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Abstract

Gas migration behaviour in saturated, compacted bentonite, especially under rigid-boundary conditions, is controversial.
Gas breakthrough phenomena, observed under higher pressure gradient conditions in laboratory experiments, are described
in literatures by adopting visco-capillary or dilatancy-controlled flow concept. Since, under rigid-boundary conditions,
volumetric expansion is restricted and/or water dissipation is not detected, these concepts cannot be implemented satis-
factorily. Instead, a diffusion and solubility-controlled (DSC) flow concept was previously found to be adequate for
describing the behaviours at lower temperatures (20 °C). The DSC concept describes gas breakthrough as a function of gas
solubility. Breakthrough occurs when concentration of dissolved gas reaches or surpasses the solubility limit in the entire
specimen. In this work, the DSC flow concept is applied to validate gas migration and breakthrough experiments conducted
at higher temperatures, e.g. 40 and 60 °C. Good agreements are observed between the experimental and predicted results,
suggesting that the DSC flow concept can be applied to describe gas migration behaviour satisfactorily in rigidly confined
saturated bentonites (under constant volume conditions) for various temperature regimes. Results also show that helium
dissolution and diffusion processes in saturated bentonite are sensitive to test temperature and pressure conditions. The

processes become more stable with increasing gas injection pressure and ambient temperature.
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1 Introduction

Deep geological disposal of high-level radioactive waste
materials is a widely accepted strategy to ensure safety and
containment of radionuclides in subsurface environment
for long, geological period of time. The strategy is based on
a multi-barrier system where radioactive waste canisters
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are surrounded by pure bentonite or bentonite-based clay
materials, also known as engineered barriers. The bentonite
barriers encapsulate waste canisters in host rock deposits
and provide major containment or buffering against
radionuclide migration. Its high swelling property, low
permeability, high sorption capacity and good self-sealing
characteristics [5, 10, 23, 27, 28, 43] make it an ideal buffer
material. Safety and structural integrity of a repository
largely depends on the performance of bentonite barriers
[33]. Existing investigations revealed that repository gases
resulted from corrosion of metallic waste canisters, radi-
olysis of water or degradation of organic materials
[7, 8, 14, 21, 26, 40] could led to gas generation and
migration-related risks or failure of the barrier system.
Gas migration in bentonite, especially when saturated
and subjected to rigid-boundary conditions, is contentious.
Four mechanisms are reported in literatures including dif-
fusion and solubility-controlled transport, visco-capillary
flow, dilatancy-controlled flow and gas migration through
macro-fracture [24, 42]. Two-phase, visco-capillary flow

@ Springer


http://orcid.org/0000-0001-8525-7507
http://crossmark.crossref.org/dialog/?doi=10.1007/s11440-024-02272-5&amp;domain=pdf
https://doi.org/10.1007/s11440-024-02272-5

Acta Geotechnica

[12, 13] in bentonite under the stated condition is rarely
observed in the experimental investigations. This is
because water in bentonite pores, under high ionic strength
environment, forms a viscous ‘clay-gel’-like substance,
rather than existing as typical porewater, which would
require extremely high gas pressure to activate pressure-
induced visco-capillary flow. Meanwhile, dilatancy-con-
trolled [16—18] or macro-fractures flow [23] would require
volume expansion or gas pressure exceeding the sum of
minimum principal stress and tensile strength of the med-
ium. Although such mechanism may occur under flexible
or semi-rigid conditions, they cannot explain the behaviour
under constant volume or fixed boundary condition. These
mechanisms assume that diffusive gas transport would not
discharge generated gases adequately from the canister—
buffer interface causing development of excessive gas
pressures at the interface. Limited attempts are made to test
the hypothesis both in laboratory investigations and in
numerical modelling studies.

In recent studies, Cui et al. [6] conducted a series of gas
migration and breakthrough experiments on GMZ ben-
tonites and analysed the results by employing a novel
diffusion and solubility-controlled (DSC) flow concept [4].
The concept was developed and implemented under a
coupled reactive gas transport model [25, 34]. The aim of
the study [4] was to investigate the extent to which diffu-
sion and solubility driven flow could explain gas migration
behaviours in saturated, rigidly confined bentonites. From
the detailed analysis, it was found that DSC can be used to
describe gas flow and breakthrough behaviour in GMZ
bentonites satisfactorily. However, only the results of the
experiments, conducted at the 20 °C, were assessed and
validated. The question remained whether the DSC flow
concept could describe the migration and breakthrough
phenomena at higher temperatures. Temperature has sig-
nificant impact on fluid properties including surface ten-
sion, contact angle, viscosity and boundary layers of
porewater [2, 11, 41, 44], which may eventually lead to
different gas migration behaviours. Therefore, repository
design and safety assessment processes require compre-
hensive understanding of gas migration and breakthrough
behaviours at elevated temperature regimes.

Temperature effects on saturated clays have been
investigated in laboratory investigations [3, 6, 9, 29, 31]
and, generally, it was observed that gas breakthrough
pressure decreased with temperature. Cui et al. [6] attrib-
uted this phenomenon to reduce liquid surface tension and
increase of cross-sectional area of flow pathways, allowing
easier water displacement through bentonite specimens.
However, no direct water displacement was observed, and
the hypothesis was tested by measuring water contents
before and after the experiments which was found lower
after the tests. Loss of moisture perhaps might be due to
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evaporation or consolidation rather than actual displace-
ment. More studies are required to improve understanding
and scientific knowledgebase of gas migration and break-
through behaviour of GMZ bentonites. The material is
being considered as a candidate material for nuclear waste
repositories in China [35]. In this work, temperature effects
on gas transport and breakthrough behaviours of com-
pacted saturated GMZ bentonites, subjected to fixed
boundary conditions, are examined. Cui et al. [6] con-
ducted gas breakthrough experiments on GMZ bentonite
samples of 1.5 g/cm® dry density at 20, 40 and 60 °C.
Helium gas was injected in water-saturated specimens
using the residual capillary pressure (RCP) method. In this
paper, the experimental results are analysed using the dif-
fusion and solubility-controlled flow concept proposed in
Cui et al. [4]. The aim is to test and assess validity of the
concept for describing the observed gas transport phe-
nomena at higher temperatures. In the following sections,
we briefly present: (i) the experimental procedures; (ii) the
theoretical background; (iii) the simulation set-ups; and
(iv) finally, a comprehensive discussion and analysis of the
results.

2 Experimental procedures
2.1 Materials and methods

The bentonite samples, GMZ01, were extracted from the
GaoMiaoZi county in the Inner Mongolia Autonomous
Region, 300 km northwest from Beijing, China. The
GMZ01 bentonite used in this work is a light grey powder,
dominated by montmorillonite. The basic properties of the

Table 1 Basic physical and chemical properties of GMZ bentonite
[35]

Properties Description
Specific gravity of soil 2.66

grain
pH 8.68-9.86
Liquid limit (%) 276
Plastic limit (%) 37
Total specific surface area 597

(m/g)

Cation exchange capacity  77.3
(mmol/100 g)

Main exchanged cation
(mmol/100 g)

Main minerals

Na‘t (43.36), Ca>* (29.14), Mg>*
(12.33), Kt (2.51)

Montmorillonite (75.4%), quartz
(11.7%), feldspar (4.3%), cristobalite
(7.3%)
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GMZ01 bentonite are presented in Table 1 [35]. The
material exhibits high cation exchange capacity, and
alkaline in nature.

For sample preparation, bentonite powder of 10.7%
initial water content was statically compacted at a speed of
0.3 mm/min to a target dry density of 1.5 g/cm®. Com-
paction was stopped when the cylindrical specimens of
50.15 mm diameter reached to 10.21 mm height.

2.2 Apparatus and test procedures

The residual capillary pressure (RCP) approach [1, 20, 39]
was employed to conduct the gas injection tests on water-
saturated bentonite specimens under different temperature
conditions. Experimental apparatus and schematic diagram
of the gas injection tests are presented in Fig. 1.

Prior to the gas injection tests, the specimen temperature
was controlled at 20 °C by a digital oven with an accuracy
of = 0.1 °C. Then the specimen was saturated with
deionized water by a liquid volume/pressure controller at
injection pressure (P,,) of 1 MPa (Fig. 1a). Water infiltra-
tion was recorded using the liquid volume/pressure con-
troller. The specimen was considered as fully saturated
(S,, > 0.99) when a continuous outflow was observed at the
bottom of the specimen and the variation of water injection
reached to a stabilized state (after about 7-10 days’). After
that, the liquid volume/pressure controller at the top side of
the cell was shifted to connect to the receiving gas com-
partment while the bottom side of the specimen cell was
connected to the gas injection compartment for the subse-
quent gas injection test (Fig. 1b).

To conduct the gas injection tests using the RCP
method, gas pressure in the injection compartment (P;) was
then increased to a target value using the booster pump,
while in the receiving compartment (P,) atmospheric
pressure was maintained. Both compartments were then
sealed and the gas injection test was initiated. In this study,
inner volume of the injection or receiving compartments
was fixed at 100 cm’. As the tests were proceeded, gas
pressure in the injection compartment gradually decreased
while that in the receiving compartment it increased
(Fig. 1c). Gas pressure evolution was recorded by gas
pressure sensors throughout the tests. Gas injection test on
a specimen was stopped either after around 20 days or
when a distinct gas breakthrough was observed, which was
characterized by the rapid decrease of the pressure differ-
ence (AP = P1—P,) between the two compartments. Then,
the experimental set-up was dismantled, and a new as-
prepared bentonite specimen was installed with a higher
initial gas injection pressure. The gas injection pressures
that were applied, at different temperatures, are listed in
Table 2.

Note that temperature calibration was conducted prior to
the water and gas injection tests. A linear correlation was
observed between the temperature inside the specimen and
the set temperature by the digital oven with a 30-min time
lag. That relationship was employed to control the speci-
men temperature during the water and gas injection tests.

3 Theoretical background

3.1 Temperature-dependent solubility of gases
in pore liquid

At a constant temperature, solubility of gases in liquid can
be calculated by Henry’s law following,

Ug = KH(T) X (] (1)

where Ky is the Henry’s constant as a function of tem-
perature (L-atm/mol), ¢; is the concentration of the dis-
solved gas in liquid (mol/L) and u, is the partial pressure of
the gas at the gas phase (atm). Henry’s constants for
helium, at various temperatures, are collected from litera-
ture and summarized in Fig. 2. Data fitting exercise yields
the following relationship between the constant Ky, and
temperature 7 (°C):

Ky(ry = —0.17 x (T — 33.94)” + 2587.16 (2)

Table 3 shows the values of Ky, considered by Cui
et al. [6].

It should be noted that, Henry’s law might be only
validated for the dissolved gas with low concentration
(below 3 mol%) and partial pressure, since the relationship
between the gas pressure and the concentration of dis-
solved gas would not be linear under very high-pressure
levels. Even though, Wiebe and Gaddy [36] measured the
solubility of helium gas in water for a range of atmospheric
pressures under different temperatures and their results
showed that, at a given temperature, the solubility of
helium gas is in a linear relationship with pressure (Fig. 3).
Therefore, it was assumed that, Henry’s law remains
applicable for helium gas within the pressure range studied
in this work, approximately 0-5 MPa (Table 2).

Gas solubility in liquid is limited. Only a certain amount
can be dissolved until it reaches to the saturation (Q) with
respect to the gas component. Gas dissolution in bentonite
porewater is a transient process while Q < 1.0, i.e. under-
saturated with respect to the gas. Concentration of dis-
solved gas in porewater continues to increase until it
reaches equilibrium or full saturation, i.e. Q = 1.0. At this
stage, gas dissolution rate in the liquid phase is equal to its
exsolution rate. When Q > 1.0, the solution is super-

@ Springer



Acta Geotechnica

(2)

Oven (Temperature control 30.1°C) Liquid volume/pressure

controller

<
<

‘O’ ring
Specimen
Porous disc

EEFFFIFFIFFIFFIFFIFFI IR VRS VS I FFIFFIFFI IS

L L L L L DL LD DL DL DL

Data acquisition unit

(b) N
Oven (Temperature control 0.1°C)
g |
i
0 o r “4  Receiving

: compartment

OO0 OOOO0000

Safety valve

Compressed air in

=
o)
<
g
>
5
]
2
°
o)

Booster pump

7
Injection compartment +—

Gas pressure sensor —,

Data acquisition unit

AL D L D DO OO OO OO O OO DO D DA L DO DO L DO OO DD OO OO

DOCOOO00 A0

~
(@)
~

SERRRN
[ emone oo

SRR "

Time, t

Pressure, P

Fig. 1 Experimental apparatus for hydration of the specimen (a), experimental set-up of gas injection test (b) and schematic diagram for gas
injection tests (c¢) [4]

saturated with respect to the gas and no more gas can be  instantaneously, by an equal amount of gas exsolution.

dissolved. Since the system reaches to a steady state, gas ~ When such condition prevails all over the bentonite sam-
dissolution in the porewater should be balanced, ple, i.e. the whole sample reaches to a steady state in terms
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Table 2 Specifications of gas breakthrough tests conducted by Cui
et al. [6]

Specimen ~ Water Helium Controlling
No hydration injection test temperature (°C)
P,, (MPa) P, (MPa)

1 1 2.31 20

2 1 3.12 20

3 1 3.66 20

4 1 4.11 20

5 1 4.31 20

6 1 1.25 40

7 1 2.31 40

8 1 3.15 40

9 1 3.64 40

10 1 3.94 40

11 1 1.25 60

12 1 231 60

13 1 2.63 60

14 1 2.92 60

= 2700
E = Solubility data for helium in water [37]
g Fitting curve
2600
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s 2500
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Fig. 2 Solubility of helium in water for various temperatures [37]

Table 3 Henry’s law constants for helium gas under different
temperatures

Temperature (°C) Henry’s law constant (L-atm/mol)

20 2580
40 2585
60 2437

of dissolved gas concentration or the solubility limit (c;.
= C;max), gas breakthrough occurs. This phenomenon is

~
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Fig. 3 Solubility of helium gas in water with varying pressure under
different temperatures (data from Wiebe and Gaddy [36])

observed in the laboratory experiments when the outlet gas
pressure suddenly rises or inlet gas pressure suddenly
drops. No water displacement is required to describe the
gas breakthrough phenomenon under solubility-controlled
flow mechanism, and it is consistent with the laboratory
observations. A graphical representation of the solubility-
controlled flow is presented in Fig. 4.

3.2 Diffusion of gases in pore liquid

The diffusive mass flux F (mol/mz/s), driven by concen-
tration gradient, is expressed by Fick’s first law:
dc

F == —Dga

(3)

where D, denotes the effective diffusion coefficient in the
porous media (m?/s) and is defined as:
Dy =1 x D, (4)

where D, is the apparent diffusion coefficient (m*/s) and

Q=1 + Clmale

Kinetic-state Steady-state

Solubility
Dissolved gas concentration, ¢;

Time

Fig. 4 Graphical representation of the solubility-controlled gas
breakthrough in bentonite [4]
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is the effective transport-through porosity which could
account for the cross-sectional area available for diffusion
when diffusion occurs only in pore space [15]. In this
study, the value of # is considered same as the porosity of
the specimen. Higashihara et al. [19] and Sato et al. [32]
considered path geometry and viscosity of bentonite
porewater in their experiments. Since retardation of helium
due to adsorption is negligible, the apparent diffusion
coefficient of helium in saturated compacted montmoril-
lonite is described as,

D, = (%) X Dy(r) (5)
T

where Dz is the temperature-dependent diffusion coeffi-
cient (m?/s) of dissolved chemicals or gases in bulk water.
Wise and Houghton [38] estimated the bulk diffusion of
helium in water as a function of temperature (Fig. 5a). The
ratio 3/t7 is known as formation factor that accounts for
the diffusive path being filled with the modified water
instead of just porewater, which is closely related to the dry
density [32] of a specimen. Sato et al. [32] reported the
formation factor of Na-montmorillonite, as a function of its
dry densities, which are presented in Fig. 5b. Finally, the
apparent diffusion coefficient for compacted bentonite at
different temperatures could be determined and its values
are listed in Table 4.

3.3 Governing equations

The aforementioned equations are included the governing

poregas transport equation:

6(0kck)
ot

= V(Dchk) + V(ukck) +s5 k€ {l,g} (6)
where ¢, represents concentration of gas in gas phase (c,)
or in the liquid phase (c;) as dissolved or aqueous state. Dy,
is the effective diffusion coefficient and s; is the sink/-
source in phase-k. Mass transfer from gas phase to liquid

(a) 20
= Helium/H,O system [38]
164 — Fitting curve
n
@
F 124
=
R ]
e 8 i 0.027

S D, =4.286x¢"

4 R*=0.9811

0 T T T

0 20 40 60 80

Temperature (7, °C)

Table 4 Apparent diffusion coefficients for helium gas under differ-
ent temperatures

Temperature Apparent diffusion coefficient (D,, x 107'° m?%/s)
°O

20 1.22

40 1.58

60 2.68

phase following Henry’s law is captured by the s;. For
gases, such as helium gas, ideal gas law can be applied:

ug = ¢,RT (7)

where R is the universal gas constant (8.314 J/mol/K) and
T is the temperature (K).

Literature reveals that temperature can also affect the
gas transport in initially saturated bentonite by different
mechanisms, including its impacts on contact angle, sur-
face tension, pore size and volume change. Since the dif-
fusion and solubility-controlled (DSC) flow concept was
used to simulate gas transport in initially saturated ben-
tonite, change of contact angle or surface tension was not
considered in this work. Meanwhile, Ye et al. [41] reported
that temperature could have marginal effects on the pore
structure of saturated bentonite, and consequently, volume
change of the specimen due to temperature variation was
neglected. Only the governing gas transport equations are
presented here. The model equations are presented for two-
phase gas—water flow in Cui et al. [4] to investigate gas
transport processes in variably saturated porous media (e.g.
evolution of the medium from partially saturated to fully
saturated state, and vice versa) which is of particular
interest, especially, for the scenarios where the gas pressure
is large enough to induce pressure driven two-phase flow in
the media. The theoretical background and numerical

(b) 0.10
- = Na-montmorillonite [32]
Fitting curve

~0.08 1
F
Q -
£ 000 §177=0.047x p, >
3 R*=0.95

0.04
:
=

0.02 -

0.8 1.0 1.2 1.4 1.6
Dry density (p,, g/em®)

Fig. 5 a Temperature variations in Dy, and b variations of dry density in formation factor, /1
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formulation of the model are discussed comprehensively in
Masum [25] and Vardon et al. [34].

3.4 Simulation set-ups

The test specimens were compacted to 10.21 mm height
and 50.15 mm diameter cylinders. A 2D model domain of
similar dimensions is created and discretized with equally
spaced 4-noded quadrilaterals. The initial and boundary
conditions of the fully saturated domain are presented in
Table 5 and the parameters in Table 6.

4 Results and discussion
4.1 Evolution of gas pressure

Figures 6, 7 and 8 present a semi-logarithmic plot of the
experimental and numerical results of gas pressures in both
the injection compartment (P;) and receiving compartment
(P) versus time at different temperatures. Note that two
different flow regimes can be classified in the experimental
results of gas pressures as shown in Figs. 6, 7 and 8. For
initial gas injection pressures lower than 4.11 MPa at
20 °C, 3.64 MPa at 40 °C and 2.63 MPa at 60 °C, flow
regimes are similar to those presented in Figs. 6a, 7a and

Table 5 Initial and boundary conditions used to simulate the gas
breakthrough tests

Initial Boundary conditions Controlling
Conditions — - temperature (°C)
Injection Specimens
boundary, P,
u; = 0.0 Pa u, =231 MPa 1 20
u, = 0.0 Pa u,=3.12MPa 2 20
cg=0.0mol/ u,=3.66MPa 3 20
m3
¢;=00mol/ u,=4.11MPa 4 20
L ug =431 MPa 5 20
u, =125MPa 6 40
u, = 2.31 MPa
u, = 3.15 MPa
u, = 3.64 MPa 7 40
40
u, =394 MPa 9 40
10 40
u, = 1.25MPa 11 60
u, =231 MPa 12 60
u, =2.63 MPa 13 60
u, =292 MPa 14 60

Table 6 Simulation parameters

Parameters Values Comments
Porosity, n 0.436 pa=15¢g/
cm?
Universal gas constant, R 8.314 J/mol/K
Reference temperature, 7 293.15 K
313.15 K
333.15 K
Henry’s constant, Ky 2580 293.15 K
L-atm/mol
2585 313.15 K
L-atm/mol
2437 333.15 K
L-atm/mol
Apparent diffusion coefficient of 122 x 107" 293.15K
helium gas, D, m%/s
1.58 x 107" 313.15K
m?/s
268 x 1071 333.15K
m?/s
Formation factor, &/t 0.018 pa=15g
3
cm

8a, respectively. The P, pressure increased slowly without
observing any breakthrough. Once the initial pressure was
increased to 4.31 MPa at 20 °C, 3.94 MPa at 40 °C and
2.92 MPa at 60 °C, flow regimes changed, respectively,
e.g. Figs. 6b, 7b and 8b, and gas breakthrough was
observed.

As shown in Fig. 6a, at the initial stage of gas injection,
gas entered slowly into the porewater from the P; bound-
ary. During this period, helium firstly dissolved in the
porewater and then diffused towards the P, boundary, and
finally released through the P, boundary at the receiving
compartment. This was evidenced by the gas pressure in
the receiving compartment, where an approximate increase
of 20 kPa was observed after 588 h of gas injection
(Fig. 6a). This process was successfully captured by the
proposed diffusion and solubility-controlled processes. The
simulated P, pressure was slightly lower than that of the
observed during the initial 100 h of gas injection. Cui et al.
[4] reported that some residual water in the tubing and the
stainless-steel porous disc of the apparatus were dispelled
to the receiving compartment under the applied initial gas
pressure gradient. Consequently, the free gas-filled volume
of the receiving compartment decreases, resulting in the
measured gas pressure being higher than the model pre-
dicted values. With continuous diffusion, the simulated gas
pressure gradually evolved and follows the similar trend to
the experimental curve until the gas injection test was
ceased after about 500 h, without observing gas
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Fig. 8 Evolution of gas pressures with time during gas injection tests at 60 °C under different initial pressure gradients

breakthrough. The specimens tested at 40 and 60 °C
exhibit similar behaviour to that at 20 °C during both the
experimental and the simulation studies. As shown in
Figs. 7a and 8a, gas pressure in the receiving compartment
increased to 12.8 and 17.3 kPa at the end of gas injection
tests at temperatures 40 and 60 °C, respectively. However,
for specimen No. 6 (Fig. 7a), the simulated gas pressure
did not increase as quickly as the experimental value but
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exhibited an overestimation of gas pressure after about
60 h of gas injection. Explanation to this discrepancy could
be related to the possible overestimation of the effective
transport-through porosity (1) in Eq. (4). In this study, »
was considered to be same as the as-prepared porosity of
the specimen for all the cases in this study. In reality, 7 is
perhaps smaller than n because of dead or unconnected
pores in bentonite, which do not contribute to the overall
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solute transport process [22]. No gas breakthrough was
observed in these results, indicating that the porewater in
the entire domain or in the accessible diffusion channels
remains under-saturated, i.e. Q < 1.0, with respect to the
dissolved helium gas and the solubility limit is not excee-
ded, cf“ <c’ ..

Figure 6b presents the gas injection results for bentonite
tested at 20 °C with an obvious observation of gas break-
through. The black lines in Fig. 6b represent the three
events of simulation results, which separate the test into
three stages, i.e. stage I, II and III. Results in stage I and
stage II indicate that, following an instantaneous applica-
tion of 4.31 MPa of helium, the simulated P, pressure
increased slowly from 0.1 to 17.1 kPa during 333 h of gas
injection. The simulation results also exhibited an under-
estimation of the P, values in the initial 60 h of gas
injection (stage I) while a slight overestimation was
observed in stage II, which is similar to those observed in
Figs. 6a, 7a and 8a. Specifically, the gas breakthrough
phenomenon in stage III was also successfully captured by
the simulation results, which is characterized by a sharp
decline in the P, pressure and a rapid increase of the P,
pressure at the 334th hour of gas injection. In this case, the
porewater solution is either in equilibrium (Q = 1.0) or
oversaturated (€ > 1.0) with the dissolved helium gas
(¢ > ¢} 1)> and the system has reached to a steady state,
as presented in Fig. 4. It should be noted that the super-
saturation phase represents the state when the entire system
is fully gas saturated, i.e. the solubility limit of bentonite
porewater has been exceeded (beyond the equilibrium of
gas dissolution and exsolution) and no more gas can be
dissolved into the bentonite pore water. That means the
helium solubility limit has already been reached in the
entire accessible porewater domain of the bentonite spec-
imen and any dissolution of helium gas must require
expulsion of equal amount from the porewater. At Q = 1.0
the system is in spontaneous equilibrium. Meanwhile at
Q > 1.0 the expulsion of gas is forced by the dissolving gas
front under a fully rigid boundary which leads to the gas
breakthrough phenomenon. Following the gas break-
through, both P, and P, pressure curves converged rapidly
and approached to the residual capillary pressure of
0.38 MPa (also denoted as “snap-off” pressure). Similar
behaviour was observed from the specimen tested at tem-
peratures 40 and 60 °C with the initial injection pressures
of 3.94 and 2.92 MPa. Therefore, the DSC flow concept
can be applied to satisfactorily capture the gas break-
through events observed in Figs. 7b and 8b, respectively.
The analyses reveal that the diffusion and solubility-con-
trolled flow can adequately describe gas transport and
breakthrough behaviours in rigidly confined, compacted

GMZ bentonite specimens submitted to variable tempera-
ture conditions.

4.2 Effects of gas pressure and temperature
on dissolution and diffusion processes

Temperature effects on gas dissolution and diffusion pro-
cesses could be evaluated by the diffusive flux across the
saturated bentonite specimen, which is reflected by the rate
of pressure increase in the closed gas receiving compart-
ment. Therefore, evolution of P, pressure with time tested
at different temperatures is shown in Figs. 9, 10 and 11.
Results in Figs. 9, 10 and 11 show that the P, pressure
increased almost linearly with time and the increase rate is
dependent on the initial pressure difference. Meanwhile,
for specimens tested at 20 °C, the pressure curve for
specimen No. 1 with P; = 1.25 MPa showed obvious
fluctuations. However, this fluctuation phenomenon of the
P,-time curve was gradually diminished (with R* closer to
1) as the P, pressure was further increased (specimen No.
4), indicating the gas migration could become more
stable under higher pressure levels. Furthermore, results in
Figs. 9, 10 and 11 show that, for bentonite specimens tested
at different temperatures, the P,-time curves increased
more rapidly at a higher initial gas pressure difference.
Explanations to this phenomenon could be that, although
the diffusion coefficient is fixed at a given temperature, the
solubility of helium gas in water showed a linear rela-
tionship with pressure as shown in Fig. 3, which will
induce that the diffusive gas flux increased as the initial gas
pressure difference increased.

Figure 12 presents the gas flux (increase rate of P,
pressure, kPa/h) for bentonite tested at temperatures of 20,
40 and 60 °C. Please note that for bentonite specimens with
an observation of gas breakthrough, the increasing rate of
P, pressure is defined as the slope of P,-time curve before
gas breakthrough. The relationship between the gas flux
and the initial gas pressure difference (AP = P—P,, kPa)
for bentonite specimens tested at 20, 40 and 60 °C could
be, respectively, fitted as,

dP
7:2 = 0.054 - exp(AP/7422) — 0.047, R*> = 0.905  (8)
dpP, 5

~ = 0.006-exp(AP/1325) + 0.008, K = 0.988  (9)
dpP, 5

~— =0.003-exp(AP/812) +0.024, K = 0.988  (10)

Results in Fig. 12 showed that the gas flux increased
almost exponentially with the initial pressure difference,
i.e. the increasing rate of P, was gradually augmented with
the increase of initial pressure difference. At a same
pressure difference, gas flux at temperature 60 °C was
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Fig. 11 Evolution of pressure in the receiving compartment with time at

significantly higher than those at 20 and 40 °C. In fact, in
water-saturated bentonites, as mentioned above, gas firstly
dissolve in the porewater and the dissolved helium gas then
diffuse through the porewater towards the receiving com-
partment, due to the concentration gradient. However, the
solubility limit of helium gas at 60 °C exceeds that at 20
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and 40 °C, leading to an elevated gas concentration gra-
dient across the bentonite specimen. Meanwhile, at 60 °C,
the apparent diffusion coefficients of helium gas in ben-
tonite are almost twice as high as those observed at 20 and
40 °C (Table 4), which will finally induce a larger gas flow
rate at a higher temperature. Furthermore, due to the large
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specific surface area and negative charge of the montmo-
rillonite, which is the dominant constituent of bentonite
materials, large proportion of bentonite porewater
remains strongly adsorbed onto the surface of clay miner-
als. Increasing temperature could induce transformation of
adsorbed water at the surface of clay particles into free
water and therefore an augment of the radius of flow
pathways [11, 30]. This could also result in a larger
effective transport-through porosity, and more porewater
will be involved in the process of diffusion of the dissolved
helium, thus leading to a more pronounced increase of gas
migration rate at a higher temperature.

4.3 Temperature effects on gas breakthrough
behaviour

According to the gas injection results of Cui et al. [6], gas
breakthrough was observed after 334 h of gas injection at
20 °C under an initial injection pressure 4.31 MPa.
Meanwhile, for specimens tested at 40 and 60 °C, gas
breakthrough was recorded after 186 and 240 h of gas
injection with the initial injection pressures of 3.94 and
2.92 MPa, respectively. It is clear that the breakthrough
pressure decreased by approximately 32% with increasing
the temperature from 20 to 60 °C (Fig. 13). This result was
not fully investigated by Cui et al. [6], where a decrease of
liquid surface tension at higher temperatures accompanied
by easier water displacement through the saturated ben-
tonite specimen was used to explain this phenomenon.
However, the solubility aspects of bentonite porewater and
its capacity to transfer the dissolved gases were neglected.
Actually, Henry’s law constant at 60 °C is lower than those
at 20 and 40 °C (Table 3), which means that the amount of
helium gas that could be dissolved in the porewater at
60 °C is higher than those at 20 and 40 °C under the same
gas pressure level. Therefore, the gas injection pressure

5
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[
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Fig. 13 Gas breakthrough pressures required for gas breakthrough at
different temperatures

required for porewater to be saturated with dissolved
helium and exceed the solubility limit at 60 °C could be
lower than that at 20 and 40 °C, which may eventually
induce a lower breakthrough pressure for helium in satu-
rated bentonite at higher temperatures.

The dissolved helium gas diffuses through the porewater
towards the receiving compartment under the concentration
gradient. Once the gases reach the interface between ben-
tonite and receiving compartment, gases exit the specimens
to the receiving compartment. Concentrations of dissolved
helium in the P, and P, boundaries are proportional to the
gas pressures in the injection and receiving compartments
(P and P,), which could be estimated via Henry’s law. As
the gas injection tests proceeded, the concentration in the
porewater increases with time along the depth of the
specimen, i.e. from the injection compartment to the
receiving compartment. However, the gas breakthrough
does not occur until the concentration of dissolved helium
(cf) exceeds the solubility limit (cf’¢, ) in the entire
domain. At elevated temperature, gas solubility increases
which results into higher gas flux as shown in Fig. 12. As
mentioned earlier that the porewater in saturated com-
pacted bentonite exists as a gel-like substance which is
denser than liquid water at ambient temperature. At ele-
vated temperature, the viscosity as well as density of the
gel is reduced, which accelerates diffusion of dissolved
helium from P, to the P, boundary. This eventually leads
to gas breakthrough occurring at lower pressures at higher
temperatures. For specimens tested at 20 °C, if the injec-
tion pressures were below the breakthrough pressure, the
helium concentration in the entire domain does not exceed
the maximum solubility within the timescale of these
experiments, which means the porewater is under-saturated
with helium (Q < 1.0) and more helium gas could be dis-
solved. As shown in Fig. 13, once the injection pressure
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increased to 4.31 MPa, gas breakthrough was triggered
because the entire domain in the specimen reached the
solubility limit (value), which means the porewater is fully
saturated with dissolve helium gas (Q > 1.0).

5 Conclusion

In this study, the temperature effects on gas migration
behaviour in saturated, compacted bentonite were investi-
gated. Previously proposed diffusion and solubility-con-
trolled (DSC) flow concept was tested to describe gas
migration and breakthrough behaviour observed during
laboratory experiments. Helium gas was injected into GMZ
bentonite samples under rigidly confined boundary condi-
tions at 20 °C, 40 °C and 60 °C. The main conclusions are
drawn below.

(1) The model predicted results showed good agree-
ments with the experimental results, indicating that
the DSC concept can adequately describe gas
transport processes in saturated compacted ben-
tonites that are subjected to rigid-boundary and
elevated temperature conditions.

(2) Observed fluctuations in gas pressures in the receiv-
ing compartment, at lower temperatures and lower
injection pressures, suggest that helium gas dissolu-
tion and diffusion behaviours are sensitive to pres-
sure and temperature. The behaviours in saturated,
compacted bentonites become more stable with
increase of gas injection pressure and ambient
temperature.

(3) Helium breakthrough pressure decreased by approx-
imately 32% with increasing temperature (from 20 to
60 °C). This is because the amount of helium that
can be dissolved in bentonite porewater at 60 °C is
higher than that at 20 or 40 °C for the same gas
pressure level. Therefore, the gas injection pressure
required to saturate porewater with dissolved helium
and exceed the solubility limit at 60 °C could be
lower than that at 20 or 40 °C, which may eventually
lead to a lower breakthrough pressure at higher
temperatures.

Please note that the test specimens used in this study
correspond to lower dry density bentonites. It is imperative
to assess robustness and applicability of the diffusion and
solubility-controlled gas transport and breakthrough
mechanisms for higher dry density bentonite specimens.
Further studies will be conducted in that regard.
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