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the development of the plastic zone was dominated by shear failure.
Similar formation of the failure zonewas observed by a laboratory com-
paction experimentwith a circular opening (Fakhimi et al., 2002). In the
deformation dependent permeability approach, the permeability in-
creased significantly when the plastic zonewas generated and the plas-
tic strain was accumulated. The permeability in the plastic zone was
therefore calculated by about 1000 times higher (1×10−17 m2) than
the initial intrinsic permeability (1×10−20 m2), which was also deter-
mined from the followed in-situ measurements. Consequently, the gas
pressure distribution between boreholes was not more isotropic in
the bedding plane between the injection and seismic boreholes, and
most gas flowed in the higher permeability area.

Considering the appliedMohr–Coulombyield criterion, if the criteri-
on line was tangent with the Mohr's circle, the stress state satisfied the
failure criterion (Figure 16). In the applied effective stress concept
(Eq. (3)), increase of pore gas and/or water pressure indicated the re-
duction of effective normal stress. In the Mohr's circle of the state of
stress, the stress circles would move towards the criterion line as
shown in Fig. 16 if the gas pressure increases. Under the initial stress
state, the Mohr's circle was located under the criterion line (green line
in Figure 16). As the gas pressure was increased to 1.2 MPa, local failure
may already be observed (blue line in Figure 16). The flow paths with
significant pore space were increased (dilatancy) and accordingly in-
crease in permeability was generated if the gas pressure is 2.2 MPa
(red line in Figure 16).

As soon as the expanded plastic zone reached the seismic boreholes
and possible pathways between the injection borehole BHG-B9 and
seismic boreholes were formed, the injected gas in the test interval

flowed easily out through the existing pathways and the gas pres-
sure in the test interval was decreased. According to the calculation,
a very possible pathway was generated between BHG-B9 and
BHG-B8 (Figure 15). Additionally there was also a plastic zone around
the packer in the injection borehole, which indicated a possible connec-
tion between the packed-off interval and the borehole test section
(Figure 17, right). This phenomenon was well known as the flow
paths around sealing (Lanyon et al., 2009). A three dimensional picture
of the plastic strain in Fig. 17 at the end of the simulation showed clearly
that flow paths, with a permeability of more than one order of magni-
tude higher than the initial value around the packer interval, were
also generated.

The gas flow velocity vectors (Figure 18) demonstrated that gas
flowed mostly from the injection borehole BHG-B9 to the seismic
borehole BHG-B8. The high gas pressure induced plastic zone calcu-
lated by the coupled H2M algorithm indicated clearly a strong con-
nection between BHG-B9 and BHG-B8, which agreed well with the
results from ultrasonic measurement (Figure 9). However, additional
pathway also existed between BHG-B9 and BHG-B6, which was prov-
en by a Helium tracer experiment conducted after the injection test
under a high gas pressure of 2.2 MPa. In this experiment Helium
was used as a tracer and injected into the borehole BHG-B6 and
clear tracer breakthrough in the BHG-B6 was measured. A possible
explanation for this was the influence of the natural pressure gradient
from the upper right to the lower left, which was not considered in
the current model. Unfortunately there were no measured ultrasonic
data in the direction (240°) to BHG-B6 under the injection pressure of
1.8 MPa and 2.2 MPa, which might indicate more opening in this di-
rection. Generally this model indicated clearly connections between
boreholes caused by the high gas injection pressure during the tests.

The deformation dependent permeability approach has an advantage
over the gas pressure dependent model in that it considers the coupling
effect between the hydraulic properties and themechanical processes. In
this study, high gas pressure induced flow paths around the packer were
simulated under complicated in-situ hydro-mechanical conditions. This
phenomenon can however not be simulated by the gas pressure depen-
dent permeability approach. From the measured data (Figure 8) with
similar injection pressure, the interval gas pressuremonitored decreased
faster in the latter series. It was expected that the change in permeability
was partially irreversible and that the increase accumulated during the
repeated hydraulic injection. This phenomenon could be explained and
considered by using the deformation dependent permeability approach
with the plastic deformation.

5. Conclusions

The purpose of this study was to investigate gas migration pro-
cesses in saturated argillaceous rock with increased gas pressure. A

Fig. 16. Mohr-Coulomb criterion line in σ-τ diagram with Mohr's outside circles.

Fig. 17. (left) 3D display of the equivalent plastic strain and (right) gas pressure distribution (cross section B-B′) at the end of the simulation.
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two-phase flow and mechanics coupled numerical model has been
developed to simulate two flow regimes: the two-phase flow controlled
regime under low gas pressure and the flow path dilatancy controlled
regime under high gas pressure. A change of the permeability due to in-
crease of gas pressure was considered using two approaches: the gas
pressure dependent permeability and the deformation dependent per-
meability. In the gas pressure dependent permeability approach the
permeability changes slightly at a low gas pressure and increases signif-
icantly when the gas pressure is higher than the pre-defined threshold
level. In the deformation dependent permeability approach a significant
increase in the permeability takes placewhen plastic failure occurs. Lab-
oratory experiments and in-situ tests were successfully modelled and
themeasured datawerewell represented. Hence, the presentednumer-
ical model can be used as a powerful tool to research the gas transport
process.

The experimental observations and numerical results indicate that
the gas migration processes in saturated argillaceous rock are con-
trolled mainly by hydraulic anisotropy, the gas entry pressure of the
porous media, and the stress field. Due to anisotropic intrinsic perme-
ability the gas transport in the bedding plane direction is much easier
than perpendicular to the bedding plane. The gas phase can displace
the pore water when the gas pressure exceeds the gas entry pressure.
Under isotropic stress conditions, i.e. laboratory experiment loading
conditions, the permeability increases significantly when the gas in-
jection pressure is higher than the loading stress. Micro-fractures
occur and additional flow paths are generated and dilated. However,
in the in-situ anisotropic stress field, plastic zones with relatively
high permeability have arisen after the drilling of the borehole and
are extended with the increased gas injection pressure. In this case
the gas migration direction is controlled by the development of the
plastic zone. Without considering the anisotropic stress field in the
model there are no flow paths between the injection and observation
boreholes. More importantly, the observed flow paths around the
sealing section (packer) are well represented by numerical modelling
which is helpful in designing the engineered barriers of a final dispos-
al repository.

In the current study both permeability approaches are empirically
based on experimental evidence. A correspondent constitutive law to
describe two-phase flow processes in the partially saturated deform-
able porous media is still required. The partially irreversible and accu-
mulated change of permeability during repeated hydraulic injection
tests have to be investigated. Based on the observation that the dril-
ling or excavation induced plastic zone is strongly dependent on the

anisotropic in-situ stress condition and the anisotropic material
strength properties, an anisotropic elasto-plastic model is required
to describe the strong anisotropic mechanical behaviour of Opalinus
Clay.
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Fig. 18. Gas flow rate in 3D space at the end of the simulation.
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Plastic strain and gas flow rate during gas injection at Mt. Terri.
From Xu, Shao, Hesser, Wang, et al., 2013.
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