 ), of our shaly samples:

where k0 (m2 ) is the permeability that corresponds to an effective stress σ ′
ax,0 (MPa) and α is a material constant.

The water permeability of the two Opalinus samples has been measured under different levels of axial effective 
stress (oedometric conditions) applying a constant head  flow33,34. A water pressure difference equal to 1 MPa is 
applied between the upstream and downstream side of the sample and the permeability k (m2 ) of the medium 
is calculated through the hydraulic conductivity K (m/s) while considering the fluid’s dynamic viscosity ηf  (Pa·
s), density ρf  (kg/m3 ) and the gravity acceleration g (m/s2):

Based on the Darcy’s law, the hydraulic conductivity can be calculated as follows:

where, qf  (m3/s) is the volumetric flow, L (m) the height of the sample, A (m2 ) the area of the sample, �Pf  (Pa) 
the applied pressure difference.

Figure 14a shows the values of water permeability that have been measured for each sample under the cor-
responding applied axial effective stress. As expected, permeability decreases with the increase of the applied 
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effective stress. The results of the two samples are compatible for applied levels of effective stress higher than 
10 MPa, while under lower effective stress a large variability is observed. This response can be explained by 
the pre-existence of micro-cracks that under low confinement remain open and dominate the flow. Upon load 
increase, pre-existing fissures close and the flow is again controlled by the porosity of the sample. It is indeed most 
likely that dessication fissures have been created in sample OPA-1 which was tested one month after the opening 
of the Opalinus Clay core. For this reason the fitting of equation Eq. (2) does not consider the two first points 
of OPA-1 (square points). The fitted parameters are k0 = 2.15 ×10−19 m2 , σ ′

ax,0 = 0.0004 MPa and α =  0.38. The 
Opalinus Clay (and shales in general) is an anisotropic material the hydromechanical response of which (includ-
ing permeability) depend on the bedding orientation. In this work, the tested samples have bedding parallel to 
the flow (vertical bedding) and therefore anisotropy related effects on tortuosity for example are not considered.

The decreasing water permeability with increasing effective stress is due to the porosity decrease. The available 
porosity values with the corresponding water permeability under the same level of effective stress are plotted in 
Fig. 14b. The porosity φ of each sample is calculated based on the axial displacement evolution and while not 
all the displacement values are available, the plot properly demonstrates the correspondance between the two 
material properties; higher water permeability for higher levels of normalised porosity. The calculated φ values 
are normalised with the initial porosity of each sample φ0 under no effective stress. These are equal to 16.03% 
for sample 1 and 18.43% for sample 2.

Entry‑pressure evolution with applied effective stress. In this section, the level of effective stress 
will be evaluated in relation with the corresponding level of applied effective stress. As shown above, the hydrau-
lic response of the studied material in terms of measured water permeability has been related to the applied levels 
of axial effective stress by means of evolving porosity. However, the link between porosity and entry pressure 
(PE) is less straight forward since the definition of the latter is a function of a pore/throat of diameter d:

From this fundamental definition it can be deduced that breakthrough will occur at the pore/throat with the 
higher diameter. In shales, at low levels of effective stress, it is likely that pre-existing micro-fissures still remain 
open and hence breakthrough will be driven by them (largest d). As effective stress increases, these micro-fissures 
will tend to close and therefore both throat size and porosity will decrease.  Reference23 reported both decreasing 
porosity and dominant pore size in shallow Opalinus Clay with depth. This similar tendency between the two 
parameters (pore size and porosity) and depth (overburden stress) remains empirical, nevertheless it serves as 
an extra motivation in this study for the evaluation of the impact of effective stress on the corresponding entry 
pressure value by means of pore structure modifications.

The results of the measured CO2 entry pressure of the tested Opalinus Clay with the corresponding axial 
effective stress are summarised in Table 2 and plotted in Fig. 15a. The effective stress is calculated considering 
the applied total axial stress and the downstream pore water pressure which corresponds to the initial applied 
CO2 injection pressure. The results from the gaseous CO2 injection are separated from the liquid CO2 results, 
since surface tension ( γ ) and wetting properties (contact angle, θ ) of the CO2/water interface change with pres-
sure (and therefore phase)35,36. The obtained values of CO2 entry pressure are consistent for liquid CO2 injection 
(indicative values of γ = 30 mN/m and θ = 40◦ from Ref.36), however, for gaseous CO2 injection (lower CO2 
pressure) the equivalent values of surface angle and contact angle result in higher entry pressure. This discrepancy 
between experimental results and theory requires further investigation for the better understanding of the sealing 
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response of the given material and its implication to real storage. For instance, the consideration of additional 
hydromechanical mechanisms related to phenomena such as partial desaturation and suction increase from 
gaseous CO2 injection, may be necessary for a more appropriate interpretation of these results.

For both CO2 phases the measured entry pressure increases with the increase of the axial effective stress. This 
result reveals the importance of the accurate definition of the hydromechanical boundary state of the caprock 
material for the evaluation of its entry pressure. Even though the obtained general trend shows a lower entry 
pressure upon gaseous CO2 injection compared to the corresponding liquid, for low effective stress (10 MPa), 
a similar entry pressure has been measured for both CO2 phases—within the 1 MPa range of the increasing 
injection step. This result reveals the high impact of open porosity (open fissures) to the sealing capacity of the 
material that dominates the response. As the effective stress increases, pre-existing cracks close and porosity 
decreases, thus the phase difference reflects in a more significant way on the response. The results are fitted using 
an exponential fit based on empirical laws of porosity evolution with effective  stress37,38.

The available values of the calculated normalised porosity φ/φ0 of the two samples are also plotted with the 
corresponding measured entry values (Fig. 15b); these are only for liquid CO2 injection. Impressively enough, a 
near linear trend is obtained, highlighting the importance of open porosity on the sealing capacity of the mate-
rial; higher CO2 entry pressure for lower levels of normalised porosity. This is consistent with the definition of 
the capillary entry pressure, nevertheless, more experimental results are required for more concrete conclusions.

Small‑scale isotropic compression breakthrough testing
The results of the oedometric breakthrough tests confirmed that flow (water permeability) and sealing capacity 
( CO2 entry pressure) of the studied caprock material are driven by the open porosity and potentially pre-existing 
micro-fissures. This outcome motivated a parallel campaign where CO2 injection is performed in much smaller 
cylindrical Opalinus Clay samples ( 5× 5 mm) and the kinematics are analysed with real-time X-ray tomography. 
Live X-ray scanning allows the observation and quantification of localised structural changes, which in the case 
of shales is hard to be achieved at a pore scale (nanometric scale). Nevertheless, resolutions of a few microns can 
reveal existing micro-fissures and their evolution upon confinement and CO2 injection. A spatial resolution of 
7.85 µm/px is achieved and each scan has lasted 30 min.

Table 2.  Applied pressure conditions and measured CO2 entry pressure from the different breakthrough tests 
on the two Opalinus Clay samples.
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sample 2: φ0 = 18.43%).
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The Opalinus Clay sample has been resaturated progressively after exposure to atmospheric pressure and 
controlled relative humidity (RH) conditions. Two saturated saline solutions have been used, first a NaCl solution 
corresponding to RH = 75% followed by a K2SO4 corresponding to RH = 98%39 over a period of at least 10 days 
each at 25 ◦C . A progressive exposure to higher RH has been preferred, given the high sensitivity of the material 
to water changes and the atmospheric pressure conditions during resaturation. The weight of the samples has 
been followed daily and upon stabilisation, a close-to-full saturation is considered, corresponding to a measured 
water content wresat = 6.67%, i.e. within the range of full  saturation40. The sample is then mounted in PEEKcell 
the lines of which are vacuumed at low back pressure both upstream and downstream.

A first scan under unconfined conditions is taken after which isotropic confinement is applied. Based on the 
size of the sample, consolidation is expected to occur faster than a conventional size sample, i.e. consolidation is 
supposed to be completed in approximately one hour. After the end of the consolidation phase, CO2 is injected 
into the sample from the upstream side at steps of 2 MPa. Six scans have been performed in total, as shown in 
Fig. 16a; (00): initial unconfined state, (01): after p = 10 MPa isotropic confinement, (02): CO2 injection, uCO2

 = 
2 MPa, (03): CO2 injection, uCO2

 = 4 MPa, (04): CO2 injection, uCO2
 = 6 MPa, (05): CO2 injection, uCO2

 = 8 MPa.
The volumetric evolution of the sample has been measured directly from the acquired images by performing 

a total registration between each scan and scan (01), i.e. after isotropic confinement (p = 10 MPa and uCO2
 = 0). 

All other acquired volumes have been normalised with respect to the reference scan and the evolution of the 
volumetric strain with the applied effective stress is plotted in Fig. 16b. As the graph shows, an initial compaction 
takes place after the application of confinement (00 → 01). The volumetric strain during the application of 10 MPa 
confinement is equal to − 0.29% and it is comparable to the volumetric strain of an equivalent oedometric test 
after application of axial total stress of 12 MPa (see Fig. 10a) that is measured equal to − 0.52%. In theory, higher 
volumetric strain is expected for the same effective pressure in oedometric conditions (effective axial stress) 
compared to isotropic (effective isotropic stress). The difference in the mechanical response between the two 
testing campaigns can be attributed to several factors including sample variability (damage during preparation, 
pre-existing fissures), displacement measurement error (lvdt resolution vs image analysis), full vs partial water 
saturation of the sample etc. CO2 injection at 2 MPa does not affect the sample in any significant way, only a 
slight further compaction is observed (01 → 02). During the next CO2 increase at 3.6 MPa (02 → 03) the sample 
starts swelling and the volumetric response continues to be dilatant upon further increase of the CO2 pressure 
(03 → 05). This change in volumetric response denotes the occurrence of breakthrough throughout the sample 
and a corresponding entry pressure between 2 and 3.6 MPa. This result is consistent with the results from the 
bigger scale breakthrough test under a similar axial effective stress (2 MPa). The volumetric response of the 
sample after breakthrough (02 → 05) evolves in a rather linear way, indicating that for the given test conditions, 
breakthrough takes place within the elastic domain without causing irreversible strain e.g. crack opening. This 
has to be further confirmed in a future campaign with the application of an unloading step.

The middle vertical slice from each scan is presented in Fig. 17. As highlighted from the enlarged scans (00) 
and (01), unconfined state and after confinement respectively, even at this sample scale and scan resolution there 
are pre-existing micro-fissures. The open micro-fissures of scan (00) are highlighted in red in the same figure. 
These pre-existing micro-cracks disappear after the application of confinement and are no more detectable at 
the given resolution even after the application of the highest CO2 injection pressure (8 MPa).  Reference41 also 
observed sealing of hydraulic fractures from X-ray tomography imaging after increased confining stress. Even 
though fissures are not the sole contributor to inelastic response, the fact that do not reappear may further sup-
port an elastic mechanical response of the sample at the given test conditions. The vertical orientation of the 
micro-fissures confirms a similar bedding to the samples tested under oedometric conditions.

In addition to total volume changes, local Digital Voxel Correlation (DVC) has been performed in order to 
measure the localised strains within the  sample42. All DVC have been performed using scan (01) as the reference 
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3D image: (00) → (01), (01) → (02), (01) → (03), (01) → (04) and (01) → (05). The volumetric strain maps are 
presented in the same Fig. 17 and as indicated from the colourbar below, the blue colour describes compaction, 
grey colour no volume changes and red colour expansion. Similarly to the global volumetric evolution, upon 
confinement an overall compaction is measured, and after the second step of CO2 injection swelling starts and 
progressively increases. Localised swelling corresponds to local porosity changes which can serve as preferential 
CO2 breakthrough pathways. When CO2 breaks through the sample, the effective stress decreases locally and 
swelling occurs. It is interesting to note that these volumetric maps reveal a high swelling activity on locations 
where the pre-existing micro-fissures have been observed—this is particularly visible on the strain map of the 
last injection step. Even though reopening of the micro-fissures after CO2 injection is not visible directly from the 
scans at this resolution, the localised volumetric expansion suggests their impact on the sealing capacity of the 
material. This is consistent with the interpretation of the previous oedometric results, where under low effective 
stress (under 10 MPa) variability of water permeability is impacted by the existence of micro-cracks. These results 
demonstrate the great potential of imaging tools for a better understanding of the hydro-mechanical response 
of the caprock material upon fluid injection or relevant processes.
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Finally, in order to explore the impact of bedding on the volumetric behaviour of the sample, the different 
strain components have been calculated for each injection step (Fig. 18). Deformation along the x axis ( εxx ), i.e. 
perpendicular to the bedding, is clearly more pronounced compared to the two other axes ( εyy and εzz ), revealing 
the highly anisotropic response of the sample. More precisely, a higher εxx strain activity is noticed at locations 
where pre-existing fissures have been identified before the application of confinement, as highlighted in the same 
figure. The localised strain along the other two axes also evolves in a non-isotropic way, indicating a local porosity 
evolution that is driven by both bedding and local breakdown of the effective stress due to CO2 breakthrough.

Discussion
The overall results from the breakthrough tests at both scales show the impact of applied effective stress on the 
measured CO2 entry pressure by means of connected porosity. At the smaller scale, the sample dimensions are 
more representative of an elementary volume size, i.e. bulk matrix. Nevertheless, X-ray images revealed the 
existance of relaxation-related micro-fissures under unconfined conditions even at that micro-scale. At the given 
resolution, the contribution of these micro-cracks to the CO2 breakthrough is not evident as they disappear upon 
application of confinement (10 MPa) and do not reappear even after CO2 breakthrough. Nevertheless, 3D image 
analysis of the various X-ray images during CO2 injection reveals a pronounced localised volumetric activity at 
locations that can be qualitatively related to locations of pre-existing cracks.

At the meso-scale tests (oedometric conditions), the impact of connected porosity is indirectly demonstrated 
by means of water permeability which decreases with the increase of the applied axial effective stress. For low lev-
els of effective stress (under 10 MPa), any porosity evolution is dominated by the opening/closing of pre-existing 
fissures rather than pore collapsing, as demonstrated by the variable permeability between different samples. At 
higher levels of effective stress and in particular at levels past the in-situ pre-consolidation stress of the material 
(which has been reported in literature in a range of values between 15 and 18  MPa23,43), it is the evolution of actual 
matrix porosity that manifests and dominates the hydraulic and sealing response of the material.

Based on these meso-scale results, a correlation between entry pressure and absolute water permeability is 
investigated. Relating a hydromechanical property of the material (water permeability) with its sealing capacity 
upon CO2 injection ( CO2 entry pressure) is an important asset for the design of an injection strategy. However, 
before further elaboration, it is important to distinguish the different states of the sample during the identifica-
tion and measurement of these two different properties, a schematic representation of which is attempted in 
Fig. 19. On one hand, during the measurement of water permeability the sample is subjected to single fluid flow 
conditions (Fig. 19a), while on the other hand, entry pressure is defined during equilibrium conditions (Fig. 19b) 
where the water capillary pressure in the pores prohibits CO2 flow in the sample. From a practical point of view, 
the definition of the entry pressure is achieved experimentally only upon flow observation ( CO2 penetration in 
the pore space) which at the same time signals the end of the test. Therefore, in the current study no multi-phase 
fluid flow or relative permeability are considered for the analysis and interepretation of the results, which in the 
authors’ opinion it is very advantageous since this approach involves a simpler experimental protocol.

The experimental entry pressure results (both liquid and gaseous CO2 injection) are plotted together with the 
corresponding water permeability of the material that has been measured under the same effective stress levels are 
presented in Fig. 20. Four additional measurements from Ref.13 are also included. There is a clear trend between 
the two plotted parameters; a higher CO2 entry pressure corresponds to boundary conditions (applied effective 

y

z

ε xx

x

x

x

y

z

y

1 mm
ε-0.01 0.01

ε yy

ε zz

uCO2
 = 2.0 MPa uCO2 = 3.6 MPa uCO2 = 6.0 MPa uCO2 = 8.0 MPa

scan (00)
unconfined

scan (00)
highlighted

conditions fissures

x

Figure 18.  Directional strain maps of middle slices for each CO2 injection pressure.



16

Vol:.(1234567890)

Scientific Reports |        (2022) 12:10706  | https://doi.org/10.1038/s41598-022-14793-8

www.nature.com/scientificreports/

stress) where water permeability is lower. The observed trend can be interpreted again through open porosity. 
 Reference44 showed the correlation between permeability and a so called estimated pore size dsur (m):

where c is a scalar and dsur is a function of porosity ( φ—m3/m3 ), specific surface area ( Ss—m2/g) and mass 
density ( ρ—g/cm3 ). Their results are in line with the Kozeny–Carman  equation45,46:

where τ (m/m) is the tortuosity. In the current study, a single bedding orientation is considered (vertical, i.e. 
parallel to the injection), therefore tortuosity is considered to be a constant between the different samples. To this 
end, and based on the rationale (see “Entry-pressure evolution with applied effective stress” section) that relates 
the impact of effective stress to both porosity and pore size, the entry pressure can be related to the material’s 
permeability from Eqs. (5) and (6) through the consideration of an estimated pore size:

From Eqs. (5) and (6) the CO2 entry pressure can be related to the corresponding water permeability as described 
by Eq. (8). The different measured results of water permeability and entry pressure at corresponding levels of 
effective stress are plotted in Fig. 20. The two sets of parameters are fitted based on Eq. (8) considering a 1 MPa 
error. A mor significant scattering of the points that correspond to lower levels of effective stress is observed, 
once again due to higher variability of active/open porosity. Additionaly, a different line should be fitted for 
liquid or gaseous CO2 injection, however, due to the limited number of results a single fit is considered. This last 
remark points out the need of more experimental results under known stress conditions for the calibration and 
improvement of this relation; experimental results that cannot be easily found in the existing literature for shales.
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Conclusions and perspectives
The presented work aims to provide an insight in the sealing response of the Opalinus Clay by means of entry 
pressure levels upon CO2 injection while emphasizing on the importance of the applied hydro-mechanical condi-
tions. A series of stepwise breakthrough tests have been performed under oedometric conditions. Gaseous and 
liquid CO2 has been injected from the upstream side of the sample and constant pore water pressure conditions 
have been maintained at the downstream reservoir. Breakthrough has been investigated under different levels 
of applied axial effective stress in order to evaluate the impact of connected porosity on the sealing capacity of 
the material. Overall, higher entry pressure has been measured for higher levels of axial effective stress. For a 
given effective stress the entry pressure is higher for liquid CO2 injection rather than gaseous. Under low levels of 
effective stress the impact of the injected CO2 phase was not as significant (within the 1 MPa measurement error); 
this response has been attributed to the existence of open micro-cracks that dominate the response compared to 
the CO2 phase. When higher loading is applied, open porosity decreases and pre-existing micro-fissures close, 
therefore the sealing capacity of the material improves.

The entry-pressure dependence on the porosity evolution motivated the investigation of the material’s water 
permeability; a material property that is also affected by the active porosity—and therefore applied levels of 
effective stress—and which is relatively easily assessed by standard laboratory hydromechanical testing. The 
measured water permeability of two Opalinus Clay samples has been assesed; lower permeability has been 
measured for higher levels of applied effective stress. Under lower loading, a variability on the obtained results 
between the two samples is observed which then decreases and the flow response becomes more consistent for 
higher confinement. The obtained variability can again be attributed to the existence of open micro-cracks under 
low effective stress that dominate the flow.

To further confirm the interpretation of the hydromechanical results, an original methodology has been 
proposed and demonstrated where CO2 breakthrough is studied during real-time X-ray tomography. CO2 is 
injected in a caprock micro-sample under isotropically confined conditions using a new experimental mini-
device, so called PEEKcell, that is designed for live X-ray tomography. The kinematics of the sample at different 
levels of hydromechanical loading and CO2 injection pressure have been analysed directly from the acquired 3D 
images. Under unconfined conditions, the X-ray scans revealed the existence of micro-fissures (resolution 7.85 µ
m/px) in the visually intact 5 mm × 5 mm cylindrical sample. Upon confinement, these micro-fissures close 
and they are not anymore visible even after CO2 breakthrough. CO2 breakthrough is for the first time identified 
from the volumetric response of the caprock sample through quantitative image analysis of X-ray tomography 
images. The localised kinematics have shown highly anisotropic response of the sample and have suggested the 
impact of pre-existing fissures on the sealing capacity of the material. These results show the high potential of 
this methodology for a more accurate understanding of the non-homogeneous volumetric response of caprocks 
upon CO2 breakthrough while embracing the material’s heterogeneity. This is particularly important for the 
development of representative models that can safely predict the material’s sealing capacity based on its micro-
structural properties. Of particular interest for future studies remains the impact of pre-existing micro-fissures, 
with more precise (and quantitative) analysis of the preferential CO2 flow network.

The sealing capacity of Opalinus Clay as a potential caprock formation has been investigated under different 
loading conditions and the response has been related to the material’s water permeability by means of active 
porosity. This approach is very promising and could be adopted for the design of a site selection or CO2 injec-
tion strategy where depth and site conditions can be related to the corresponding hydromechanical boundary 
conditions while the caprock’s sealing capacity can be predicted by means of corresponding water permeability. 
For the assessment of a more robust hydromechanical model, more experimental results under defined stress 
conditions are required. Additionally, supercritical CO2 injection should be performed in the future to further 
represent real site conditions.

Data availability
The raw X-ray datasets and the results of digital volume correlation are available on Zenodo, https:// doi. org/ 10. 
5281/ zenodo. 59390 22. The remaining used and/or analysed data during the current study are available from the 
corresponding author on reasonable request.
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