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Abstract   20 

A mixture of the MX80 bentonite and the Callovo-Oxfordian (COx) claystone were 21 

investigated by carrying out a series of experiments including determination of the 22 

swelling pressure of compacted samples by constant-volume method, pre-swell 23 

method, zero-swell method and swell–consolidation method. Distilled water, 24 

synthetic water and humidity controlled vapour were employed for hydration. 25 

Results show that upon wetting the swelling pressure increases with decreasing 26 

suction; however, there are no obvious effects of synthetic water chemistry and 27 

hydration procedure on the swelling behaviour in both short and long terms. For the 28 

same initial dry density, the swelling pressure decreases with increasing pre-swell 29 

strain; whereas there is a well defined logarithmic relation between the swelling 30 

pressure and final dry density of the sample regardless of the initial dry densities and 31 

the experimental methods. It was also found that swelling pressure depends on the 32 

loading-wetting conditions as a consequence of the different microstructure changes 33 

occurred in different conditions. Furthermore, it was attempted to elaborate a general 34 

relationship between the swelling pressure and the final dry density for various 35 

reference bentonites.  36 

 37 

Keywords: bentonite/claystone mixture; swelling pressure; water chemistry effect; 38 

long term behaviour; final density; correlation. 39 

 40 

 41 

1 INTRODUCTION 42 

Deep geological repository is being considered for high-level radioactive waste (HLW) 43 

in several countries such as China, Belgium, France, Germany, Japan, Sweden, etc. In 44 

most cases, compacted bentonite-based materials are chosen as sealing/buffer 45 

materials thanks to their low permeability, high swelling and high radionuclide 46 

retardation capacities (Pusch, 1979; Yong et al., 1986; Villar et al., 2008).  47 

Once the repository is closed and local groundwater conditions are re-established, 48 

the water in the host rock formation will move to the repository. The bentonite-based 49 

material absorbs water and swells, filling the technical voids as the gaps between the 50 

bentonite bricks themselves, between the canister and the bricks, between bricks and 51 

the host rock, as well as the fractures in the host rock due to excavation. After that, 52 

the subsequent swelling is restrained by the host rock and swelling pressure develops. 53 

From a mechanical point of view, in order to ensure the stability of the system, the 54 

swelling pressure must be lower than the in situ minor stress: 7 MPa in the 55 

Underground Research Laboratory (URL) of Bure site, France (Delege et al., 2010; 56 

Tang et al., 2011a); 3-4 MPa at Tournemire site, France (Barnichon et al., 2009) and 57 

4-5 MPa at Mol site, Belgium (Li et al., 2009), etc. As the compacted 58 

bentonite-based material is a key component of a repository system, it governs the 59 

overall behaviour of the whole system. Hence, a proper understanding of how the 60 

compacted bentonite-based material behaves during hydration process is essential for 61 
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the assessment of the short and long term performance of the repository system.  62 

The behavior of compacted bentonite-based material upon wetting has been widely 63 

investigated, in terms of swelling properties (Pusch, 1982; Komine and Ogata, 1994, 64 

2003, 2004a; Delage et al., 1998; Agus and Schanz, 2005; Komine et al., 2009); 65 

hydraulic behaviour under saturated state (Kenney et  al., 1992; Dixon et al., 1999; 66 

Komine, 2004b;) and unsaturated state (Borgesson et al., 1985, 2001; Kröhn, 2003; 67 

Lemaire el al., 2004; Loiseau et al., 2002; Cui et al., 2008). There are also many 68 

studies on the effect of temperature (Komine and Ogata, 1998; Romero et al., 2001; 69 

Villar and Lloret, 2004; Tang et al., 2005; Tang et al., 2007; Tang et al., 2008a; Tang 70 

and Cui, 2009) and water chemistry of the saturating fluid (Pusch 2001a, Karland et 71 

al., 2005; Suzuki et al., 2005; Komine et al., 2009) on the hydro-mechanical (HM) 72 

behaviour.  73 

For the swelling properties, it has been found that the swelling pressure determined 74 

in the laboratory can be affected by the experimental methods (Sridharan et al., 1986; 75 

Tang el al., 2011b). Normally, different methods give different values of swelling 76 

pressure due to the difference in the loading and wetting conditions in each method 77 

(Abdullah et al., 1998, 1999). In addition, the swelling properties depend on the 78 

initial dry density and water content of the soil specimen. The higher the initial dry 79 

density, the higher the swelling pressure or the higher the swelling strain; the 80 

swelling strain decreases with increasing initial water content, but the swelling 81 

pressure seems not to be affected by the initial water content (Komine et al., 1994; 82 

Villar et al., 2008). The swelling properties can be also affected by the chemical 83 

composition of the saturating fluid: the swelling capacity of the bentonite decreases 84 

with the increase in salinity of saturating fluid, although this influence becomes less 85 

significant for higher densities (Pusch, 1980; Sugita et al., 2003; Karnland et al., 86 

2005; Castellanos et al., 2008; Siddiqua et al., 2011). Moreover, studies on the aging 87 

effects on the swelling behavior show that the swelling potential may decrease with 88 

time due to the rearrangement of clay particles with time (Nalzeny et al., 1967; Day 89 

et al., 1994; Subba Rao et al., 2003; Delage et al., 2006). 90 

Very often, bentonite/sand mixtures are considered for the reasons of good control of 91 

swelling pressure, large thermal conductivity and a better mechanical resistance. In 92 

France, the mixture of bentonite and crushed Callovo-Oxfordian (COx) claystone 93 

excavated from the Bure site of the ANDRA URL (-490 m, North-eastern France) 94 

was proposed as a possible sealing and backfill material. This choice has several 95 

advantages: (i) it is more economical by using local excavated claystone; (ii) the 96 

negative impacts on the environment is reduced by recycling the excavated material; 97 

(iii) there is better compatibility of mineralogical and chemical compositions with 98 

host rock, allowing reduction of complex physico-chemical interaction with the host 99 

rock (Andra, 2005; Tang et al., 2011a; Tang et al., 2011b). On the other hand, unlike 100 

relatively inert sand, claystone contains clay minerals and interaction between 101 

claystone and bentonite may occur, affecting the hydro-mechanical behaviour of the 102 

compacted mixture. Moreover, this interaction can be of long term. Particular 103 
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attention should be paid to this aspect. 104 

This study focuses on the swelling properties of the mixture MX80 105 

bentonite/crushed Cox claystone. A series of swelling tests were performed under 106 

constant temperature (20±1°C). The influences of water chemistry, hydration 107 

procedure and duration, pre-existing technical void and loading-wetting paths on the 108 

swelling pressure of compacted samples were investigated. Emphasis was put on the 109 

relationship between the swelling pressure and the dry density of bentonite. 110 

 111 

2 MATERIALS AND METHODS 112 

2.1 Materials  113 

The commercial MX80 bentonite from Wyoming, USA, was used. Table 1 lists its 114 

physical parameters. It appears that the proportion of montmorillonite is dominant in 115 

the bentonite (92 %); it has an average specific gravity of 2.76, a liquid limit of 116 

520%, and a plastic limit of 42%. The grain size distribution determined by 117 

sedimentation in Figure 1 shows that 84% grains are smaller than 2 µm (clay 118 

fraction). 119 

Callovo-Oxfordian (COx) claystone taken from the Bure site of the ANDRA URL 120 

was studied. It contains 40–45% clay minerals (mainly interstratified minerals 121 

illite–smectite), 20–30% carbonates and 20–30% quartz and feldspar (Hoteit et al., 122 

2000; Lebon and Ghoreychi, 2000; Zhang et al., 2004). The specific gravity is 2.70. 123 

The excavated claystone was air-dried (w = 2.64%) and crushed to powder. The 124 

grain size distribution determined by sedimentation is presented in Figure 1. It 125 

confirms that 40% grains are clays (< 2 µm). 126 

Both distilled water and synthetic water having the same chemical composition as 127 

the site water (see Table 2) were used.  128 

2.2 Samples preparation 129 

All the tests in this study were performed on samples of compacted 130 

bentonite/claystone mixture with a bentonite content of 70 % in dry mass. Bentonite 131 

and claystone powders with the initial water contents of 11.8 % and 2.64 % 132 

respectively, were used for the samples preparation. Their grain size distributions 133 

were determined by sieving and are presented in Figure 1.  134 

Samples were statically compacted in an oedometer cell (38 or 70 mm in internal 135 

diameter) at a controlled rate of 0.05 mm/min. A load transducer was used for axial 136 

force monitoring, and a micrometer dial gauge was used for axial displacement 137 

monitoring. After compaction, the specimen was carefully transferred into the 138 

hydration cell (with the same diameter as the oedometer cell) by connecting the 139 

bottom of the two cells together. This procedure allows the lateral stress released 140 

without significant increase in sample diameter. 141 
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2.3 Experimental methods 142 

Various methods were used to determine the swelling pressure upon wetting. The 143 

stress paths of these methods are presented in Figure 2. 144 

For the “constant-volume” method (stress path OA), the devices presented in Figure 145 

3 and Figure 4 were used. The constant-volume cell includes three parts (Figure 3, 146 

Tang et al., 2011b): (1) the bottom part containing a porous stone and a drainage 147 

system; (2) the middle cell (70 mm inner diameter) used to prevent radial swelling, 148 

with two air outlets; (3) the top part incorporating a total pressure sensor to monitor 149 

the swelling pressure. Figure 4 presents the setup used to control the suction in the 150 

soil sample using the vapour equilibrium technique (see Delage et al., 1998 for more 151 

details). When flooding the soil sample, this system was removed and the water inlet 152 

was connected to a water reservoir.   153 

 154 

For the “pre-swell” method (stress path OBB′), the sample was first allowed to swell 155 

freely in the axial direction to a certain value (Point B, noted as “pre-swell”), then 156 

the piston was fixed permitting the generation of swelling pressure that was 157 

monitored by the load transducer. This method was used to investigate the effect of 158 

pre-existing technical voids (simulated by the pre-swell allowed in the tests) on the 159 

swelling pressure.  160 

For the “zero-swell” and “swell-consolidation” methods, the equipment employed 161 

was a conventional oedometer (Basma et al., 1995; Nagaraj et al., 2009). Firstly, a 162 

low initial load of 0.1 MPa was exerted on the specimen prior to water flooding. As 163 

the specimen wetted up it attempted to swell. When the swell exceeded 10 µm 164 

(equivalent to 0.1%), additional pressure was added in small increment to bring the 165 

volume of soil specimen back to its initial value (Basma et al., 1995; Abdullah et al., 166 

1998, 1999; Attom et al., 2001). This operation was repeated until the specimen 167 

ceased to swell (OCC′ in Figure 2). The swelling pressure was defined as the stress 168 

under which no more swelling strain was observed. 169 

The “swell-consolidation” method consists of re-saturating the soil under a low 170 

vertical pressure of 0.1 MPa until full swell was achieved. After swell completion, 171 

standard consolidation test was conducted. The pressure required to compress the 172 

specimen back to its original void ratio is defined as the swelling pressure (Basma et 173 

al., 1995; Abdullah et al., 1998, 1999; Agus, 2005). The corresponding stress path 174 

ODD′ is shown in Figure 2. In this path, point D also represents the maximum 175 

swelling strain of the sample. 176 

The experimental programme is shown in Table 3. Three tests were performed using 177 

the constant-volume method to study the effect of water chemistry and the hydration 178 

procedure (CV01, CV02 and CV03). Distilled water and synthetic water was used in 179 

test CV01 and CV02, respectively. In test CV03, three suctions (57 MPa, 38 MPa 180 
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and 12.6 MPa) were first applied step by step using vapor equilibrium technique (as 181 

shown in Figure 4), prior to distilled water flooding in the last stage.  182 

Four tests were performed by pre-swell method to study the influence of pre-existing 183 

technical voids on the swelling pressure (PS01 – PS04). Different pre-swells were 184 

allowed before measurement of the swelling pressure. Note that for test PS04 the 185 

sample was allowed to swell freely to reach the maximum pre-swell strain.  186 

 187 

Two other tests were conducted using zero-swell method (ZSO1) and 188 

swell-consolidation method (SCO1), respectively, for analyzing the influence of 189 

loading-wetting paths followed in different experimental methods. 190 

 191 

As it can be seen in Table 3, the tests conducted have in general long duration, from 192 

80 h to one year. 193 

 194 

3 EXPERIMENTAL RESULTS 195 

Figure 5 presents the results from tests CV01 and CV02 with distilled water and 196 

synthetic water respectively, during the first 100 h. The two curves are very similar, 197 

showing negligible effect of water chemistry (in the range considered). With water 198 

infiltration, swelling pressure increased first very quickly; after about 20 h the 199 

swelling pressure reached a first stability stage. At 32 h, the swelling pressure 200 

restarted to increase and it reached a second stability stage at 100 h. The final values 201 

are 4.30 MPa and 4.37 MPa for CV01 and CV02, respectively.  202 

The results of test CV03 is presented in Figure 6. The initial suction of sample was 203 

about 90 MPa (measured by a relative humidity sensor on the soil specimen after the 204 

compaction and prior to the installation in the cell). The application of the first 205 

suction of 57 MPa resulted in a swelling pressure of 0.57 MPa. Then, the second 206 

suction of 38 MPa was applied and the swelling pressure reached 1.43 MPa. With 207 

the third suction of 12.6 MPa the swelling pressure increased to 2.61 MPa. The zero 208 

suction applied by distilled water led the sample to a maximum value of 4.39 MPa 209 

swelling pressure. This value is very close to that from test CV01 (4.30 MPa) and 210 

CV02 (4.37 MPa) in which the samples were flooded directly with water. This 211 

means there is no kinematic effect on the swelling pressure for the studied mixture. 212 

Figure 7 presents the relationship between the swelling pressure (σs in MPa) and the 213 

suction (s in MPa), with the values obtained from test CV03. An exponential 214 

function can be used to satisfactorily describe this relationship:  215 

s
s

0178.0109908.4 −×=σ                      (Eq.1) 216 

In Figure 8, the whole results from the three tests CV01, CV02 and CV03 during one 217 

year are presented. It appears that after a long period of one year, there was just a 218 
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slight decrease of swelling pressure and the values for the three samples still remain 219 

very close (4.23MPa, 4.32MPa and 4.29MPa for test CV01, CV02 and CV03, 220 

respectively). This shows a negligible effect of any bentonite-claystone interaction 221 

on the swelling pressure. 222 

The evolution of swelling pressure for the specimens having the same initial dry 223 

density of 1.90 Mg/m3 with different pre-swells is presented in Figure 9. An 224 

expected significant decrease of swelling pressure with increasing pre-swell is 225 

observed. For the pre-swells of 10, 20 and 25%, the swelling pressures obtained are 226 

5.38, 2.03 and 0.7 MPa, respectively. Note that the maximum swelling strain from 227 

test PS04 reaches 43 %. 228 

The results from test SCO1 using the swell-consolidation method are presented in 229 

Figure 10. When wetting up, the sample swelled under a low vertical pressure of 230 

0.1 MPa and the maximum swelling strain reached 41.76%. Further compression 231 

gave a normal consolidation curve that allows the determination of the swelling 232 

pressure: σs = 22.20 MPa.  233 

For test ZSO1 (zero-swell method) on a sample at an initial dry density of 234 

1.70 Mg/m3, a vertical stress of 4.38 MPa was needed to keep the void radio constant. 235 

By definition, this value is the swelling pressure by this method. 236 

From the results in Figure 9, the swelling pressure is plotted versus the pre-swell 237 

strain in Figure 11. The maximum pre-swell of test PS04 and the swelling strain in 238 

SCO1 (swell consolidation method) are also presented in this figure. Note that all 239 

specimens had the same initial dry density of 1.90 Mg/m3 and all flooded with 240 

synthetic water. It appears that the result of SCO1 is close to that of PS04 (free 241 

swell), showing a good repeatability of the free-swell tests. A linear correlation can 242 

be obtained between the swelling strain allowed (ε in %) and the logarithm of 243 

swelling pressure (σs in MPa): 244 

946.23)(32.19 +−= sLg σε                 (Eq.2) 245 

In Figure 12, the swelling pressure determined by the pre-swell method (PS01, PS02, 246 

PS03, PS04), constant-volume method (CV02), zero swell method (ZSO1) are 247 

plotted in the plane of void ratio/logarithm of vertical stress, together with the 248 

consolidation line from test SCO1. Point O and O′ correspond to the initial states of 249 

the samples at a dry density of 1.90 Mg/m3 (PS01, PS02, PS03, PS04 and SCO1) 250 

and 1.70 Mg/m3 (CV02 and ZSO1), respectively. It can be noted that at the same 251 

void ratio, the vertical stress of the consolidation curve (SCO1) is slightly higher 252 

than the swelling pressure determined by other methods.  253 

Figure 13 shows the measured swelling pressure versus the final dry density of the 254 

bentonite/claystone mixture for all the tests. Note that these tests have been 255 

performed with two different initial dry densities (ρdi = 1.90 Mg/m3 for tests PS01, 256 
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PS02, PS03, PS04, SCO1; and ρdi = 1.70 Mg/m3 for tests CV02, ZSO1), and using 257 

various methods (see Table 3). In spite of this, a unique correlation seems enough to 258 

describe the relationship between the swelling pressure σs (MPa) and the final dry 259 

density of the mixture ρdm (Mg/m3): 260 

dm
s

ρσ 1.497exp10.84 −×=                        Eq.3 261 

This shows that the swelling pressure of the compacted claystone/bentonite mixture 262 

is mainly dependent on the final dry density of the mixture. For a deeper analysis on 263 

the role of the bentonite itself in the swelling pressure development of the bentonite- 264 

based mixutre, the dry density of bentonite (ρdb) was considered by assuming that the 265 

water content of additives (claystone in this study) kept constant, while the water 266 

added during the tests was totally absorbed by bentonite. The volume of bentonite 267 

(Vb) is the difference between the total volume (V) and the volume of claystone (soil 268 

particles and water inside). The bentonite dry density can be calculated by the 269 

following equation: 270 

)1)(100/1()100/1(

)100/(

ammsa

sam
db wBwG

GB

+−−+
=

ρ
ρρ                 (Eq.4) 271 

where ρm (Mg/m3) is the mixture density; B (%) is the bentonite content (in dry mass) 272 

in the mixture; wm is the water content of the mixture; wa is the initial water content 273 

of claystone; Gsa is the specific gravity of claystone. In this study, wa = 2.64%, B = 274 

70 %, Gsa = 2.70. 275 

Using Eq. 4, the results shown in Figure 13 were re-analysed and Figure 15 shows 276 

the variations of swelling pressure with the final dry density of bentonite. In the 277 

same figure, the results collected from other works on the MX80/sand mixture 278 

(Karland et al., 2008) and the pure MX80 bentonite (Karnland et al., 2008; Dixon et 279 

al., 1996) are also presented. A very similar relationship is obtained for the different 280 

data sets, showing that the swelling pressure mainly depends on the final dry density 281 

of bentonite, sand and claystone being both inactive components in the mixtures for 282 

the swelling pressure development. 283 

 284 

To further investigate this point, results on other reference bentonites were collected 285 

and analysed in the same fashion. Figure 15 shows the variations of swelling 286 

pressure with the final dry density of MX80 (from Figure 14), FoCa7 (Imbert et al., 287 

2006), FEBEX (Villar et al., 2002) and Kunigel V1 (Dixon et al., 1996). It appears 288 

that for each bentonite, there is a unique relationship between the swelling pressure 289 

and the final dry density of bentonite. However, the relationships are not the same. A 290 

general expression can be proposed: 291 

db
s

βρασ exp×=                          Eq.5 292 

where α and β are the two constants. 293 

 294 
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Table 4 shows the values of α and β for the four bentonites analysed. In the table, the 295 

mineralogy of these materials is also presented. The difference of parameters can be 296 

related to the different types of clay (i.e. montmorillonite, beidellite and saponite, 297 

etc), montmorillonite content and type of exchangeable cations (i.e. calcium or 298 

sodium). In general, the swelling capacity of sodium bentonite is higher than that of 299 

calcium bentonite; with the same type of exchangeable cations, a larger 300 

montmorillonite content leads to a higher swelling pressure. 301 

 302 

5 DISCUSSION 303 

It has been observed that the effect of the chemistry of Bure site water on the swelling 304 

pressure is negligible. However, it is generally accepted that the swelling pressure 305 

decreases with the increase in salinity of the pore-water, although this decrease 306 

becomes less significant in case of high density (Karnland et al., 2005; Castellanos et 307 

al., 2008; Siddiqua et al., 2011; Komine et al., 2009). Castellanos et al. (2008) 308 

reported that the swelling pressure of the FEBEX bentonite compacted to a dry 309 

density of 1.65 g/cm3 decreases to almost half its initial value when 2 mol/L CaCl2 310 

and NaCl/L solutions are used as saturating fluids; At low salinities (0.004 mol/L, 311 

granitic water), the swelling pressure of bentonite seems not to be affected by the 312 

salinity changes at a dry density ranging from 1.40 to 1.70 Mg/m3. It appears that for 313 

the studied bentonite/claystone mixture, the high density and the low salinity of 314 

synthetic water together resulted in the negligible effect of water chemistry on the 315 

swelling pressure. This can be explained by the theory of cations filtration (Komine et 316 

al., 2009). For high dry density of bentonite-based materials, the distances between 317 

the montmorillonite mineral layers being very small, these layers can filter the cations 318 

in the solution; on the contrary, in the case of low dry density, the cations in solution 319 

can infiltrate easily into the montmorillonite mineral layers due to the larger distances 320 

between them, thus affecting the swelling behaviour.  321 

For the sample wetted with suction control (CV03), an exponential function was 322 

found between the swelling pressure and the suction applied. This can be explained 323 

as follows. As clay samples are exposed to humid water vapour, water molecules 324 

first migrate into the open channels and adsorbed on the exposed mineral surface 325 

(Pusch, 2001b; Arifin, 2008), then move to elementary clay layers. The number of 326 

water molecules absorbed by the clay layers depends on the relative humidity or 327 

suction (Pusch, 2001b; Saiyouri et al., 2004; Delage, 2006), and this number of 328 

water molecules defines the swelling pressure of the sample. Therefore the swelling 329 

pressure is suction or relative humidity dependent. After the sample was flooded 330 

with distilled water, the maximum swelling pressure was found close to that obtained 331 

by water-flooding the sample directly, indicating the negligible effect of wetting 332 

procedure. This phenomenon can be explained by the mechanism identified by Cui 333 

et al. (2002): when hydrating by decreasing suction (57-38-12.6 MPa) under 334 

confined conditions, the size of macro-pores was progressively decreased, whereas 335 

the micro-pores remained almost un-affected. The micro-pores started to change 336 
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only when the water saturation is approached. This suggests that step-wetting by 337 

suction control and direct saturation by water flooding may lead to similar final 338 

microstructures, thus similar final swelling pressures. 339 

Yang et al. (2008) reported that the mineralogical composition of the bentonite will 340 

not be stable under the chemistry fluid infiltration and its properties may degrade 341 

over long time periods. Moreover, for the bentonite/claystone mixture used in this 342 

study, interaction of claystone with water and bentonite was suspected. This justifies 343 

the long swelling tests kept over one year. However, no any significant effects were 344 

observed on the swelling pressure. It is possible that one year test is not long enough 345 

and this point should be studied further with longer tests, giving the long-term nature 346 

of the nuclear waste disposal.  347 

A linear correlation was observed between the pre-swelling strain and the logarithm of 348 

swelling pressure for the samples with the same initial dry density. This line defines 349 

the limit of swelling potential: the samples at the same initial state followed different 350 

stress-volume paths until reached this limit and then no further expansion occurred. 351 

This is consistent with the conclusion of Villar et al. (2008) and Siemens et al. (2009) 352 

who found a similar relationship between swelling strain and swelling pressure. It can 353 

be seen that the final state of specimen governed the swelling pressure: for the 354 

samples with the same initial state, different pre-swelling strains led to different final 355 

dry densities and thus resulted in different swelling pressure. Moreover, a unique 356 

relationship was observed between the swelling pressure and the final dry density of 357 

the samples whatever the initial dry density, the percentage of pre-swell and the 358 

experimental method. This also enhances the conclusion that the final state of the 359 

sample controls the swelling pressure. Further analysis showed that the swelling 360 

pressure mainly depends on the final dry density of bentonite in the mixture. This 361 

observation is in agreement with the conclusion of Lee et al. (1999) and Agus (2005) 362 

who noted that the swelling pressure of bentonite/sand mixtures with different 363 

bentonite contents is a function of the final bentonite dry density. This suggests that 364 

the swelling mechanism of bentonite-based materials is the same as that of pure 365 

bentonites. 366 

At the same void ratio, the swelling pressure determined by different methods was 367 

found slightly lower than the vertical stress needed to reach the same void ratio 368 

following the swell-reload path (swell-consolidation method). This was in agreement 369 

with the results by many other authors (Justo et al., 1984; Sridharan et al., 1986; 370 

Basma et al., 1995; Abdullah et al., 1998, 1999; Agus, 2005; Villar, 1999; Villar et al., 371 

2008), and can be considered as a consequence of the coupling between the 372 

microstructure and macrostructure (Gens and Alonso, 1992; Villar, 1999; Sánchez et 373 

al., 2005). For the swell-consolidation oedometer test, wetting took place under a low 374 

vertical load and the void ratio increased greatly due to the large microstructural 375 

changes. In this case, intense breakage of particle aggregates occurs, leading to 376 

relatively uniform distribution of the expandable component. A relatively high 377 

vertical stress was needed to compensate this large macrostructure deformation. By 378 
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contrast, smaller microstructure and macrostructure interaction is expected in other 379 

methods, with lower stress at full saturation. Furthermore, the relative larger 380 

displacement in the swell-consolidation oedometer test would mobilise higher friction 381 

and this friction can also contribute to the phenomenon observed. 382 

 383 

6 CONCLUSION  384 

The swelling pressure of bentonite/claystone mixture was determined by different 385 

methods. The effects of the water chemistry, the hydration procedure, the 386 

pre-existing technical voids and the experimental methods on the swelling pressure 387 

were investigated. From the experimental results the following conclusion can be 388 

drawn. 389 

There was no obvious effect of water chemistry on the swelling pressure due to the 390 

high density and the low salinity of synthetic water.  391 

An exponential function was found between the swelling pressure and the suction 392 

applied; no effect of hydration procedure on the final swelling pressure was observed.  393 

The swell-consolidation method gives higher swelling pressure mainly because of 394 

the coupling between the microstructure deformation and macrostructure 395 

deformation. The effect of friction is also to be considered for this phenomenon.   396 

The swelling pressure of bentonite-based materials mainly depends on the final dry 397 

density of the bentonite in the mixture, suggesting that the swelling mechanism of 398 

bentonite-based materials is the same as that of pure bentonites. A general relationship 399 

between the swelling pressure and the final dry density of various bentonites was 400 

proposed, with two parameters depending on the montmorillonite content and the type 401 

of exchangeable cations. 402 

From a practical point of view, the relationship elaborated between the swelling 403 

pressure and the final bentonite dry density is helpful in designing the sealing/filling 404 

buffers with bentonite-based materials: when the initial state of bentonite-based 405 

materials and the technical voids are known, the final swelling pressure can be 406 

predicted. Moreover, the crushed Cox claystone can be used to form the 407 

bentonite/claystone mixture because it behaves as sand. However it should be noted 408 

that this conclusion is based on the results from one year tests and further studies with 409 

longer tests are needed to gain more confidence on this aspect. 410 
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Table 1 Characteristics of MX80 bentonite (Tang et al., 2008b)  

Montmorillonite (%) 92 

Quartz (%) 3 

wl (%) 520 

wp(%) 42 

Ip 478 

ρs (Mg/m3) 2.76 

 

Table 2 Chemical components of the synthetic water 

Components NaHCO3 Na2SO4 NaCl KCl CaCl2.2H2O MgCl2.6H2O SrCl2.6H2O 

Mass (g)  

per 1L solution 

0.28 2.216 0.615 0.075 1.082 1.356 0.053 

 
 

Table 3 Test programme  
Test No. Injected water Method Initial dry density 

(Mg/m3) 
Duration 

CV01 Distilled Constant-volume 1.70 1 year 

CV02 Synthetic Constant-volume 1.70 1 year 

CV03 Vapour and distilled Constant-volume 1.70 1 year 

PS01 Synthetic  Pre-swell ε = 10% 1.90 100 h 

PS02 Synthetic  Pre-swell ε = 20% 1.90 100 h 

PS03 Synthetic Pre-swell ε = 25% 1.90 100 h 

PS04 Synthetic Pre- swell ε = max 1.90 80 h 

ZSO1 Synthetic Zero-swell 1.70 80 h 

SCO1 Synthetic Swell-consolidation 1.90 4 months 

 
Table 4 Montmorillonite content and external cations type of several bentonites 

Bentonite 
α  β Montmorillonite 

Content (%) 
Type 

MX 80 1.78×10-4 6.75 75-90 Na 

FEBEX 9.80×10-5 6.85 92 Ca 

FoCa 
7.83×10-7 9.24 50 Beidellite 

50 Kaollite 
Ca 

Kunigel V1 3.67×10-3 3.32 48  Na 
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Figure 1. Grain size distribution of MX80 bentonite and crushed COx claystone 
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Figure 2. Stress path of various experimental methods used to determine the swelling 
pressure 

 
Figure 3. Constant-volume cell 
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Figure 4. Schematic view of constant volume cell with suction control system  
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Figure 5. Evolution of swelling pressure for test CV01 and CV02 during the first 100 h. 
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Figure 6. Evolution of swelling pressure for test CV03 during decreasing of suction. 
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Figure 7. Swelling pressure versus suction of test CV03 
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Figure 8. Evolution of swelling pressure for tests CV01, CV02, and CV03 for 1 year  
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Figure 9. Evolution of swelling pressure with various pre-swells 
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Figure 10. Swelling strain versus vertical stress applied for test SCO1 
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Figure 11. Pre-swell versus swelling pressure 
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Figure 12. Swelling pressure or vertical pressure versus void ratio of mixture 
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Figure 13. Swelling pressure versus finial dry density of bentonite/claystone mixture 

 

 



 29 

0.01

0.1

1

10

100

0.4 0.8 1.2 1.6 2

Final dry density of bentonite (Mg/m3)

S
w

el
lin

g 
pr

es
su

re
 (

M
P

a)

Bentonite/claystone 70/30 (Present work)

Bentonite/sand 70/30 (Karland et al. 2008)

Pure bentonite (Karland et al. 2008)

Pure bentonite (Dixon et al. 1996 )  
Figure 14. Results of various mixtures using MX80 bentonite - swelling pressure versus final 

dry density of bentonite 
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Figure 15. Swelling pressure versus final dry density of bentonite 

 

  

 


