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Abstract 22 

In this study, the influence of rock fracture on the swelling behavior of compacted bentonite 23 

was investigated experimentally with bentonite compacted inside a hollow cylinder of 24 

fractured Beishan granite from China. During the test, hydration was allowed by letting water 25 

flowing into the compacted bentonite from the base plate, and air being expelled from the top 26 

plate. Along the sample, swelling pressure and relative humidity were monitored at different 27 

positions. Results showed that the presence of rock fracture significantly changed the 28 

hydration process of compacted bentonite. The evolutions of swelling pressure were directly 29 

related to the relative position to the rock fracture. At the same height, for the position closer 30 

to the rock fracture, a larger decrease in local dry density occurred, resulting in a larger loss in 31 

swelling pressure. This suggests that in field conditions of radioactive waste repository 32 

involving bentonite and rock, local filling of rock fracture by bentonite may occur, and the 33 

resulted bentonite swelling pressure decrease must be accounted for in the safety evaluation 34 

of the whole storage system. 35 

 36 

Keywords: Radioactive waste disposal; rock fracture; bentonite; swelling pressure, relative 37 

humidity   38 
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1. Introduction 39 

In the concept of deep geological repository for high level radioactive waste (HLW), 40 

compacted bentonites were often considered as potential material of engineered barrier, 41 

placed between the natural barrier (host rock) and the canister. After emplacement, compacted 42 

bentonites were expected to swell in contact with water, providing a required swelling 43 

pressure to fulfill the sealing functions, and isolating the HLW from the biosphere (Gens et al., 44 

2002; Sun et al., 2009; Villar et al., 2005; Wang et al., 2013a, b). 45 

 46 

In the repository, engineered barriers often consisted of compacted bentonite bricks. When the 47 

bricks were used to seal the repository, technological voids were left between the bricks or 48 

between the bricks, the canister and the host rock. Moreover, it is commonly admitted that 49 

there are natural fractures and fractures caused by excavation in the host rocks (Villar et al., 50 

2005, Marshall et al., 2008; Armand et al., 2014). When water infiltrated from the host rock, 51 

the compacted bentonites swelled, filling up these macro-voids (technological voids and rock 52 

fractures) and further swelling pressure will develop under constrained space condition (Wang 53 

et al., 2013a, c, Bian et la., 2018). Hence, the presence of these macro-voids can significantly 54 

affect the hydro-mechanical behavior of the compacted bentonite, which may in turn 55 

influence the long-term performance of the sealing function of the repository (Villar and 56 

Lloret, 2008; Gens et al., 2011). 57 

 58 

To investigate the influence of macro-voids on the hydro-mechanical behavior of compacted 59 

bentonites, oedometer tests with technological voids and small-scale mock-up tests with 60 

initial voids were carried out in the laboratory. Wang et al. (2012, 2013 c, 2014) and Saba et al. 61 
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(2014a) performed a series of oedometer tests with different sample diameters to simulate the 62 

technological voids. Their results confirmed that the presence of technological voids led to the 63 

decrease in global dry density, which eventually resulted in the variations of swelling pressure 64 

and permeability. The evolution of swelling behavior with the presence of initial voids was 65 

clearly related to the changes in microstructure during hydration (Romero et al., 1999, 2011; 66 

Wang et al., 2013a, 2014; Saba et al., 2014a). Several researchers also conducted small-scale 67 

mock-up tests to study the hydro-mechanical behavior of compacted bentonite with initial 68 

voids (Wang et al., 2013b; Saba et al., 2014b, 2016). In these works, certain axial movements 69 

of top plate were allowed to simulate the initial voids, and the relative humidity and swelling 70 

pressure along the sample were monitored during hydration. Bian et al. (2018) performed a 71 

series of infiltration tests on compacted bentonite with initial voids, and suggested that the 72 

initial voids resulted in heterogeneous dry density of bentonite and its evolution was 73 

correlated to the microstructure change. However, the above-mentioned laboratory tests 74 

involved cells made of stainless steel, which are not representative of the real condition in the 75 

repository with rock/compacted bentonite interface. 76 

 77 

Regarding the rock/compacted bentonite interface, Baik et al. (2007) performed a mock-up 78 

test on a granite core with an artificial fracture and a compacted bentonite block to study the 79 

erosion of bentonite particles at the fracture. Ye et al. (2012) used the granite from Beishan 80 

(the potential site for deep geological repository in China) as the cell in an infiltration test to 81 

investigate the evolution of swelling pressure and hydraulic behavior of compacted bentonite. 82 

Chen et al. (2014) conducted a series of tests to study the hydraulic behavior of Boom 83 

clay/compacted bentonite interface. However, few attention has been paid on the influence of 84 
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rock fracture on the swelling behavior of compacted bentonite. To the authors’ knowledge, 85 

there was no mock-up test performed on the rock sample with natural fracture to study its 86 

effect on the swelling behavior of compacted bentonite. 87 

 88 

In this study, an experimental device was developed, allowing the influence of rock fracture 89 

on the swelling behavior of compacted bentonite to be investigated. The device consisted of a 90 

hollow rock column with the presence of natural fracture and the bentonite compacted inside. 91 

Along the sample, swelling pressure and relative humidity sensors were installed at various 92 

positions. The obtained results allowed further evaluation on the influence of rock fracture on 93 

the swelling behavior of compacted bentonite. 94 

 95 

2. Experimental Setup 96 

The basic scheme of the infiltration test is presented in Fig. 1. The experimental setup 97 

consisted of three parts: (i) the main body which was made of a hollow fractured Beishan 98 

granite cylinder and the compacted bentonite inside; (ii) the water supply system for water 99 

infiltration into the bentonite; and (iii) the monitoring system that compassed all the sensors 100 

(pressure sensors and relative humidity sensors) and the data logger linked to a computer. 101 

 102 

The hollow rock cylinder consisted of two parts of granite samples with a natural fracture. As 103 

shown in Fig. 2, when the two parts of granite were put together, a well-defined natural 104 

facture was formed with a width ranging from 0.1 to 5.6 mm. The height of the assembled 105 

rock cylinder was 282 mm. The inner diameter of the cylinder ranged from 82 to 84 mm 106 

(average diameter of 82.5 mm). Note that the hollow part was not centered in the rock sample, 107 
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with the wall thickness of rock varying from 32 to 58 mm, due to the fact that the hollow 108 

cylinder granite was directly drilled from the Beishan site and it was hard task to handle the 109 

drilling tools in the field conditions. The hollow rock cylinder was placed on a stainless steel 110 

plate (base plate) with a porous stone on it, where the interface between the rock and the base 111 

plate was sealed by elastic rubber to prevent water leakage. After the sample was compacted 112 

inside the rock cylinder, a porous stone and a stainless steel plate were installed on its top. Six 113 

screw arbors were used to fix the rock cylinder vertically, while two pieces of stainless steel 114 

bars with screws were attached to the top and base plates to prevent the radial movements. In 115 

addition, the rock was covered by a rubber membrane to prevent water evaporation though the 116 

rock. 117 

 118 

For the infiltration test, the water supply system was operated through a water inlet in the base 119 

plate, which was connected to a graduated water tank hanged at about 1 m higher than the 120 

base (corresponding to 10 kPa injection pressure). The air outlet was located at the top plate, 121 

and attached to a plastic tube, that was immersed in water in order to prevent water 122 

evaporation. During the infiltration test, the volume of water infiltrated into the compacted 123 

bentonite was monitored by recording the change of water level in the water tank. 124 

 125 

There were five total pressure sensors and ten relative humidity sensors installed to monitor 126 

the swelling behavior of compacted bentonite with the presence of rock fracture, as shown in 127 

Fig. 3. Miniature pressure sensors protected by a stainless steel shell were installed through 128 

the ports in the wall of the rock cylinder. Fig. 3(a) shows that five pressure sensors were 129 

installed along three different sections. Along section 6#, three pressure sensors were placed 130 
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at 120 mm, 180 mm and 240 mm, namely PS120I, PS180F and PS240, respectively. In 131 

addition, PS120F was installed at 120 mm along section 1# and PS180N was installed at 180 132 

mm along section 3#. Hence, there were two sensors installed at 120 mm and 180 mm along 133 

different sections, with different relative distances to the fracture. As shown in Fig. 3(b), the 134 

vertical distances to the fracture for sensor PS120F and PS120I were 10 mm and 80 mm, 135 

respectively. Sensors PS180N and PS180F were situated at about 12 mm and 20 mm below 136 

the fracture, respectively.  137 

Fig. 3(c) depicts that ten relative humidity (RH) sensors were installed every 60 mm along the 138 

sample (60, 120, 180 and 240 mm). To avoid the disturbance of rock cylinder, all the RH 139 

sensors were directly placed inside the compacted bentonite at the predetermined height. At 140 

each height, one RH sensor was installed at the center of the sample. For the height of 120, 141 

180 and 240 mm, the two other RH sensors were installed near the interface between rock and 142 

bentonite. A digital displacement transducer was installed at the top plate to monitor the 143 

vertical movement of the system during the infiltration test. 144 

 145 

3. Materials and Test Procedure 146 

The granite cylinder was obtained from Gansu Beishan, China, which has been considered as 147 

a potential host rock for the deep geological repository in the Chinese HLW disposal program. 148 

The granite can be classified as a fine-grained granodiorite with low porosity (0.29–0.32%). 149 

The average grain density is 2.71 Mg/m3 and the natural density is about 2.64 Mg/m3. The 150 

main composition of Beishan granite consisted of approximately 52% plagioclase, 17% quartz, 151 

15% alkalifeldspar, 12% biotite, 3% albite, and <1% myrmekite (Chen et al., 2014). The 152 

elastic modulus of Beishan granite is about 60 GPa and the permeability of Beishan granite is 153 
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approximately 10-11~10-13 m/s (Wang, 2010; Chen et al., 2014). 154 

The MX80 bentonite studied was from Wyoming, USA, with a montmorillonite content of 155 

80%. It is one of the reference materials proposed as the engineering barrier in deep nuclear 156 

disposal programs. The liquid limit and plastic limit of this bentonite are 575% and 53%, 157 

respectively. The unit mass of the solid particles is 2.77 Mg/m3. The cation exchange capacity 158 

(CEC) is 76 meq/100 g (83% of Na) (Wang et al., 2013c). The bentonite powder has an initial 159 

water content of 10.6% in ambient laboratory condition. 160 

 161 

The MX80 bentonite was statically compacted inside the hollow rock cylinder. The 162 

dimensions of the compacted bentonite are 272 mm in height, with an average diameter of 163 

82.5 mm corresponding to the inner diameter of rock cylinder. The sample was compacted in 164 

13 layers to obtain a homogenous sample at a target dry density of 1.33 Mg/m3. The detailed 165 

compaction procedure is listed in Table 1. The obtained sample height was 272.2 mm and the 166 

mean dry density obtained was 1.32 Mg/m3, close to the target value. During compaction, the 167 

holes for the pressure sensor were blocked using a screwing solid plugs with the same shape 168 

of the pressure sensors. When the soil was compressed to a target height, the RH sensors were 169 

placed on the predetermined position. Then, the subsequent layer of soil was used to cover 170 

and fix the RH sensors, and compacted to the target height afterwards. Note that the wires of 171 

upper four RH sensors were pulled out through the hole at the top plate, while the wires of 172 

lower six RH sensors were extracted from the hole at 30 mm. The holes for wire-out were 173 

sealed with the elastic rubber. 174 

 175 

After compaction of the bentonite, the blocked hole was replaced by the pressure sensor. The 176 
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stainless steel shell with pressure sensor was first smeared by glue, and then plugged into the 177 

ports on the rock wall. The positions of the sensors were adjusted to obtain an initial pressure 178 

of about 20 kPa, ensuring the good contact between the sensors and the sample. When the 179 

initial contact achieved, a filament tape was used to fix the position of the sensors. 180 

 181 

After the whole system was assembled, a 24-hour period was waited to ensure the glue 182 

sealing the rock and plate interface, and fixing the position of pressure sensors. Water 183 

infiltration was then performed from the bottom of the compacted bentonite. The swelling 184 

pressures at different heights were recorded during hydration as well as the relative humidity 185 

measured through RH sensors. Meanwhile, the vertical displacement of the top plate was also 186 

monitored by the displacement transducer. As shown in Fig. 4, the axial movement of top 187 

plate increased rapidly with time and reached a peak value of 0.23 mm after about 7 days of 188 

hydration, corresponding to 0.09% of the sample height which was negligible. Thereby, the 189 

test can be regarded as in constant volume condition during hydration. 190 

 191 

4. Results 192 

Fig. 5 shows the evolutions of swelling pressure with time. The initial value of all five 193 

pressure sensors varied from 11 to 24 kPa, which indicated the good contact between the 194 

pressure sensors and the compacted bentonite. With water infiltration, a quick increase of 195 

swelling pressure followed by stabilization was observed at different heights. A gradually 196 

slight decrease in swelling pressure was identified from 6500 hours. This trend was in 197 

agreement with the evolution of swelling pressure from the mock-up test by Saba et al. (2014). 198 

As water migrated upwards from water inlet, the first quick increase stage recorded by the 199 
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sensors at different heights were quite different, with the highest increase rate at 120 mm. 200 

This increase rate gradually decreased from 180 mm to 240 mm. At the same height, the 201 

increase rate changed with the relative distance to rock fracture, with lower increase rate for 202 

the position closer to the fracture.  203 

Note that, the evolution of swelling pressure at the same height was directly affected by the 204 

presence of rock fracture. For sensor PS120I, a sudden decrease in swelling pressure was 205 

observed after water infiltration until about 75 hours (see Fig. 5b). This sudden drop might 206 

relate to the experimental design as discussed in latter section. After the first 75 hours, the 207 

swelling pressure exhibited a quick linear increase up to 1200 hours. Afterwards, the swelling 208 

pressure slowly increased and reached a peak value of 196 kPa, followed by a slight decrease 209 

to a final value at about 157 kPa. At the same height but close to the fracture, the evolution of 210 

swelling pressure measured by sensor PS120F showed a similar pattern as that of sensor 211 

PS120I, except for the first sudden drop. However, the peak and final value of swelling 212 

pressure recorded by sensor PS120F were about 110 and 73.7 kPa, respectively, which were 213 

significant lower than that measured by PS120I. This difference can be attributed to the 214 

influence of rock fracture. At 180 mm, the swelling pressure increased at similar initial rate 215 

for sensor PS180N and PS180F up to 1400 hours, which was lower than that at 120 mm. After 216 

1400 hours, the difference in swelling pressure between sensor PS180N and PS180F occurred 217 

and increased to about 42 kPa at 8300 hours. Again, this difference resulted from different 218 

distances of sensors from the rock fracture, that is: the position of sensor PS180N was about 8 219 

mm closer to the fracture than that of sensor PS180F. Fig. 6 shows the relationship between 220 

peak and final swelling pressure and the distance to the fracture at 120 and 180 mm. It is clear 221 

that with the presence of rock fracture, the relative position to the fracture showed significant 222 
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effect on the peak and final swelling pressure. At 120 mm, the difference in distance to the 223 

fracture for sensor PS120F and PS120I was 70 mm, which led to a difference in swelling 224 

pressure of 86 kPa (peak value) and 83.3 kPa (final value). For the case at 180 mm, the 225 

differences in swelling pressure of 51 kPa (peak value) and 42 kPa (final value) were mainly 226 

due to the 8 mm difference in distance to the fracture between sensor PS180N and PS180F. It 227 

can also be observed that, greater relative distance to the fracture at the same height resulted 228 

in higher difference in swelling pressure. 229 

 230 

During the test, the changes in relative humidity (RH) at different positions are presented in 231 

Fig. 7. The initial RH values were about 44±1%, corresponding to the initial water content of 232 

10.6%. On the whole, the RH value increased with time after water was introduced (for 233 

sensors located in the center of the sample, as shown in Fig. 7a). At 60 mm, the RH value 234 

showed a decrease trend up to 70 hours, and increased rapidly to 99% at 200 hours. This 235 

sudden decrease in RH at lower position can explain the sudden decrease in swelling pressure 236 

mentioned previously. As shown in Fig. 7b, the RH value at 120 mm, 180mm and 240 mm 237 

started to increase after about 40 hours, 50 hours and 100 hours respectively, indicating the 238 

gradual migration of water from the water inlet upwards (from bottom to top). Similar 239 

observations have also been reported by Wang et al. (2013a) from the mock-up test on the 240 

compacted bentonite and sand mixture. Unlike the results reported by Wang et al. (2013a), the 241 

changes in relative humidity at different heights showed discontinues pattern with sudden 242 

increase followed by a plateau. This behavior is mainly due to the fact that the air in the 243 

porous stone and the water inlet tube did not been fully evacuated before the water injection. 244 

Hence, the trapped air bubble might result in the discontinues of water infiltration. This 245 
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behavior can be confirmed by the variation of recordings of sensors near the rock/bentonite 246 

interface as shown in Fig. 7c. As water infiltration continued, RH sensors located close to the 247 

bentonite/rock interface at heights of 120 mm, 180 mm and 240 mm showed a delay response 248 

in recording of relative humidity. Comparisons between Fig. 7(b) and 7(c) showed that at the 249 

same height, the detection times of sensors near the rock/bentonite interface were about 250 

dozens of times longer than that in the middle of the bentonite. At longer time, a sudden 251 

increase in relative humidity for sensors near the rock/bentonite interface was also observed. 252 

This phenomenon is thought to be due to that the air bubble was mainly distributed near 253 

bentonite/rock interface, resulting in difficulty of upward water migration from the positon 254 

close to bentonite/rock interface. However, water could move from the center of the sample to 255 

higher position (RH value rapidly increased with time recorded by sensor located in center of 256 

sample at different positions). 257 

 258 

5. Discussion 259 

The aim of the presented experimental test was to study the influence of rock fracture on the 260 

swelling behavior of compacted bentonite. Fig. 8 shows a photo of rock fracture after 261 

dismantling. The dash line depictes the rock inner wall, while the solid line represents the 262 

bentonite/rock interface after test. Sensor RH6 can be also observed in the figure. It appears 263 

clearly that after 349-day hydration, the bentonite/rock interface enlarged about 1-2 mm. This 264 

confirms the intrusion of bentonite into the rock fracture under the effect of swelling pressure 265 

of bentonite behind. Hence, it is logically to expect that the loss of swelling pressure with the 266 

presence of rock fracture (see Fig. 6) was mainly due to the decrease in local dry density in 267 

the vicinity of the fracture when certain amount of bentonite filling the fracture. This behavior 268 
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is consistent with the result of influence of technological void on the swelling behavior of 269 

compacted bentonite and sand mixture (Wang et al., 2012, 2013a, c). The presence of 270 

technological voids resulted in a decrease in global dry density and consequently led to a 271 

decrease in swelling pressure. As shown in Fig. 2, the height of the rock fracture across the 272 

sample is about 70 mm. If assumed that only the compacted bentonite within the	perimeter of 273 

the fracture (the cylinder of 70 mm in height and 82.5 mm in diameter) were significantly 274 

influenced by the intrusion of bentonite into rock fracture, the local technological void 275 

defined by rock fracture can be calculated as:  276 

tv (%) = V fracture / V local compacted bentonite                                          (1) 277 

where V fracture = the volume of rock fracture (34 cm3), V local compacted bentonite = the volume of 278 

compacted bentonite influenced by rock fracture (374 cm3). Hence, the local technological 279 

void influenced by rock fracture is equal to approximately 9.1%. 280 

Wang et al. (2012) proposed the relationship between the final bentonite dry density and the 281 

swelling pressure for MX80 bentonite as follows: 282 

σs =α×exp (βρdp)                                                           (2) 283 

where σs is the swelling pressure, ρdp is the bentonite dry density, α and β are the soil 284 

constants, equal to 1.78×10-4 and 6.75, respectively for MX80 bentonite. 285 

The peak values of swelling pressure for the five sensors ranged from 255 to 110 kPa. These 286 

results were compatible with the swelling pressure predicted by Eq. (2) for a mean value dry 287 

density of 1.20 Mg/m3, which corresponded to the initial dry density 1.32 Mg/m3 with about 288 

10% of technological void. As shown in Fig. 3,	sensor PS120I was far from the fracture (80 289 

mm distance), while PS120F was located at a closest positon, with about 10 mm from the 290 

fracture. Hence, the difference between these two sensors could represent the effect of local 291 
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technological void caused by rock fracture. By back-calculating the final dry density using Eq. 292 

(2) according to the two measured peak values of swelling pressure at 120 mm, it was found 293 

that the difference in dry density was approximately 9.5%. This value is consistent with the 294 

local technological void defined by the fracture geometry and the difference in swelling 295 

pressure. Moreover, the difference in dry density at 180 mm identified by the measured values 296 

for sensors PS180N and PS180F was about 3.5%. These results suggested that a higher 297 

decrease in local dry density at a closer distance to fracture, after materials intruded into the 298 

fracture, resulted in a larger loss of swelling pressure. 299 

 300 

Regarding the sudden decrease of swelling pressure for sensor PS120I, it can be explained by 301 

combining the results of swelling pressure sensors and RH sensors. As shown in Fig. 7, the 302 

RH value at 60 mm decreased until about 70 hours. This decrease possibly resulted from the 303 

experimental design where the connection wires of RH sensor at position lower than 180 mm 304 

were pulled out of the sample through the hole located at 30 mm (as shown in Fig. 9). 305 

Although the hole was sealed by the elastic rubber after the wire pulled out, some air can still 306 

flow into the sample through the hole, which may lead to the first decrease in RH value at 60 307 

mm after water injection. In addition, because there were lots of wires going through the hole 308 

at 30 mm, this may result in local inhomogeneous distribution of soil around this area. After 309 

water infiltration, the soil around the hole at 30 mm tended to swell and reorganize. 310 

Meanwhile, air might go inside the sample through the hole at 30 mm. All these factors might 311 

result in the local soil redistribution or local soil collapse around the area near 30 mm hole. 312 

This, in turn, led to the decrease in swelling pressure of sensor PS120I along section 6# at the 313 

beginning of the test. Fig. 10 shows a photo of sample at 60 mm after sample dismantled. It 314 
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can be observed that the converged wires of RH sensor around 60 mm along section 6# 315 

significantly disturbed the soil around that positon. The sample at different sections were 316 

taken and the dry density of after-infiltration sample at 60 mm were determined as shown in 317 

Fig. 11. It is clear that the dry density of after-infiltration sample along section 6# (near 30 318 

mm hole) was the lowest, which confirmed that the looser state of soil was caused by the 319 

wires of RH sensors and explained the sudden decrease in swelling pressure for sensor 320 

PS120I. 321 

 322 

As expected, during the test, water was gradually absorbed by the compacted bentonite from 323 

water inlet. Hence, the RH sensors gradually reacted from lower layer to upper layer. This is 324 

similar to the variations of RH recording from the mock-up test reported by Wang et al. 325 

(2013a). However, it should be pointed out that the changes in RH with time reported by 326 

Wang et al. (2013a) seemed more smooth than that presented in this study. This is mainly due 327 

to the fact that the air in porous stone and the connection tube were not fully expelled before 328 

the test. As a result, the air bubbles were accumulated around the interface between rock and 329 

compacted bentonite (the delay reaction of RH sensors near the rock/bentonite interface at the 330 

beginning), which resulted in a discontinued pore channel within the compacted bentonite. 331 

During the test, the water migration may be disrupted by this discontinued pore channel, 332 

leading to the discontinued development of relative humidity observed. 333 

 334 

The obtained results showed that the swelling behavior of compacted bentonite was directly 335 

influenced by the presence of rock fracture, with a higher decrease in swelling pressure at a 336 

closer position from the rock fracture. This behavior suggests that in the real repository, local 337 
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failure of compacted bentonite due to the presence of rock fracture may occur and it should be 338 

taken into account in the design of the engineering barrier. On the whole, the results from this 339 

test provide valuable data to qualitatively analyze the influence of rock fracture on the 340 

swelling behavior of compacted bentonite, which is in agreement with the existing data from 341 

infiltration tests with technological voids (Wang et al. 2013b, Saba et al., 2014b, 2016). This 342 

confirms the applicability of this experimental method and the experimental device 343 

developed. 344 

 345 

6. Conclusions 346 

An experimental device was developed for investigating the influence of rock fracture on the 347 

swelling behavior of compacted bentonite. An infiltration test was carried out using this 348 

experimental setup. It was observed that when water was infiltrated into the sample, water 349 

gradually migrated from bottom layer to top layer, with the relative humidity recorded by RH 350 

sensors progressively increased along the sample. This process corresponded to the gradual 351 

increase in swelling pressure, with a higher increase rate at a position closer to the water inlet. 352 

The presence of rock fracture showed significant influence on the development of swelling 353 

pressure. For a position closer to the rock fracture, a larger decrease in local dry density 354 

occurred, resulting in a larger decrease in swelling pressure. The results obtained from this 355 

experiment suggest that the local loss of swelling pressure of compacted bentonite may occur 356 

due to the local decrease in dry density of engineered barrier with the presence of rock 357 

fracture in deep geological repository. 358 

 359 
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Fig. 1 Experimental setup, (a) photo, (b) schematic layout  

  



 

 

     

(a)                  (b)  

Fig. 2 Beishan Granite samples, (a) separated samples, (b) assembled sample  
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(a) Locations of pressure sensors 

  

(b) Relative distances of pressure sensors to the fracture 

 



 

 

 

(c) Location of RH sensors 

Fig. 3 Positions of different sensors 

  



 

 

 

Fig. 4 Vertical displacement of the top plate   
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(b) 

Fig. 5 Evolution of swelling pressure over time, (a) swelling pressure, (b) swelling pressure in 

the first 400 hours  
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Fig. 6 Relationship between peak and final swelling pressure and distance to fracture 
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(c) 

Fig. 7 Evolution of relative humidity during water infiltration, (a) recordings from sensors 

RH1, RH4, RH7, RH8 and RH9, (b) recordings from senor RH1, RH4, RH7, RH8 and RH9 

in the first 400 hours, (c) recordings from senor RH2, RH3, RH5, RH6 and RH10 
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Fig. 8 Intrusion of bentonite into the fracture 

 

  



 

 

 

 

 

 

 

Fig. 9 Detail of RH wires at the hole of 30 mm 
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Fig. 10 After-infiltration sample at 60 mm  
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Fig. 11 Variation of dry density of after-infiltration sample at 60 mm 
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Table 1. Compaction procedure and sample density  

Layer Soil weight: g 
Height after 

compaction: mm 

Average diameter: 

mm 
Dry density ρd: Mg/m3 

1 141.37 20.0 82.5 1.32 

2 140.57 19.9 82.5 1.32 

3 141.90 20.1 82.5 1.32 

4 141.29 20.0 82.5 1.32 

5 142.19 20.1 82.5 1.32 

6 141.11 20.0 82.5 1.32 

7 141.07 19.9 82.5 1.33 

8 141.45 19.9 82.5 1.33 

9 141.06 20.0 82.5 1.32 

10 141.91 20.1 82.5 1.32 

11 142.22 20.0 82.5 1.33 

12 141.50 20.1 82.5 1.32 

13 224.09 32.1 82.5 1.31 

Total 1921.73 272.2 82.5 1.32 

 




