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Abstract 12 

Recent work has shown that unconfined smectite clays swell upon exposure to supercritical (SC) CO2 due 13 

to uptake in the clay interlayer region. Such swelling behavior is expected to cause internal stress 14 

development under geometrically confined conditions pertaining to geological storage of CO2, but this 15 

has not been widely investigated. Here, we report uniaxial compaction/swelling tests performed, using a 16 

1-D compaction cell, on pre-pressed discs of Wyoming (Na-SWy-1) and Arizona (Ca-SAz-1) 17 

montmorillonite, as well as on smectite-bearing shale. We explore the axial (Terzaghi) effective stress 18 

generated in these materials upon exposure to 10 MPa CO2 pressure under conditions where total swelling 19 

(including poroelastic effects) is restricted to axial strains below 3%. The experiments were performed at 20 

44 °C. In each experiment, the sample was first equilibrated with lab air (RH≈40%-60% at T=20-25°C) at 21 

the experimental temperature and pre-compacted at 60 MPa axial stress to generate a dense reproducible 22 

microstructure. A lower axial normal stress of 25.9 to 40.9 MPa was then applied and the loading piston 23 

held in fixed position. This yielded an effective (Terzaghi) overburden stress of 9.6 to 24.7 MPa upon 24 

introduction of CO2 at 10 MPa, thus simulating burial depths of 0.8 to 2.0 km. Following CO2 25 

introduction, axial swelling stresses developed rapidly, independently of the direct effect of increased 26 

pore pressure, attaining values of 7.1 to 12.4 MPa at equilibrium, compared with 2 MPa obtained using 27 

inert Ar. Experiments on Na-SWy-1 montmorillonite showed that the swelling stress generated upon 28 

exposure to CO2 decreases with increasing initial and final effective normal stress, suggesting that 29 

overburden stress suppresses swelling (stress) development in smectite, presumably by limiting the 30 

amount of CO2 uptake by the material investigated. The swelling stresses observed imply that CO2 31 

penetration into caprocks and faults in geological storage systems will lead to an increase in effective 32 

normal stress components, which in turn will tend to promote closure of fractures and enhance sealing 33 

integrity. However, further work is needed to improve understanding of the processes underlying the 34 

swelling of smectite caused by CO2 and to evaluate any risks posed to caprock and fault integrity by 35 

swelling-induced shear stresses.  36 



3 

 

Keywords: CO2 storage, caprock integrity, clay swelling, swelling stress  37 



4 

 

1. Introduction 38 

Long-term storage of carbon dioxide in deep geological formations presents an important option for 39 

reducing emissions of anthropogenic greenhouse gases into the atmosphere (Hepple and Benson, 2005; 40 

Holloway, 1997), that is gaining new momentum since the 2016 Paris Climate Agreement (UNFCCC, 41 

2016). One of the main knowledge gaps in this field relates to the processes occurring when supercritical 42 

CO2 migrates slowly into the low permeability fracture and pore networks present in caprocks and faults. 43 

In particular, little is known regarding the long-term effects of CO2 storage on caprock and fault sealing 44 

integrity (Gaus, 2010; Shukla et al., 2010). Many potential storage reservoirs are sealed by mudrock or 45 

shale caprocks, the generally low permeability of which is predominantly caused by the presence of clay 46 

minerals (Song and Zhang, 2013). Smectites (i.e. swelling clays, such as montmorillonites) are common 47 

constituents of such rocks and are often present in faults that laterally seal potential storage reservoirs, at 48 

least at depths up to about 2-3 km (80 C). At greater depths, smectites generally start to transform to the 49 

non-swelling clay mineral, illite (Lynch et al.,1997 and Hover et al., 1976). Large sedimentary basins, 50 

such as in the North Sea, frequently contain large amounts of smectite that sometimes even dominate the 51 

total clay mineralogy as well as the mineralogy of individual argillite units (Pearson, 1990). The North 52 

Sea is considered to be the main target for offshore storage of CO2 in Europe. This makes the interaction 53 

between CO2 and swelling clays an important and timely topic to investigate (Busch et al. 2016; Espinoza 54 

and Santamarina, 2012). 55 

The crystal structure of smectites is characterized by alternating tetrahedral and octahedral silicate 56 

sheets separated by an interlayer “gallery” region. Solid solution substitutions in the silicate sheet 57 

structure impart excess negative charge, which attracts charge-balancing cations and an associated cage of 58 

water molecules into the interlayer region (Sato et al., 1992, Prost et al., 1998). Uptake of these water 59 

molecules, in layers up to three molecules thick, causes the structure to expand or shrink normal to the 60 

silicate sheets, depending on temperature, pressure, water activity and clay composition (Xu et al. 2000; 61 

Sato et al., 1992; Harward and Brindley, 1965; Bishop et al., 1994; Sposito and Prost, 1982; Prost et al. 62 
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1998). This expansion is referred to as clay swelling and is known to occur in a stepwise manner 63 

(Mooney et al., 1952; Norrish, 1954), giving rise to specific values of the interlayer spacing or d001–64 

spacing, corresponding to uptake of 1, 2 or 3 discrete layers of water molecules. 65 

Recent experimental studies (Giesting et al., 2012a, b; Schaef et al., 2012, 2015; Ilton et al. 2012; 66 

Loring et al., 2012, 2014; Rother et al., 2013; de Jong et al., 2014; Michels et al., 2015;) have shown that 67 

besides the well-known swelling effects, seen when smectites take up interlayer water, smectites can also 68 

swell by a few percent when exposed to supercritical CO2 under unconfined hydrostatic conditions. This 69 

swelling is attributed to interlayer uptake of CO2 via adsorption, which can be significant depending on 70 

the clay mineral type and its hydration state (Busch et al. 2016). The effect occurs if the initial hydration 71 

state of the smectites is intermediate between ‘n’ and “n+1’ complete hydration layers. For example, 72 

SWy-1 montmorillonite swells when charged with CO2 at initial hydration states between fully dry (basal 73 

d-spacing d001 ≤ 10.0 Å) and having one water layer in the smectite interlayer structure (d001  12.4 Å) (c.f. 74 

Giesting et al., 2012a; De Jong et al., 2014).  Ca-montmorillonites show similar behaviour at hydration 75 

states between 0 and 1 and between 1 and 2 water layers (c.f. Giesting et al., 2012b; Schaef et al., 2012).  76 

These intermediate hydration states are believed to exist at the pressure-temperature conditions typical of 77 

potential CO2 storage sites located at depths up to 2-3 km (e.g. Bird 1984), especially in caprocks that are 78 

not fully water saturated, such as those overlying depleted oil and gas reservoir system. 79 

However, whereas CO2-induced swelling has been observed in experiments conducted under 80 

mechanically unconfined conditions (sample surrounded by hydrostatic CO2 pressure and free to swell), 81 

no data exist on the relationship between stress state and CO2-induced swelling of smectite minerals 82 

under confined conditions, i.e. where the material is subjected to an existing effective stress and is not 83 

free to swell. Under in-situ conditions, rock is unable to swell freely, especially laterally. This means that 84 

an increase in effective stress components, i.e. a self-stressing effect, can be expected which could 85 

potentially close CO2-filled pores and cracks in caprocks and faults, thus enhancing their sealing capacity, 86 

or else cause mechanical damage which would reduce seal integrity if deviatoric stresses become large 87 
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enough. On the other hand, the stress experienced by the solid framework might suppress CO2 uptake, as 88 

recently reported for CO2 sorption in coal (e.g. Hol et al., 2011, 2012; Liu et al., 2016). 89 

In the present study, we investigated the stresses that develop when smectites are exposed to 90 

supercritical CO2 under conditions where swelling is restricted and under pressure, temperature and 91 

smectite hydration conditions similar to those expected in subsurface CO2 storage systems. We 92 

approached this by means of laterally confined, uniaxial compression (1-D strain) experiments performed 93 

on samples of well-characterized montmorillonite, a common upper crustal smectite, plus one further test 94 

on smectite-bearing shale. The tests were conducted by introducing supercritical CO2 into pre-pressed 95 

discs of these materials at ~44°C and at axial stresses simulating burial depths of ~0.8 to 2.0 km. Here, we 96 

report changes in the (Terzaghi) effective stress that occurred due to sample swelling in the axial direction 97 

(including poro-elastic effects), which we term the swelling stress.  We go on to consider the implications 98 

for CO2 storage.   99 

2.  Experimental Approach  100 

Three series of laterally confined compression/ swelling experiments were performed (see Table 1), 101 

using a 1-D compaction vessel to allow axial loading with zero lateral strain. The first series of 102 

experiments (Series S1), performed on sample numbers 1 to 5 (denoted S1-M1 to S1-M5), was primarily 103 

aimed at investigating the development of swelling stress in different smectite (bearing) materials (Na-104 

SWy-1 montmorillonite, Ca-SAz-1 montmorillonite and smectite shale) under a fixed initial vertical (i.e. 105 

axial) stress. The second series (S2), performed on sample numbers 6 to 13 (denoted S2-M6 to S2-M13), 106 

focused on Na-SWy-1 montmorillonite samples subjected to different initial axial stresses (simulated 107 

overburden stress). This series was aimed at providing additional data on the effect of overburden stress 108 

on swelling stress development, with increased accuracy in measuring small associated swelling strains. 109 

In addition, 3 swelling stress tests (Series 3, S3-M1 to S3-M3) were performed on Na-SWy-1 samples 110 

using Ar at 10MPa, assuming this to behave as an inert pore-fluid that does not penetrate into clay 111 
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interlayer structure (Eltantawy and Arnold, 1972). These control experiments were performed to quantify 112 

poro-elastic stress changes due to pore fluid pressurization, independently of CO2-related swelling. In 113 

each of these control tests, cyclic loading and unloading was conducted after swelling stress 114 

measurement, to provide representative data on the uniaxial stiffness modulus of the present samples. 115 

2.1 Starting materials and gases 116 

As indicated above, the experiments were conducted on two types of naturally occurring 117 

montmorillonites, namely Na-rich Wyoming type (Na-SWy-1) and Ca-rich Arizona type (Ca-SAz-1). 118 

These were obtained from the Source Clays Repository of The Clay Minerals Society and have been 119 

extensively characterized in the past (e.g. van Olphen and Fripiat, 1979). Na-SWy-1 is a low charge 120 

montmorillonite with solid substitutions occurring in both the tetra- and octahedral sheet; the interlayer 121 

cation largely consists of sodium. Ca-SAz-1 is a high charge montmorillonite with solid substitutions 122 

occurring solely in the tetrahedral sheet. The interlayer cations present in this montmorillonite are mainly 123 

calcium, with smaller amounts of potassium and sodium. Note that no attempt was made to purify the 124 

samples by cation exchange procedures. The two montmorillonites were used, in “as received” powder 125 

form, without any chemical pre-treatment or grain size fractionation. One additional experiment was 126 

conducted on a typical smectite-bearing shale, from a North Sea gas field, for which XRD analysis 127 

showed the smectite content to be 53%. The remaining constituents of the shale were illite (13.7%), 128 

kaolinite (11.5%), quartz (11.7%) and smaller quantities of calcite, plagioclase and chlorite (less than 7% 129 

in total). This material was crushed prior to use, using a pestle and mortar, until finer than the mesh of a 130 

37 m sieve. 131 

All swelling stress experiments were conducted using 99.999% pure CO2. The control experiments 132 

were performed with 99.99% pure Ar. Both fluids were supplied by Air Products NL. 133 

2.2 Sample preparation 134 
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The experiments were performed on disc-shaped samples of the clay-bearing materials investigated. 135 

The samples were pre-formed and subsequently pre-compacted and then tested in the titanium sample 136 

vessel shown in Figure 1a. Pre-forming was accomplished as follows. First, ~0.15 gram of sample powder 137 

was distributed evenly in the titanium vessel (inner diameter inn = 12.15 mm, outer diameter out138 

=19.1mm; Liteanu and Spiers, 2009). This was then lightly compressed by hand between the upper and 139 

lower titanium pistons to yield a flat, disc-shaped sample of ~1mm thickness. A 1mm thick circular 140 

Titanium porous plate (diameter=12.15mm, porosity ~50%, pore size ~5 µm), was subsequently placed 141 

between the sample and upper Titanium piston, to act as a filter and fluid distributor. The titanium vessel, 142 

plus sample, Ti porous plate and pistons (referred to henceforth as the sample assembly), were then 143 

transferred to the main experimental apparatus. 144 

2.3. Experimental apparatus        145 

Swelling stress was measured by exposing the disc-shaped samples to a CO2 pressure of ~10MPa 146 

under mechanical conditions that prevented the samples from swelling laterally and vertically (other than 147 

for small amounts of machine distortion). To achieve this, an oedometer-type pressure vessel (i.e. a 1-D 148 

compaction vessel) made of hardened stainless steel (Remanit 4122) was used to house the Ti vessel and 149 

sample assembly (Figure 1a), applying axial load and/or imposing fixed position boundary conditions to 150 

the sample assembly, using an Instron 8862 servo-controlled testing machine (Figure 1b).     151 

In this set-up, the titanium sample assembly (Figure 1a) was axially loaded via two Remanit pistons 152 

(diameter 19.1mm) sealed against the Remanit vessel with Viton O-rings. The temperature of the system 153 

was controlled using an external furnace. This was regulated by means of a Eurotherm temperature 154 

controller connected to a type K thermocouple located in the external furnace windings. Sample 155 

temperature was measured using a second type K thermocouple placed in a small recess in the outer 156 

Remanit pressure vessel at a distance of ~0.5mm from the titanium sample vessel. Axial load was 157 

measured externally, using a 100kN Instron load cell mounted on the Instron cross-head above the upper 158 
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Remanit pistons (Figure 1b). Piston displacement (sample thickness change) plus overall machine 159 

deformation was measured using a displacement transducer (linear variable differential transformer-160 

LVDT) located in the Instron loading ram (internal LVDT). Displacement of the upper Remanit piston 161 

relative to the top surface of the compaction vessel, hence the deformation occurring in the sample plus 162 

all components located between the top Remanit piston and the bottom Remanit piston, was measured 163 

using a second external LVDT (Figure 1b). In the first series of experiments (S1-M1 to S1-M5), an 164 

external LVDT with a full scale displacement of 2 mm and a resolution of ±0.25 μm was used. In the 165 

second series (S2-M6 to S2-M13) and third series (S3-M1 to S3-M3), this was replaced by a more 166 

sensitive type (Solartron, Model-DFg1) with a full scale displacement of 2 mm and effective resolution 167 

<0.1μm.  168 

In the Series 1 and Series 2 experiments, CO2 pressure was applied to the samples through a CO2 inlet 169 

in the upper Remanit piston, as shown in Figure 1b. CO2 was initially supplied from a CO2 cylinder 170 

(5MPa) via a line regulator and valve, and then further pressurized to and controlled at 10 MPa using a 171 

separator. This was primed with CO2 on the sample side and backed with Argon supplied from a 172 

regulated (20MPa) cylinder. For accurate pressure measurement near the sample, a Honeywell MSI (0 ~ 173 

35 MPa) pressure transducer was placed adjacent to the CO2 inlet pipe at the entry-point to the upper 174 

Remanit piston.  175 

The Series 3 control experiments, performed with Ar, used the same set-up as that employed in the 176 

second series of swelling stress experiments. In this case, however, the Ar pore fluid was directly 177 

introduced from a gas cylinder (bottle pressure ~20 MPa) via the CO2 inlet as shown in Figure 1b, with 178 

the pressure being adjusted and maintained by a regulator installed to the outlet of the gas bottle. 179 

In all three series of experiments, the internal and external LVDT signal, axial load, temperature and 180 

CO2 pressure signals were logged digitally, at a frequency of 1Hz, using a National Instruments VI 181 

Logger system plus PC. 182 
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                          183 

Figure 1. Schematic representation of the set-up used for measuring the swelling stress generated in pre-pressed 184 
smectite discs upon exposure to supercritical-CO2. (a) Sample assembly including sample housed in Ti die/vessel, 185 
upper Ti piston with central bore, a Ti porous plate (1mm thick) allowing pore fluid access to the sample and a Ti 186 
lower piston/spacer; (b) Uniaxial loading system. Sample assembly is located and loaded within in the Remanit 187 
stainless steel compaction vessel. In the first and second series of experiments, CO2 pressure was injected into the 188 
sample through the upper piston column (and Ti porous plate). CO2 pressure was controlled using a separator 189 
primed with CO2 connected to the CO2 inlet, with the other side backed up by Ar regulated at 10MPa pressure. In 190 
the third series of (control) experiments, Ar gas was directly injected from an Ar cylinder into the sample. 191 

 192 

2.4 Testing procedure  193 

 2.4.1. Series 1 and 2 experiments 194 

Following sample preparation, the titanium sample assembly was placed in the pressure vessel and the 195 

top piston was emplaced. The entire compaction set-up was then mounted into the Instron loading frame. 196 

The assembly was subsequently heated to 44±1.5°C, with the sample and pore fluid system drained to lab 197 

air to allow equilibration with the ambient relative humidity RH=40-60%, using the Instron to apply a 198 

small load to the sample. This temperature was chosen to ensure that the initial hydration state of the 199 

smectite, at ambient RH, would fall at a level between zero and one interlayer of water molecules for Na-200 

(b) 

 

(a) 
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SWy-1, and one to two layers of interlayer water molecules for Ca-SAz-1, noting that the specific d100–201 

spacing achieved is difficult to constrain (De Jong et al., 2014; Ferrage et al., 2007). When thermally 202 

equilibrated, a pre-compaction load was applied to create samples of fixed initial thickness (~0.6-0.7mm). 203 

In each of the individual Series 1 and Series 2 experiments performed (on Na-SWy-1, Ca-SAz-1 and 204 

smectite shale), a pre-compaction stress (pre) of 60 MPa was applied for about four hours, during which 205 

time the sample first compacted rapidly, with the compaction rate decreasing with time until little or no 206 

creep was observed. Pre-compaction was done to ensure that all samples tested experienced the same 207 

initial loading history and to eliminate permanent compaction effects due to frictional/ductile flow at 208 

lower applied stresses. Given the mass of the samples and their dimensions after pre-compaction, in 209 

comparison with the dry grain density of the Na-SWy-1 and Ca-SAz-1 clays (~2.2g/cm3), the bulk 210 

porosity of the pre-compacted samples was around 15-25%. After pre-compaction, the applied axial stress 211 

was reduced to a starting value (σstart) varying in the range of 26 to 41MPa (Table 1), to achieve simulated 212 

overburden stresses expected at depths of about 1-2 km. The Instron machine was then set in position 213 

control mode at a fixed ram position, hence restricting the sample from swelling. The CO2 inlet was 214 

subsequently attached to the pore fluid system and CO2 was introduced into the sample and CO2 separator 215 

from the CO2 cylinder. The CO2 pressure was then gradually increased from 0 to 5MPa (bottle pressure), 216 

using the CO2 cylinder regulator. Further increase in the pore fluid pressure (CO2) was achieved 217 

incrementally, via the Ar backing system, over several minutes, to the final target of 10MPa, at which it 218 

was subsequently held constant within ±0.2MPa.    219 

Throughout this paper, we use Terzaghi’s definition for the effective stress (e) supported by the 220 

sample, i.e. e = (n – P), where n is the normal stress applied by the piston to the sample, and P is the 221 

pore fluid pressure present in the sample. Upon the introduction of CO2, the effective axial stress 222 

supported by the sample decreased instantly, due to the combined effects of CO2 pressurization and 223 

machine deformation, by an amount that could be calculated to an accuracy of within ~0.4 MPa from the 224 

calibrations described below. The resulting effective axial stress, calculated at the instant of CO2 225 



12 

 

introduction at 10 MPa, will be referred to henceforth as the initial effective stress (σ , see Table 1). 226 

Following CO2 introduction, axial force was monitored to determine the evolution of effective stress 227 

supported by the sample. The value measured in excess of the initial effective stress  (σ ) is defined as 228 

the swelling stress in the present study, and includes the effects of both CO2 uptake-induced swelling and 229 

poro-elastic expansion of the sample. When the monitored signal remained stable over time, the 230 

experiments were terminated by depressurization of the CO2, followed by unloading the samples axially, 231 

cooling and disassembly.  232 

 233 

Note that in all experiments, the applied initial effective stress as well as the maximum value attained 234 

during testing were always lower than the 60 MPa stress applied during pre-compaction, thus minimizing 235 

any additional mechanical compaction of the sample during the main testing phase. 236 

2.4.2 Series 3 experiments 237 

In the Series 3 control experiments, the Na-SWy-1 samples tested were prepared and pre-compacted 238 

using the same method and under identical temperature and RH conditions as the Series 1 and Series 2 239 

experiments. In each Series 3 test, the same pre-compaction and swelling stress measurement procedures 240 

were also followed as those used for the Series 1 and 2 tests, the only difference being that Ar was used as 241 

pore fluid instead of CO2. In Series 3, however, when the sample tested reached equilibrium during the 242 

swelling stress test stage (indicated by no further increase in axial load with time), the Instron was 243 

switched from position control to load control mode, and the axial load was then cycled through two or 244 

three cycles between the maximum and minimum axial stresses applied during the Series 1 and Series 2 245 

swelling stress tests. Upon completion of two or three cyclic loading runs, the experiment was then 246 

terminated by unloading the sample, depressurizing the Ar and disassembly. For a detailed explanation of 247 

cyclic loading tests, please refer to Appendix 1 (Supplementary Material). 248 
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2.5 Calibrations and corrections 249 

In making all swelling stress measurements,  the samples were loaded in fixed Instron position mode 250 

with the result that pressurization of the Remanit oedometer vessel with fluid, whether CO2 or Ar, led to 251 

(a) an increase in the axial load monitored by Instron load cell, accompanied and moderated by (b) a 252 

minor elastic deformation of the apparatus measured at the external LVDT (including elastic shortening 253 

of the Remanit and Ti loading pistons and expansion of the Remanit vessel), see Appendix 1 254 

(Supplementary Material). Alongside these machine responses, introduction of fluid pressure during each 255 

swelling stress experiment reduced the axial effective stress supported by the sample, causing poro-elastic 256 

expansion of the sample, independently of any sorption-related swelling effect. Several calibration tests 257 

were done to determine the dependence of the Instron load cell and external LVDT signals upon fluid 258 

pressure by pressurizing the compaction vessel with CO2 in the axially loaded condition, with the Instron 259 

position fixed and with no sample present in the Ti sample vessel. Linear best fits to the data obtained 260 

allowed the benchmark apparatus response, i.e. effects (a) and (b), to be quantified (see Appendix 2, 261 

Supplementary Material). For each swelling stress experiment started at a pre-chosen effective stress 262 

, the initial effective axial stress ( ) supported by the sample immediately after CO2 introduction, 263 

but before any sorption-induced swelling effect had occurred, could be calculated after correcting the 264 

axial force applied for effect (a). The swelling stress developed (i.e. measured change in Terzaghi 265 

effective stress) as a function of time following CO2 introduction was computed from the measured load 266 

signal in the same way (see Appendix 3, Supplementary Material). The stress evolution occurring in the 267 

control experiments performed using Ar was also calculated using this method, yielding the swelling 268 

stress produced by purely poro-elastic sample expansion (assuming zero or negligible swelling duo to Ar 269 

adsorption). The maximum error in applying these corrections to obtain the axial effective stress at any 270 

instant in any of our experiments was calculated to be 0.43 MPa.  271 

Independently of the above machine effects caused by fluid pressurization, the development of 272 

swelling forces in our experiments inevitably caused elastic deformation of the loading system. This 273 
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effect in turn allowed the loaded samples producing a swelling stress to undergo minor swelling strains 274 

even when the position of the loading piston was externally fixed. Careful calibration runs were 275 

performed to determine this elastic machine deformation, through axially loading and unloading the 276 

empty titanium sample vessel at conditions identical to those used in our swelling stress experiments, i.e. 277 

at 44˚C and 10MPa CO2 pressure. A machine deformation correction was accordingly established, based 278 

on a fourth order polynomial fit to the external LVDT versus applied load data obtained (see Appendix 1, 279 

Supplementary Material). The small sample strains that accompanied swelling stress changes could hence 280 

be obtained from the displacement data measured using the external LVDT, by correcting for machine 281 

deformation associated with changes in both axial load (i.e. swelling force changes) and applied fluid 282 

pressure (effect b above), see Appendix 3 (Supplementary Material). Sample swelling deformations 283 

occurring in the Ar control experiments of Series 3 were also computed using this method. The same 284 

correction procedure was likewise applied to the external LVDT signals obtained in the cyclic loading 285 

part of the Series 3 tests, yielding the change in thickness of the loaded sample versus axial load. This 286 

made it possible to determine the uniaxial elastic stiffness of the Series 3 samples from a linear fit to a 287 

plot of the reversible change in sample thickness versus applied load (see Appendix 4, Supplementary 288 

Material).  289 

Very precise external displacement measurements and calibrations are required to measure accurately 290 

the very small changes in sample dimensions discussed above. The external LVDT employed in our first 291 

series of experiments (S1 series, Table 1) was insufficiently accurate and showed too much hysteresis to 292 

enable sample strains associated with swelling stress development or minor CO2 pressure fluctuations to 293 

be resolved adequately. We therefore present results on swelling deformation only for the S2 and S3 294 

series of experiments. For these experiments, the maximum error in the correction for the machine 295 

deformation obtained, hence the maximum error in measuring changes in the sample thickness was 296 

±0.001mm (i.e. ±1 m).  297 

3. Results           298 
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3.1 Initial effective stress after CO2 introduction  299 

The initial effective normal stress  resulting from the introduction of CO2 into our apparatus at a 300 

pressure of 10 MPa, as calculated from our machine calibration data independently of any 301 

swelling/shrinkage effects in the sample, is presented for each clay experiment in Table 1. The equivalent 302 

(simulated) burial depth for each sample (Table 1) was calculated assuming a sedimentary rock column 303 

with an average density of 2250 kg/m-3
, and the presence of a hydrostatic pore fluid pressure gradient. The 304 

difference between the pre-applied axial stress (σstart) and the initial effective axial stress (  ), which 305 

represents the change in effective stresses (Δσe) supported by the sample upon CO2 or Ar introduction, is 306 

given for each experiment in Table 1. We emphasise that these effective stress changes are induced by 307 

pore fluid pressurization and the associated machine deformation. The magnitude of these changes is 308 

around 15-17 MPa. This value varies from sample to sample due to minor variations in the pore fluid 309 

pressure employed in each experiment and to the uncertainties in our calibrations.  310 
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Table 1. List of the complete set of swelling stress experiments and key data obtained in this study. 311 

Series-Exp 
No. 

Material Pore 
fluid 

Sample 
humidity 

Pre-compaction 
stress σpre 

Starting normal 
stress σstart 

σein Equivalent 
burial depth 

Δσe σsw σeeq xsw 

    MPa MPa MPa km MPa MPa MPa mm 

S1-M1 Na-SWy-1 CO2 Lab air dry 60.37 27.24 10.97 0.88 16.27 10.03 21.00 NR 

S1-M2 Na-SWy-1 CO2 Lab air dry 60.37 34.20 18.95 1.52 15.25 8.60 27.58 NR 

S1-M3 Na-SWy-1 CO2 Lab air dry 60.37 39.67 22.84 1.83 16.83 8.00 30.84 NR 

S1-M4 Ca-SAz-1 CO2 Lab air dry 60.37 34.60 18.49 1.48 16.11 12.41 30.90 NR 

S1-M5 Smectite 

shale 

CO2 Lab air dry 60.37 40.85 24.71 1.98 16.14 9.30 34.01 NR 

S2-M6 Na-SWy-1 CO2 Lab air dry 60.37 25.90 9.63 0.77 16.27 10.77 20.40 0.0194 

S2-M7 Na-SWy-1 CO2 Lab air dry 60.37 28.90 12.76 1.02 16.14 9.45 22.28 0.0180 

S2-M8 Na-SWy-1 CO2 Lab air dry 60.37 31.61 14.41 1.15 17.20 9.08 24.50 0.0170 

S2-M9 Na-SWy-1 CO2 Lab air dry 60.37 35.30 18.1 1.45 17.20 8.30 26.40 0.0153 

S2-M10 Na-SWy-1 CO2 Lab air dry 60.37 35.20 18.96 1.52 16.24 8.60 27.56 0.0160 

S2-M11 Na-SWy-1 CO2 Lab air dry 60.37 35.60 19.23 1.54 16.37 8.03 27.27 0.0144 

S2-M12 Na-SWy-1 CO2 Lab air dry 60.37 38.90 22.56 1.80 16.34 7.05 29.60 0.0137 

S2-M13 Na-SWy-1 CO2 Lab air dry 60.37 39.13 22.93 1.83 16.20 7.43 30.36 0.0130 
 

S3-M1 Na-SWy-1 Ar Lab air dry 60.37 28.64 11.92 0.95 16.72 2.51 14.43 0.0069 

S3-M2 Na-SWy-1 Ar Lab air dry 60.37 29.97 12.34 0.99 16.63 3.13 15.47 0.0082 

S3-M3 Na-SWy-1 Ar Lab air dry 60.37 34.53 18.04 1.51 16.49 2.99 21.03 0.0071 

All experiments listed in the table were performed at a nominal temperature of 44(±1.5) °C, and pore fluid pressure of 10(±0.2) MPa. Note that σpre indicates the stress applied to 312 
the sample in the pre-compaction stage, while σstart is the subsequently imposed normal stress on the sample before CO2 injection.  This normal stress σstart was pre-determined to 313 
obtain realistic effective overburden stresses (σein) upon injection of CO2 at 10 MPa pressure, taking into account machine deformation upon injection. σein is the initial effective 314 
normal stress, resulting from the introduction of CO2 at a pressure of 10 MPa for each sample tested, as calculated from our machine calibration data independently of any swelling 315 
stress development. Δσe is the difference between σstart and σein, i.e. change in effective stress supported by the sample upon CO2 pressurization. The equivalent (simulated) burial 316 
depth for each sample was calculated assuming sedimentary rock with an average density of 2250 kg/m-3, and the presence of a hydrostatic pore fluid pressure gradient. σsw, σeeq, 317 
xsw are respectively the (apparent) equilibrium swelling stress developed, the effective normal stress supported by the sample at (apparent) equilibrium, and the corresponding 318 
swelling deformation, which are calculated from the average value of load and LVDT signals collected in the 0.5 to 2 hour before the termination of each experiment. 319 
S1 and S2 series of experiments are performed with CO2 as pore fluid, while S3 series are conducted using Ar, to calibrate the swelling effect associated with poro-elastic effects. 320 
NR represents “not reported” due to unacceptably large errors associated with the external LVDT used in the S1 experiments (only). 321 
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3.2 Swelling stress data - Series 1 experiments  322 

In the first series of five experiments, three Na-SWy-1 samples, S1-M1 to S1-M3, were tested at pre-323 

determined normal stresses (σstart) of 27.2, 34.2 and 39.7 MPa respectively. The influence of a different 324 

smectite type (Ca-SAz-1) on stress development was studied in experiment S1-M4 (σstart=34.6 MPa), 325 

while experiment S1-M5 addressed the smectite-bearing shale (σstart= 40.9 MPa, refer Table 1).  326 

The raw data typically obtained in these experiments are illustrated in Figure 2a.  This shows the 327 

change in axial force and LVDT position signals, measured relative to their values at the start of 328 

experiment S1-M1, versus elapsed experimental time, as well as the same signals obtained in a calibration 329 

test performed at similar starting axial force (effective stress) but with no sample present. It is seen from 330 

Figure 2a that the axial load and LVDT position values increase instantly upon introduction of CO2 331 

pressure in the calibration test, reflecting the elastic response of the machine upon fluid pressurization (an 332 

increase in LVDT signal means expansion). By contrast, in the swelling stress test on clay sample S1-M1, 333 

much larger instantaneous changes in axial load and LVDT position were measured upon CO2 334 

introduction at 10 MPa, as well as subsequent time-dependent development towards asymptotic plateau 335 

values. This behaviour clearly demonstrates a swelling effect and associated swelling stress development 336 

in the clay sample due to CO2 introduction. Note that the excess axial force (stress) change measured in 337 

the test on sample S1-M1, relative to the calibration test, represents a total swelling force. The change in 338 

Terzaghi effective stress determined from this swelling force gives the ‘swelling stress’ reported in 339 

present paper and includes both poroelastic and any CO2 uptake-induced expansion effects occurring in 340 

the sample.    341 

The swelling stress data determined from experiments M1 to M3, after correcting for all machine 342 

effects and for changing CO2 pressures during CO2 introduction, are presented in Figures 2b,c,d. These 343 

plots also show the history of CO2 pressurization per test. In all cases, it is observed that when CO2 is 344 

injected into the samples, a small negative swelling stress was measured for a short time period (less than 345 

one minute), before positive stresses were recorded, as the target CO2 pressure of 10MPa was reached. 346 
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This was presumably due to transient compaction of the sample outweighing the swelling effect before 347 

the CO2 had pervasively accessed the sample porosity. 348 

Examining the three tests performed in series S1 on Na-SWy-1, we note that, upon increasing the 349 

initial effective normal stress σe
in, i.e. going from experiment M1 to M3, the swelling stress decreases in 350 

magnitude. By contrast, the rate of stress development varies slightly but shows no apparent correlation 351 

with the initial effective normal stress. For each individual test, once the target CO2 pressure of 10MPa is 352 

reached, a change in the rate of development of swelling stress is observed (Figures 2b-d), beyond which 353 

the swelling stress continues to increase more slowly until it approaches stable value (i.e. an apparent 354 

equilibrium state) after an interaction time of ~4 hours. The equilibrium swelling stresses (σsw), derived by 355 

averaging the swelling stress measured in the last 0.5-2 hours of each individual test, depending on noise 356 

level, attained values around 10.0MPa, 8.6MPa and 8.0MPa for M1 to M3 respectively, pointing to a 357 

decreasing trend in equilibrium value with increasing initial effective normal stress for Na-SWy-1 358 

samples i.e. for σe
in values of respectively 11.0, 18.5 and 22.8 MPa corresponding to equivalent burial 359 

depths of 0.88, 1.52 and 1.83 km – see Table 1. 360 

The results of experiment M4 (Figure 2e) on Arizona montmorillonite (Ca-SAz-1, σe
in =18.49MPa, 361 

equivalent burial depth 1.48km–Table 1) show similar swelling stress vs. time behaviour to that observed 362 

for Na-SWy-1 (M1-M3). When CO2 was injected into the sample, a negative swelling stress was 363 

measured, suggesting transient compaction due to pressurization. Subsequently, after ~1min, the swelling 364 

stress recovered back to values above zero, following similar behaviour to that measured for samples S1 365 

M1-M3 during the further course of the experiment. From the point where the target pressure of 10MPa 366 

was reached and kept constant henceforth, the swelling stress steadily increased to approach an apparent 367 

asymptotic equilibrium value (σsw) of ~12.4MPa.  368 

The results of the CO2 experiment conducted with smectite-bearing shale are displayed in Figure 2f. 369 

The basic characteristics of this plot are similar to those obtained for experiments M1 to M4, and show 370 

that the shale containing 53% smectite develops a swelling stress (σsw) of 9.3 MPa at conditions 371 
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corresponding to an initial effective normal stress  of 24.7 MPa and relatively deep simulated burial 372 

depths of almost 2 km (Table 1).   373 
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                  374 

                 375 

         376 

Figure 2. Representative raw data and swelling stress vs. time plots for the Series 1 experiments. (a) Change in axial 377 
force and LVDT signal measured in experiment on S1-M1 vs calibration test with no sample present. Both tests 378 
were performed at a starting axial force of ~3.2 kN, equivalent to an initial effective normal stress of ~11MPa. 379 
‘Sample’ in the bracket denotes data for swelling stress test S1-M1, whereas ‘CAL’ denotes the calibration test with 380 
no sample present.  (b) S1-M1, Na-SWy-1 material, initial effective normal stress σe

in is 10.97 MPa, simulated 381 
burial depth ~ 0.88 km. (c) S1-M2, Na-SWy-1 material, σe

in =18.95 MPa, simulated burial depth ~ 1.52 km. (d) S1-382 
M3, Na-SWy-1 material, σe

in =22.84 MPa, simulated burial depth ~ 1.83 km. (e) S1-M4 on Arizona Ca-SAz-1 383 
montmorillonite, σe

in =18.49 MPa, simulated burial depth ~ 1.48 km. (f) S1-M5 on a natural, smectite-rich shale. 384 
σe

in=24.71 MPa, simulated burial depth ~ 1.98 km. 385 
 386 

3.3 Swelling stress data - Series 2 experiments  387 

(a) (b) 

(c) (d) 

(e) 

σe
in =10.97 MPa 

σe
in =24.71 MPa 

σe
in =10.97 MPa 

σe
in =22.84 MPa σe

in =18.95 MPa 

σe
in =18.49 MPa 

(f) 
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To investigate the effect of the initial axial effective stress σe
in (i.e. simulated burial depth or 388 

overburden pressure) on the magnitude of axial swelling stress measured in each sample upon CO2 389 

introduction, the second series of five experiments were performed on Na-SWy-1 samples under a range 390 

of σe
in values (9.63 to 22.36 MPa), selected (via the choice of σstart) to complement those employed in the 391 

three tests on Na-SWy-1 material reported in series S1 (10.97 to 22.84 MPa – see Table 1). Figures 3a-h 392 

show the swelling stress development with time measured for the S2-M6 to M13 samples. Most of the S2 393 

experiments were allowed to run for more than the 6 hours employed in the S1 tests, allowing (apparent) 394 

equilibrium to be more closely approached (see Figure 3). We found that the swelling stresses approached 395 

their asymptotic equilibrium value within ~4 hours, as in the S1 runs, the only exception being sample 396 

S2-M8 (Figure 3c) which developed an extra 1 MPa swelling stress between 4 and 12 hours. By taking 397 

the average value of the swelling stress measured in the last one to two hours of each run, we determined 398 

the magnitude of equilibrium swelling stresses (σsw) in each of the Series 2 experiments. These values 399 

decrease systematically from 10.8 to 7.0 MPa as the initial effective axial stress applied to the sample 400 

increases form 9.6 MPa to 22.9 MPa. This decreasing trend is similar to that observed for M1-M3 in 401 

Series 1 (see Figure 3 and Table 1).  402 
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                    403 

                   404 

                     405 

                        406 

Figure 3. Swelling stress development due to exposure to CO2 measured in the Series 2 experiments on Na-SWy-1 407 
material. (a) Sample M6 subjected to initial effective normal stress (σein ) of 9.63MPa, simulated burial depth is 408 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

σe
in =9.63 MPa σe

in =12.76 MPa 

σe
in =14.41 MPa σe

in =18.10 MPa 

σe
in =18.96 MPa σe

in =19.23 MPa 

σe
in =22.56 MPa σe

in =22.93 MPa 
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~0.77km. (b) Sample M7, σein =12.76 MPa, simulated burial depth is ~1.02km. (c) Sample M8, σein =14.41 MPa, 409 
simulated burial depth is ~1.15km. (d) Sample M9, σein =18.10 MPa, simulated burial depth is ~1.45km. (e) Sample 410 
M10, σein =18.96 MPa, simulated burial depth is ~1.52km. (f) M11, σein =19.23 MPa, simulated burial depth 411 
~1.54km. (g) M12, σein =22.56 MPa, simulated burial depth ~1.80km. (h) M13, σein =22.93 MPa, burial depth 412 
~1.83km 413 

 414 

Results on equilibrium swelling stress (σsw) and final effective axial stress supported by sample at 415 

equilibrium ( = + ), derived from the swelling stress vs. time curves obtained for the Series 1 416 

and Series 2 experiments, are presented in Table 1. The complete set of data for Na-SWy-1 samples show 417 

a clear effect of increasing initial effective stress σe
in, and final (equilibrium) effective stress , on the 418 

extent of swelling stress development in Na-SWy-1 smectite due to exposure to CO2 -  see Figures 4a and 419 

b respectively. These plots show similar trends for both series of experiments on Na-SWy-1 samples, with 420 

swelling stress decreasing almost linearly with increasing initial and final effective stress. The sensitivity 421 

of swelling stress (σsw) to final or equilibrium axial stress was determined for the combined S1 and S2 422 

data sets by linear best fitting (see Fig 4b), which yielded the relation 423 

 = −0.281 + 16.021                   (1) 424 

This of course means that if the effective axial stress experienced by a Na-SWy-1 sample at equilibrium 425 

increases by 1 MPa, the swelling stress developed decreases by ~0.28 MPa. 426 

               427 

Figure 4. (Apparent) equilibrium swelling stress (σsw) plotted against (a) initial effective axial stress (σe
in) for Na-428 

SWy-1 samples (i.e. Series S1: M1 to M3 and Series S2: M6~M13) at PCO2 10MPa, and  (b) final effective normal 429 
stress (σe

eq) experienced by each sample at equilibrium with 10MPa CO2.  430 

 431 

(a) (b) 
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As discussed in Section 2.5, even though the piston position was fixed during each experiment, any 432 

swelling stress development in the sample inevitably led to elastic deformation of the loading system, 433 

resulting in a small change in sample thickness, i.e. to an absolute sample swelling, xsw. The high 434 

precision LVDT employed in the apparatus used for the Series 2 experiments, allowed this minute 435 

swelling deformation to be determined for samples M6-M13 at any instant, by correcting measured 436 

displacement for machine response to axial load and any changes in fluid pressure. The swelling 437 

deformations occurring in the S2 samples at equilibrium are presented in Table 1 in terms of absolute 438 

thickness increase, and are plotted versus corresponding equilibrium swelling stress σsw in Figure 5. This 439 

plot clearly shows that the swelling of the sample, hence the displacement of the upper titanium piston 440 

interface with the sample relative to the lower titanium piston interface, is linearly proportional to the 441 

equilibrium swelling stress, reflecting that the elastic deformation of the machine, which accommodates 442 

sample swelling and is equal and opposite to it, is directly proportional to the equilibrium swelling stress 443 

via the machine stiffness constant.  444 

 445 
Figure 5. Absolute swelling deformation (xsw) plotted versus corresponding swelling stress (σsw) for the second 446 
series of experiments (samples S2-M6 to M13). The stresses and displacements were measured at (apparent) 447 
equilibrium with a CO2 pressure of 10MPa. 448 

 449 

3.4 Results of the Series 3 control tests performed using Ar  450 

The Series 3 experiments on Na-SWy-1 montmorillonite involved equilibration with 10 MPa Ar in a 451 

manner identical to the Series 2 and 3 swelling experiments performed with CO2, followed by cycling of 452 
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the axial load, hence effective axial stress, to cover the full range of swelling stresses encountered in the 453 

Series 2 and 3 tests. The initial equilibration stage of these swelling stress experiments led to the 454 

development of an apparent swelling stress in a manner closely similar to that seen using CO2 (cf.  the 455 

Series 1 and 2 tests in Figure 2 and 4), but with a magnitude of only 2-3 MPa instead of 7-12 MPa (Table 456 

1 and Figure A. 4). Representative results of the subsequent load cycling tests are as shown in Figure 6 (2 457 

loading and unloading cycles for sample S3-M2). The total deformation of the sample and Remanit/Ti 458 

loading pistons, measured at the external LVDT, during load cycling is plotted against uniaxial load 459 

applied in Figure 6, along with the apparatus deformation derived from the fourth order polynomial 460 

calibration described above, and with the inferred sample deformation (the difference). Linear fitting to 461 

the piston distortion and sample deformation versus axial load data demonstrates closely linear behaviour 462 

(dashed lines in Figure 6), and yields compliance coefficients of respectively 0.00837kN/mm for the 463 

machine and 0.00144 mm/kN for the sample, equivalent to apparent stiffness moduli of ~119 kN/mm and 464 

694 kN/mm. Several such tests were performed in the Series 3 experiments, yielding an average sample 465 

stiffness of 538kN/mm.  466 

                             467 
Figure 6. Representative results of the Series 3 load cycling tests performed on Na-SWy-1 samples at an Argon pore 468 
fluid pressure of 10MPa. Total deformation measured by external LVDT, deformation of the apparatus (mainly 469 
Remanit pistons), and deformation of the sample are plotted against uniaxial load applied for S3-M2. Linear fitting 470 
of the sample deformation vs. axial load gives a value of 0.00144 mm/kN for the compliance coefficient of the 471 
sample.  472 

4. Discussion 473 

4.1 Swelling stress development in the presence of CO2: phenomenology and mechanism 474 
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Our experiments on Na-SWy-1, Ca-SAz-1 and smectite bearing shale show that exposure to 475 

supercritical CO2, under the confined conditions imposable in the apparatus used, produces swelling 476 

stresses of significant magnitude (7.0 to 12.4 MPa) at (apparent) equilibrium. The swelling stresses 477 

developed in Na-SWy-1 smectites in experimental series S1 and S2 are in good agreement, with a clear 478 

negative dependence on initial effective stress (σe
in), i.e. on the simulated burial or overburden stress, and 479 

on the final effective stress (σe
eq) at equilibrium (Figure 4). The machine stiffness/compliance effects 480 

described above mean that loaded samples producing a swelling stress can undergo small swelling strains 481 

when the CO2 pressure increases or when swelling stress develops. Taking into account the combined 482 

axial stiffness of our apparatus (119N/mm) plus the samples (538kN/mm, corresponding to 4.64G 483 

Pa/mm), the magnitude of the swelling stress measured in our Series 1 and Series 2 experiments is 484 

consistent with the swelling strains of a few percent observed in experiments on mechanically unconfined 485 

samples performed on similar clays and under otherwise similar conditions (De Jong et al., 2014, Giesting 486 

et al., 2012a,b, Ilton et al., 2012, Schaef et al., 2012).   487 

When analyzing our data on swelling stress development upon exposure to CO2 in more detail, the 488 

results for Na-SWy-1 show that samples subjected to higher initial effective stress σe
in (e.g. S1-M3, Figure 489 

2d), not only show lower equilibrium swelling stress values, but also lower rates of swelling stress 490 

development (cf. S1-M1, Figure 2b). These findings qualitatively agree with the effects of applied stress 491 

on sorption of CO2 by coal reported recently (Hol et al., 2011, 2012, 2014; Espinoza et al. 2014). They 492 

also agree with the predictions of thermodynamic models for the effects of stress state on sorption and on 493 

sorption-induced swelling presented by these authors for two-component sorbent-sorbate system such as 494 

coal plus CO2 or CH4. (see also Liu et al., 2015 and Liu et al., 2016).  495 

While the thermodynamic models developed by Hol et al. (2011, 2012) and Liu et al. (2016) predict 496 

lower sorption capacities with increased effective stress, hence reduced swelling and therefore lower 497 

swelling stresses, we note that the clay-water-CO2 system is much more complex than a two-component 498 

sorbent-sorbate system such as coal plus CO2. Several additional effects could be important, in particular 499 

the role of hydration state and how this is affected by the presence of CO2 (De Jong et al., 2014, Wentinck 500 
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and Busch, 2017, Busch et al. 2016). The hydration state of the clays tested in our experiments is only 501 

constrained by the fact that the samples were allowed to equilibrate with laboratory humidity (RH 40-502 

60% at T=20-25C) at the experimental temperature of 44 C prior to introduction of CO2. Despite the 503 

fact that previous work (de Jong et al., 2014) implies a corresponding hydration state in the zero to 1 504 

water layer range (10.0  d001 12.3 Å ), the exact initial hydration state in our experiments, and the 505 

extent to which this may change when CO2 is injected into the sample, are not known. The exact effects 506 

of hydration state, especially in-situ hydration state, thus form an important target for future work on the 507 

effects of simulated burial stress (σe
in) on swelling stress and strain response.  508 

Aside from the magnitude of swelling stress, the rapid rate of CO2 uptake in the present confined 509 

experiments, evidenced by the fast development of swelling stress seen in Figures 2 and 3, is also in good 510 

agreement with what has been observed previously in experiments on mechanically unconfined samples 511 

performed on thin Na-exchanged and K-exchanged Na-SWy-1 smectite films (Giesting et al., 2012a, b – 512 

using XRD methods) and on mm-sized pressed cubes of Na-SWy-1 smectite clay (De Jong et al., 2014 – 513 

using optical strain measurements). In these experiments, the samples were in effect immersed in CO2 514 

leaving the clay free to swell against only the CO2 pressure. Exposure to CO2 caused swelling of several 515 

percent with the swelling occurring in a few minutes only. This behaviour was argued by Giesting et al. 516 

(2012a) to reflect rapid diffusion of CO2 both into the clay samples and into the smectite interlayer region. 517 

However, the mode of interaction between CO2 molecules, water molecules and interlayer cations in the 518 

interlayer space is not fully clear. Giesting et al. (2012a) speculate that the CO2 and interlayer water 519 

molecules interact to form charged carbonate complexes (CO3
2-/HCO3

-) and interact electrostatically with 520 

the interlayer cations, causing changes in interlayer d-spacing. Indications supporting this theory were 521 

reported by Hur et al. (2013) and Romanov (2013), while other authors present convincing arguments 522 

against the formation of carbonate complexes (see discussion by Busch et al. 2016). In broad alignment 523 

with the work of Hur et al and Romanov, Loring et al. (2012 – see also Rother et al., 2013; Giesting et al. 524 

2012a,b) recently demonstrated direct intercalation of CO2 into the Ca-, Na-, and K-smectite interlayer 525 
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structure using neutron scattering and neutron magnetic resonance techniques.  Moreover, Romanov 526 

(2013), on the basis of measurements made using attenuated total reflection infrared spectroscopy, argued 527 

formation of (amorphous) carbonate species in the interlayer spaces of SWy-2 and STx-1b smectites 528 

exposed to CO2, suggesting permanent trapping of CO2 by the smectites investigated. However, Loring et 529 

al. (2012) and Schaef et al. (2012) argued against this point of view, respectively through thermo-530 

gravimetric measurements and magic angle spinning nuclear magnetic resonance spectroscopy on Ca-531 

STx-1 montmorillonite. In summary, the mechanisms leading to clay swelling in the presence of CO2 and 532 

water remain a field for further study. 533 

In the present Series 1 and 2 experiments, we observed that the swelling stress developed in Ca-SAz-1 534 

material is significantly higher than in Na-SWy-1 subjected to similar normal effective stress 535 

(experiments S1-M4 vs. S1-M2, S2-9 & S-210). Specifically, the 12.4MPa swelling stress produced in 536 

experiment S1-M4 on Ca-SAz-1 is 50% higher than the ~8MPa measured for Na-SWy-1 under similar P-537 

T, humidity and effective stress conditions (refer Table 1). This is nicely consistent with the similar 538 

difference in swelling magnitude reported by Giesting et al. (2012 a,b), based on XRD measurements on 539 

Na+ and Ca2+ exchanged SWy-2 montmorillonite exposed to similar fluid pressure and temperature 540 

conditions but unconfined, i.e. without an effective stress on the samples. Our results are also consistent 541 

with those of De Jong et al. (2014), who showed that Ca-montmorillonite (with an initial hydration state 542 

corresponding d001≈12.5Å) can develop maximum swelling strains up to ~15%, in comparison to Na-543 

montmorillonite (d001≈11Å) which showed lower values of ~10%. Returning specifically to the study 544 

presented here, the discrepancy between Ca- and Na- montmorillonite probably reflects an initially higher 545 

hydration state in Ca-SAz-1 than in the Na-SWy-1 material (Bird, 1984; Sato et al., 1992), while at the 546 

same time the radius of Ca2+ is larger than Na+ resulting in a larger interlayer spacing in the Ca-SAz-1 547 

than Na-SWy-1 materials. These factors might allow easier access of CO2 into the interlayer space. At 548 

present however, we can only speculate on the CO2-cation-water interactions taking place in smectite 549 

interlayers.  550 
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The results of experiment S1-M5 on the shale sample containing ~53% smectite (Figure 2e) show a 551 

swelling stress of ~9.3MPa, despite a) the high effective stress (σn
e) conditions corresponding to a burial 552 

depth of ~2km, and b) the fact that the smectite content of the shale was only 53%. No information is 553 

available on the structure or interlayer cation type(s) for this sample material. It is therefore difficult to 554 

make direct comparisons with the results obtained for Na-SWy-1 and Ca-SAz-1. The unexpectedly high 555 

swelling stress measured for the shale sample may be attributable to the type of smectite it contains. If the 556 

interlayer cation would be Ca2+ we can speculate that a swelling stress equal to half of that developed in 557 

pure Ca-SAz-1 should develop for the shale due to its ~53% smectite content, i.e. ~6.2MPa. Further, the 558 

significant quartz content of the shale sample can be expected to impart a higher stiffness modulus, hence 559 

yielding a higher swelling stress. At the same time, we note that besides likely intercalation of CO2 into 560 

the interlayer region of the smectite present in the shale sample, the relatively high swelling stress 561 

measured might also be related to clay-CO2 interactions occurring at the external platelet surfaces (faces 562 

and edges) of other non-swelling clay minerals, such as illite and kaolinite (Busch et al., 2008). It is well-563 

established that water films can easily adsorb on these charged surfaces due to the attraction exerted by 564 

exchangeable, charge-compensating surface cations (Rutter, 1983; Ormerod and Newman, 1983; 565 

Israelachvili et al., 1988; Renard and Ortoleva, 1997; Hatch et al., 2012). The properties of such surfaces 566 

might therefore not be very different from the smectite interlayer region, in terms of interaction with CO2. 567 

Of course, similar effects might occur at the surface of smectite crystallites also, as speculated already by 568 

de Jong et al. (2014).  569 

In Series 3 experiment performed using Ar as the pore fluid, we measured 2-3 MPa swelling stress 570 

accompanied with a swelling strain of less than 1%. The swelling stress and strain attained are much less 571 

than those measured in the Series 1 and 2 tests using CO2 as pore fluid. In view of the fact that Ar is 572 

chemically inert, like He, and that the latter is reported not to cause interlayer swelling of smectite, we 573 

infer that the swelling stresses and swelling strains measured in the Ar tests reflect poro-elastic expansion 574 

of the clay samples, induced by the decrease in Terzaghi effective stress upon pressurization with Ar.   575 
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4.2 Swelling stress at zero sample strain   576 

As discussed in relation to the S3 series of experiments on Na-SWy-1 material (Figure 6), swelling 577 

stress development in our samples inevitably leads to elastic deformation of the loading system and 578 

sample, resulting in an accompanying small change in sample thickness, i.e. to an absolute sample 579 

swelling (xsw) and associated swelling strain. This means that the swelling stress measured by our system 580 

will always be lower than the value that would be attained under conditions of zero apparatus distortion 581 

and zero sample strain, i.e. under conditions where axial swelling of the sample is fully restricted. The 582 

swelling stress at zero strain will, of course, be determined purely by the swelling and (poro)elastic 583 

properties of the sample, with the swelling strain produced by interaction with CO2 being entirely 584 

accommodated by elastic compression of the sample. The implication is that the only truly meaningful 585 

way to express swelling stress, for a given sample material under given conditions, is in terms of the 586 

equilibrium swelling stress pertaining at zero strain.  This will be the maximum swelling stress that the 587 

material can generate when fully equilibrated with CO2, with all direct measurements of swelling stress 588 

yielding lower values by virtue of the fact that no machine (or natural confining environment) is infinitely 589 

stiff in practice.  590 

In Appendices 5 and 6 (Supplementary Material), we derived how the measured swelling stress and 591 

swelling strain are related, and show how the measured swelling stress can be extrapolated to zero 592 

swelling strain, taking into account the dependence of swelling strain on applied effective stress. The 593 

required relationship is given by: 594 

∈ = ( ∙ ) ∙
∙

                      (2)  595 

where ∈  is the swelling force attained while the measured equilibrium swelling deformation  is 596 

completely cancelled by elastic accommodation,  is the measured equilibrium swelling force,  is the 597 

average sample stiffness estimated to be 538kN/mm, and = −3.35 /  is the coefficient derived 598 

from equation 1, which shows how the adsorption induced swelling deformation decreases with 599 
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increasing load applied to the sample (see Appendix 5, Supplementary Material). The swelling stress 600 

extrapolated to  ‘zero’ sample strain, ∈ , accordingly can be obtained from 601 

 ∈ =
∈

= ( ∙ ) ∙
( ∙ )∙

                                                      (3)  602 

where  is the cross section area of samples tested. 603 

Substituting the apparent equilibrium sample swelling  and swelling stress measured in each 604 

swelling stress test into the above equation, the swelling stresses developed at ‘zero’ strain can be 605 

obtained and are plotted in Figure 7. The resulting values vary from 42.9-29.3MPa over the range of 9-23 606 

MPa initial normal effective stress, and thus decrease systematically with increasing simulated 607 

overburden stress as implied by the correlation given in Figure 4. Note that the extrapolated swelling 608 

stress in this case was contributed not only by the swelling effect related to interlayer CO2 uptake or 609 

sorption by the smectite samples, but also by poro-elastic expansion of the sample due to the decrease in 610 

effective stress supported by the sample at the instant that the Remanit compaction vessel was pressurized 611 

with CO2 at 10MPa. The poro-elastic contribution was measured in our swelling stress tests using Ar (i.e. 612 

Series 3 experiment), and should be the same as that in tests using CO2 as pore fluid, assuming that the 613 

truly elastic properties of the pre-compacted samples were not changed by interaction with Ar or CO2. 614 

The contribution of the poro-elastic effect to the swelling stress and swelling strain measured in our CO2 615 

tests can be removed by subtracting the respective reference values measured in our Ar tests. The 616 

swelling stress at zero strain, produced solely by the uptake-induced swelling effect, can then be 617 

calculated by inserting the corrected sorption-induced swelling strain and swelling stress into equation 618 

(3). This yields swelling stresses due to interlayer CO2 uptake/sorption of 17.5-31.1MPa (Figure 7, solid 619 

red circles).  620 
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 621 
Figure 7. Swelling stress extrapolated to “zero sample strain” conditions plotted as a function of initial effective 622 
stress for the second series of experiments (S2-M6 to S2-M13). The extrapolated swelling stress is the stress 623 
calculated to develop in the sample when the sample expansion due to CO2-smectite interaction is fully restricted, 624 
i.e. where sample swelling strain is exactly offset by elastic compression of the sample. Black data points are the 625 
swelling stress required to cancel out the total swelling strain occurring in the experiments, not correcting for the 626 
poro-elastic effect. Red data points are the swelling stress needed to cancel out swelling related to CO2 uptake by the 627 
sample only (i.e. excluding poro-elastic swelling related to effective stress change upon pressurization with CO2). 628 
 629 

4.3 Implications for geological storage of CO2 630 

We have demonstrated that Na-SWy-1 and Ca-SAz-1smectite clays and crushed smectite-bearing 631 

shale develop a swelling stress when exposed to (supercritical) CO2 under laterally confined conditions 632 

characterized by an initial vertical effective stress and a temperature typical of carbon sequestration sites 633 

(up to 2 km burial depth). The experiments were conducted under temperature-humidity conditions that 634 

are expected, from previous work (Giesting et al., 2012a,b; de Jong et al., 2014) to produce a hydration 635 

state in the range 0 to 1 water layer for Na-SWy-1 and 1 to 2 water layers for Ca-SAz-1 smectite. This 636 

hydration state is also expected to be representative for in-situ reservoir and caprock conditions at depths 637 

up to 2-3 km (Bird, 1984). The magnitude of the directly measured swelling stress was found to be of the 638 

order of 7.0-12.4 MPa for CO2 pressures of 10 MPa and simulated burial depths of 0.8-2.0 km. Control 639 

experiments using Argon instead of CO2 show that these values include a contribution of 2-3 MPa due to 640 

poro-elastic expansion of the samples caused by the decrease in Terzaghi effective stress that 641 

accompanies pressurization with CO2.  In addition, the measured swelling stress values are in part 642 
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determined by elastic deformation of the apparatus used to measure them. Making use of our data to 643 

remove this effect, i.e. to extrapolate our data to a condition where the sample is constrained such that all 644 

swelling strain is accommodated by elastic deformation of the sample, with zero strain, demonstrates that 645 

swelling stresses then reach values of 29.3-42.9 MPa. After removing the poro-elastic effect induced by 646 

pressurization with CO2 to 10MPa reduces these values to swelling stresses of 17.5-31.1MPa. These 647 

results, coupled with the swelling strains that we measured previously under similar conditions in 648 

unconfined experiments on similar material (de Jong et al., 2014), suggest that penetration of CO2 into 649 

smectite-rich caprocks and fault gouges at CO2 storage sites should lead to a local swelling/self-stressing 650 

effect, developing strains of several percent where nearly free to swell, or else normal stresses potentially 651 

of several to a few tens of MPa depending on the rock volume penetrated and the stiffness of the 652 

surrounding rock mass. (c.f. Wentinck and Busch, 2017). Shear stresses of similar magnitude might also 653 

potentially be generated due to heterogeneous and/or anisotropic swelling induced by CO2 penetration. 654 

This type of swelling/self-stressing effect has not yet been accounted for in evaluating storage system 655 

integrity. On the other hand, it is important to realize that water-scavenging by dry, injected CO2 might 656 

change the hydration state of smectites present in reservoirs, caprocks and faults, possibly even producing 657 

dehydration-related shrinkage (Gaus et al., 2005;.Espinoza and Santamarina, 2012).  Such CO2-induced 658 

dehydration and shrinkage effects have been reported recently for swelling clays having two or more 659 

hydration layers (Schaef et al., 2012). According to Bird (1984), however, this hydration state is more 660 

likely relevant at low effective stress conditions (close to surface, potentially in faults), while at depths 661 

relevant for CO2 storage (>1000 m) fewer than two hydration layers can be expected, depending on the 662 

interlayer cation and subsurface conditions. The competing effects of both water and CO2, therefore need 663 

careful consideration. Moreover, while it is assumed that the (initial) 0 to 1 water layer hydration state 664 

investigated here is representative for in-situ conditions, direct evidence for this (e.g. Bird, 1984) is sparse 665 

and needs to be confirmed. 666 

Taking the present results, along with those reported in our work on unconfined swelling (de Jong et 667 

al., 2014), as being applicable to in-situ conditions, clay swelling caused by CO2 intercalation into the 668 
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smectite interlayer region, is potentially capable of causing significant permeability reduction in 669 

reservoirs, caprocks and faults, due to closure of pores, cracks and void space and associated self-670 

stressing. This would suggest that if CO2 migrates slowly into joints or pores in a smectite-bearing shale 671 

caprock, for example, then swelling could impede migration and improve the caprock sealing properties. 672 

The magnitudes of the swelling stresses measured under confined conditions in the present study indicate 673 

that pore/fracture “closure stresses” (i.e. normal stresses) up to several tens of MPa can potentially be 674 

generated. 675 

At the same time, sorption-induced stresses developing under 1-D strain or other geometrically 676 

constrained conditions, can promote the development of anisotropic states of stress, i.e. shear stresses, 677 

potentially causing damage or even failure (c.f. coal failure; Espinoza et al., 2015). The magnitude of the 678 

swelling stresses obtained here could be disadvantageous if they develop in regions where high deviatoric 679 

(shear) stresses already exist as a result of tectonic strains or the pressure and/or temperature changes 680 

associated with CO2 injection. Examples of such sites include zones where sealing faults cut reservoir and 681 

caprock units, and where pressure changes in the reservoir can accordingly produce substantial shear 682 

stresses on the fault (Orlic et al., 2011). In such situations, and in situations where faults are already 683 

critically stress due to the background tectonic stress field (Zoback,1992; Sperner et al., 2003), additional 684 

CO2-induced swelling of smectites in the caprock could potentially lead to fault reactivation, or to local 685 

(non-uniform) caprock swelling and damage, and thus the creation of CO2 leakage paths (Wentinck and 686 

Busch, 2017). At the same time, swelling of clays in the fault might increase the effective normal stress 687 

on the fault sufficiently to stabilize the fault. The present data provide a basis upon which the potential 688 

role of such effects can be assessed in future.  689 

Overall, however, by comparison with the effects that CO2-induced swelling has on the in-situ 690 

transport properties and fracturing behaviour of coal beds (Hol et al., 2011, 2012), we do not expect that 691 

smectite swelling due to CO2 uptake is likely to impair CO2 storage system integrity significantly. Rather, 692 

as reported for CO2-induced swelling of coal (Hol et al, 2012), the dominant effect is likely to be that 693 

normal stresses will increase due to swelling, which will close cracks present and stabilize faults. To 694 
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assess if this is indeed the case, numerical modelling of the site specific in-situ state of stress, and the way 695 

it evolves, is required to evaluate the potential for CO2-induced caprock damage or enhanced sealing via 696 

smectite swelling. In addition, further research is needed to investigate more systematically the range of 697 

swelling stresses that could develop from interactions with CO2, for various pure smectite compositions, 698 

and especially for true in-situ hydration states – namely at in situ pressure and temperature conditions 699 

buffered by the presence of liquid water. It is also important to establish whether water scavenging by 700 

CO2 can dry out smectites present in top seals and faults under in-situ conditions, as this would tend to 701 

reduce effective normal stresses and to open cracks, thereby reducing seal integrity (see discussion in 702 

Busch et al. 2016). As discussed above such dry-out (shrinkage) of interlayers in the presence of dry CO2 703 

was observed by Schaef et al. (2012 and 2015) when the initial hydration state was 2 or more water 704 

layers. 705 

In line with this, further research is also required on the swelling and self-stressing behaviour of 706 

natural caprock and fault rock materials containing both smectites and non-swelling clays, such as 707 

kaolinite and illite. Illite usually is the dominant clay phase at depths beyond 3 km. As discussed above, it 708 

is possible that the external crystallite surfaces of both smectites and minerals such as illite and kaolinite 709 

may exhibit CO2 sorption effects causing swelling.  These could play a role in caprocks and faults at 710 

depths up to and beyond 2-3 km, and need to be assessed.   711 

6. Conclusions 712 

In this study, we conducted laterally constrained, axi-symmetric compression experiments on pre-713 

pressed discs of pure smectite (Na-SWy-1 and Ca-SAz-1 montmorillonite) clays, and on a smectite-714 

bearing shale (53% smectite), to investigate the development of axial swelling stress due to exposure of 715 

the samples to SC CO2 under mechanically confined conditions. The experiments were carried out at a 716 

nominal temperature of 44 °C, to ensure that the initial hydration state of the smectites would correspond 717 

to expected in-situ ranges (between respectively zero and one versus one and two planes of interlayer 718 
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water molecules, for the Na-SWy-1 and Ca-SAz-1 montmorillonite). The CO2 pressure used was 10 MPa. 719 

Vertical effective stresses up to 24.7 MPa were imposed, to simulate effective overburden stresses upon 720 

injection, corresponding to burial depths up to almost ~2.0 km. Three individual experiments were 721 

performed on Na-SWy-1 smectite samples as the control group, using Ar at 10 MPa as the pore fluid 722 

phase. The following conclusions were drawn: 723 

1. Na-SWy-1 and Ca-SAz-1 montmorillonites and smectite-bearing shale (53% smectite) show the 724 

development of significant swelling stress as a result of exposure to SC CO2 under mechanically confined 725 

conditions. In contrast, control experiments performed on Na-SWy-1 montmorillonite using Ar, exhibit 726 

limited swelling stress (2-3MPa) due to poro-elastic expansion of the samples. The larger effect of CO2 727 

reflects intercalation of CO2 molecules into the interlayer structure of smectite and possibly effects of clay 728 

surface sorption too. The maximum effective swelling stress attained under the present conditions, 729 

including poro-elastic effects, was almost 11 MPa for Na-SWy-1 clay at an initial effective stress 730 

simulating a burial depth of ~0.8 km. When extrapolated to zero sample swelling strain (at which point 731 

swelling is exactly accommodated by compressive elastic deformation of the samples), the swelling 732 

stresses predicted reach values of up to 43MPa. These results indicate that CO2-induced swelling and self-733 

stressing can be expected to occur and are significant at in-situ conditions corresponding to 0.8-2.0 km of 734 

burial. 735 

2. The CO2-induced swelling stress produced in Na-SWy-1 montmorillonite decreases with increasing 736 

effective stress, or simulated burial depth, to a magnitude of ~7.0 MPa for a simulated depth of ~1.83km 737 

(effective stress of 22.93MPa). This effect, and the overall self-stressing behavior observed over and 738 

above the poro-elastic effect, are qualitatively consistent with recent thermodynamic models (e.g. by Hol 739 

et al., 2012 and Liu et al. 2016) describing the coupled stress-strain-sorption behavior of solids that swell 740 

when a sorbate is taken up into their structure.  741 

3. The Ca-SAz-1 smectite samples investigated in present study developed significantly (50%) higher 742 

swelling stress than the Na-SWy-1 samples under similar P-T, humidity and effective stress conditions. 743 

We speculate that this is related to the lager interlayer spacing of Ca-SAz-1 versus Na-SWy-1 744 
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montmorillonite, which results from a higher initial hydration state at the lab RH condition and larger 745 

interlayer cation Ca2+. Together, these may allow more CO2 molecules to be uptaken into the interlayer 746 

space and hence retained there. 747 

4. In view of its limited smectite content (53%), the smectite-bearing shale developed unexpectedly 748 

high swelling stresses upon exposure to CO2 under the same conditions used in the experiments on Na-749 

SWy-1 and Ca- SAz-1 smectites, generating ~9.3 MPa for a simulated burial depth of almost 2.0 km. This 750 

may reflect (a) the higher stiffness of the smectite shale, resulting from the presence of stiff minerals such 751 

as quartz, (b) the intrinsic interlayer properties and hydration state of the smectite phase(s) present, (c) the 752 

possibility of a swelling stress being produced by CO2 uptake on the surface of non-swelling clay mineral 753 

constituents, such as illite and kaolinite. These possibilities require further investigation. 754 

5. The swelling stresses measured under confined conditions in the present study are qualitatively 755 

consistent with expectations based on the swelling strains of several percent measured previously on the 756 

same materials under unconfined conditions (e.g. de Jong et al., 2014) and on the stiffness of the present 757 

experimental set-up. Taken together, the results suggest that penetration of smectite-bearing caprocks or 758 

fault rocks by CO2, at CO2 storage sites, will tend to produce local swelling and self-stressing behavior, 759 

increasing normal stresses to close cracks and improve sealing capacity rather than degrading it. 760 

However, there is also a possibility that swelling-induced shear stresses could promote fault reactivation 761 

and damage development, and that water scavenging by dry CO2 could dehydrate wet smectites to cause 762 

shrinkage and crack opening. To confirm/evaluate these possibilities, further experimental research (e.g. 763 

flow through experiment on smectite bearing carprock materials using dry and/or wet CO2 as flowing 764 

fluid) and numerical modelling research are needed.   765 

 6. The present experiments have focused on smectite hydration states in equilibrium with 766 

atmospheric moisture (T=20-25℃, RH=40~60%) at a nominal temperature of 44°C, as this state (0 to 1 767 

water interlayers in Na-SWy-1 smectite, 1 to 2 water interlayers in Ca-SAz-1 smectite) is believed to be 768 

achieved under in-situ conditions corresponding to 1 to 2 or perhaps 3 km depth. Future work should 769 
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confirm that the assumed hydration states are indeed the hydration states under in-situ conditions, and the 770 

observed swelling stress effect would indeed occur under reservoir conditions. This can be done by 771 

investigating swelling and self-stressing behaviour under in-situ conditions and at various relative 772 

humidity, including that buffered by the presence of liquid pore water. 773 
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