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ABSTRACT: A compacted claystone–bentonite mixture is proposed for use as a clay barrier. This research, 9 

in turn, focuses on the effects of bentonite mix on the permeability and shear strength of compacted claystone‒10 

bentonite mixtures. The claystone used was obtained from the Banjarbakula landfill project, approximately 10 11 

km from Banjarbaru, the South Kalimantan Government's Administrative Center, Indonesia. The bentonite 12 

used is commercially sold in Indonesia. The claystone was mixed with bentonite at a percentage of 5%, 10%, 13 

15%, and 20% bentonite by dry-weight bases. The mixtures were compacted at a moisture content of 10%, 14 

15%, and 20% to reach the dry unit weight of 16kN/m3‒19kN/m3. Permeability and unconfined compressive 15 

strength tests were performed in this study. The result showed that the permeability of mixtures decreases with 16 

increasing bentonite content. The addition of up to 20% bentonite to the mixture reduced the permeability by 17 

4.5 times, as compared to the sample without bentonite. Moreover, the mixtures’ shear strength indicated by 18 

compressive strength and cohesion increased by increasing the bentonite content to 15%. The maximum shear 19 

strength obtained was three times higher than without bentonite. The mixtures’ permeability and shear strength 20 

were also significantly affected by the sample's density and moisture content. A percentage of 20% bentonite 21 

is recommended, considering the wide range of acceptability based on two criteria (i.e., permeability and shear 22 

strength).   23 

 24 

Keywords: claystone, bentonite, permeability, shear strength, acceptable zone 25 

 26 

 27 

1. INTRODUCTION 28 

 29 

Permeability is an essential parameter in 30 

determining whether a material qualifies as a clay 31 

liner, and the limits required to determine the clay 32 

liner layer vary in different countries. Austria, 33 

Belgium, Hungary, Italy, Portugal, Switzerland, 34 

and Turkey, for instance, require a permeability of  35 

1×10-9 m/s [1,2], and the same value is observed for 36 

other developed countries such as the UK and the 37 

USA [1]. Meanwhile, Germany requires a 38 

permeability of  1×10-10m/s with a layer thickness 39 

of ≥0.75m, and France requires a higher value of 40 

1×10-6m/s, but with a mineral barrier thickness of at 41 

least 5m [1]. Moreover, Asian countries such as 42 

Japan also require the permeability of mineral 43 

barriers to be 1x10-9m/s for type C municipal solid 44 

waste. In Indonesia, the standard landfill base layer 45 

can use a geomembrane with a thickness of 1.5‒46 

2.0cm or a clay liner with a permeability of 1×10-47 
8m/s with a total thickness of 60cm [3]. In this study, 48 

we adopted the requirement used in many countries: 49 

a minimum permeability of 1×10-9m/s 50 

Several methods are commonly applied to 51 

obtain low permeability in which compaction is the  52 

most common one [4–6]. This method leads to a 53 

reduction in soil pore volume, thereby inhibiting the 54 

flow of water in the soil. However, soils compacted 55 

at different moisture contents, despite having the 56 

same density, have different permeabilities [4,5]. 57 

Moreover, compacted clays with high water 58 

contents have smaller pore sizes despite having the 59 

same pore volume [7]. 60 

It is also possible to reduce permeability by 61 

mixing the sample with bentonite [5,8–11]. The 62 

addition of bentonite, however, has an estimated 63 

efficacy of less than 15% [12], with only negligible 64 

changes to permeability being observed. It was also 65 

reported in a previous study that 15% clay was 66 

required to obtain a permeability that met the 67 

minimum requirements of 1×10-9m/s [4]. Arifin and 68 

Sambelum [5] also mixed commercial bentonite at 69 

5‒20% with local soil containing a lot of sand and 70 

silt in a landfill development project in Rikut Jawu, 71 

Central Kalimantan. The results showed that the 72 

permeability of the sample mixture met the 73 

requirements after being mixed with 50% bentonite. 74 

It is important to note that a higher density is needed 75 

to achieve the required permeability. 76 

In several countries, a mixture of sand and 77 

compacted bentonite has also been proposed for use 78 

as a clay liner [4,8,9,12], especially at high-level 79 

waste repositories [2,6,13–17]. It involves mixing 80 

sand and bentonite at different percentages, taking 81 

into consideration how the sand's size influences the 82 

permeability of the mixture [9,18]. Moreover, 83 

different types of bentonite were used in previous 84 

studies, such as sodium bentonite [2,6,8,17–20], 85 
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calcium bentonite [13,14], and others [9,11,12]. The 86 

behavior of each mixture has been found to heavily 87 

influenced by the type of bentonite used [20].  88 

Recently, a mixture of claystone and bentonite 89 

is the most common approach for alternative barrier 90 

layers in high-level waste repositories [6,21–23]. 91 

Claystone is found in large quantities during 92 

excavation and tunnel projects. This material is 93 

usually discarded because of its unfavorable 94 

properties when interacting with water [24–28]. 95 

Claystone layers are also often believed to be the 96 

source of failures in civil constructions. However, 97 

its combination with bentonite has several 98 

advantages due to the low permeability of both 99 

bentonite and claystone. The use of 80% claystone 100 

and 20% bentonite in a claystone–bentonite mixture 101 

has been reported to reduce permeability by one 102 

order [21],  showing that the presence of claystone 103 

reduced the quantity of bentonite used in the 104 

mixture.  105 

Cui [6] reported that crushed Callovo–106 

Oxfordian (COx) claystone behaved as an inert 107 

material, such as sand, in a swelling pressure test. 108 

Meanwhile, Zhang [22] found that a fracture in the 109 

claystone closed itself due to the development of 110 

clay minerals when filled with water. This means 111 

that the behavior of claystone depends on the clay 112 

minerals it contains due to the fact that it is usually 113 

obtained from nature. Therefore, it is necessary to 114 

investigate the behavior of claystone–bentonite 115 

mixtures to determine their optimum use as barrier 116 

layers. 117 

Shear strength is also considered to be an 118 

important parameter in determining the suitability 119 

of clay liner materials [29,30]. The recommended 120 

minimum remolded undrained shear strength in the 121 

UK is 50 kPa (or higher for specific locations) [31]. 122 

Moreover, waste engineering properties such as 123 

shallow slope liner stability and integrity, steep 124 

slope liner stability and integrity, and cover system 125 

integrity are also considered in landfill design [32]. 126 

However, everything is directly related to the clay 127 

liner's strength, meaning that it is vital to determine 128 

the shear strength parameter.  129 

Previous studies mostly focus on high-density 130 

samples, which are applied as barriers in the nuclear 131 

waste repositories. However, claystone‒bentonite 132 

mixtures are expected to be useful in broader 133 

applications in which lower densities are required, 134 

such as landfills. Therefore, it is necessary to 135 

investigate the behavior of claystone‒bentonite 136 

mixtures at different bentonite contents, densities, 137 

and moisture contents.  138 

This research focuses on the permeability and 139 

shear strength of claystone‒bentonite mixtures at 140 

different compositions. The results are expected to 141 

determine the best composition and the ranges that 142 

meet the permeability and strength criteria. The 143 

claystone was obtained from the excavation of a 144 

landfill development project in Banjarbaru City, 145 

South Kalimantan, where it was discarded. The 146 

density and moisture contents of the samples were 147 

also considered to affect the permeability of the 148 

mixture in addition to the bentonite content. 149 

 150 

2. MATERIALS AND METHODS  151 

 152 

2.1 Materials 153 

 154 

The claystone used in this study was obtained 155 

from the Banjarbakula landfill development project, 156 

where over 8000m3 was surplus to requirements. 157 

The bentonite used was from common commercial 158 

sources in Indonesia. Table 1 shows the engineering 159 

properties of the claystone and bentonite used. The 160 

bentonite had very high plasticity, with a liquid 161 

limit of 351.71% and a plasticity index of 307.03%, 162 

while the claystone had a liquid limit of 50.76% and 163 

a plasticity index of 29.81%. The dominant 164 

fractions in the claystone were clay and silt, making 165 

up 51.55% and 43.94%, respectively. In contrast, 166 

the bentonite was composed of up to 90.28% clay 167 

fractions. From Table 1, the dominant exchangeable 168 

cation in each sample was Ca2+. 169 

 170 

Table 1. Physical and index properties of the 171 

claystone and bentonite used. 172 

 173 

Properties Claystone Bentonite 

Specific gravity 2.60 2.71 
Water content (%) 2.75 14.17 
Soil compositions:   
Gravel (%) 0.0 0.0 
Coarse sand (%) 0.1 0.0 
Medium sand (%) 0.1 0.0 
Fine sand (%) 4.3 1.4 
Silt (%) 43.9 8.3 
Clay (%) 51.6 90.3 
Plasticity:   
Liquid limit (%) 50.76 351.71 
Plastic limit (%) 20.95 44.68 
Shrinkage limit (%) 9.74 41.89 
Plasticity Index (%) 29.81 307.03 
Exchangeable Cation: 
Na+ (meq/g) 0.30 0.34 
Ca2+ (meq/g) 4.30 18.70 
Mg2+ (meq/g) 0.10 0.20 
K+ (meq/g) 0.30 0.58 

 174 

2.2 Techniques and Procedures 175 

 176 

2.2.1 Samples preparation 177 

The standard Proctor compaction [33] test was 178 

conducted to obtain the optimum moisture content 179 

and maximum dry density, which were 15% and 180 

16kN/m3, respectively. The claystone was crushed 181 

and sieved with a mesh No. 40, and mixed with 5, 182 
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10, 15, and 20% of bentonite on a dry weight basis. 183 

The water content was used at the optimum 184 

condition of 15%, dry of optimum at 10%, and wet 185 

of optimum at 20%. Moreover, the dry volume 186 

weight of the samples was prepared at variations of 187 

16, 17, and 18kN/m3 to determine the dry density 188 

effect. However, high moisture content (i.e., 15 and 189 

20%) was not applied at high densities due to the 190 

difficulty of compaction when working very close 191 

to zero air void line. The sample conditions are 192 

summarized in Table 2. 193 

 194 

Table 2. Compositions, densities, water content, 195 

and code of samples. 196 

 197 

Clayst. 
(%) 

Bent.  
(%) 

Dry unit  
weight 

(kN/m3) 

w 
(%) 

Sample code 

100 0 16, 17, 18, 19 10 100CS‒w10 
100 0 16, 17, 18, 19 15 100CS‒w15 
100 0 16, 17, 18, 19 20 100CS‒w20 
95 5 16, 17, 18, 19  10 95CS5B‒w10 
95 5 16, 17, 18 15 95CS5B‒w15 
95 5 16 20 95CS5B‒w20 
90 10 16, 17, 18, 19  10 90CS10B‒w10 
90 10 16, 17, 18 15 90CS10B‒w15 
90 10 16 20 90CS10B‒w20 
85 15 16, 17, 18, 19 10 85CS15B‒w10 
85 15 16, 17, 18 15 85CS15B w15 
85 15 16 20 85CS15B‒w20 
80 20 16, 17, 18, 19 10 80CS20B‒w10 
80 20 16, 17, 18 15 80CS20B‒w15 
80 20 16 20 80CS20B‒w20 

 198 

2.2.2 Permeability and Unconfined Compressive 199 

Strength Tests 200 

A certain amount of bentonite was mixed with 201 

claystone, and the dry weight percentage was 202 

measured. Water was added to the mixture, and the 203 

water content was evaluated. The sample was cured 204 

for 1 day and later compacted statically in a 6 cm 205 

diameter ring using a hydraulic jack to attain the 206 

density, as shown in Table 1. Meanwhile, a thin 207 

sample of 1cm was made to reach quick equilibrium 208 

as indicated by a relatively similar decrease in water 209 

level. 210 

A thin layer of grease was applied to the tube 211 

surface to avoid leakage between the tool wall and 212 

the sample before it was inserted into the test 213 

instrument. A falling head test method was 214 

performed to obtain the permeability [34]. This 215 

method is reliable, repeatable, and quite accurate for 216 

soil permeability measurements [35]. Moreover, the 217 

water level in the burette was observed every 24 218 

hours up to the period when there was no change in 219 

water level for each observation. 220 

Using the same sample conditions as shown in 221 

Table 2, the claystone–bentonite mixture samples 222 

with a diameter of 47.5mm and a height of 92.4mm 223 

were also prepared by static compaction to measure 224 

the shear strength using the UCS test according to 225 

ASTM D2166 [36]. 226 

 227 

3. RESULTS AND DISCUSSION 228 

 229 

3.1 Effect of Bentonite Content 230 

 231 

Figures 1(a)‒1(d) show the effect of bentonite 232 

content on the mixture's permeability. We 233 

considered 1×10-9m/s, which is marked with gray 234 

shading, to be acceptable as it is the minimum 235 

requirement in several countries. The numbers and 236 

letters in the legend show the density and moisture 237 

contents of the sample. The highest permeability of 238 

6.6×10-9m/s was recorded in a sample with a 5% 239 

bentonite content and a density of 16kN/m3.  240 

Figure 1 (a) shows the reduction in permeability 241 

as the bentonite content increases. The samples with 242 

a density of 16 kN/m3 and moisture contents of 15% 243 

and 20% were observed to meet the required 244 

permeability at 20% bentonite content. Figure 1(b) 245 

presents that permeability also decreased as 246 

bentonite content increased at a density of 17kN/m3. 247 

Three samples met the requirement at this density, 248 

including a sample with a 15% bentonite content. A 249 

similar condition was also observed with the 250 

18kN/m3 sample. Meanwhile, all samples with 5-251 

20% bentonite contents were observed to meet the 252 

requirements at the highest density of 19 kN/m3.  253 

These results showed that the bentonite content 254 

affected the permeability of the claystone‒bentonite 255 

mixture such that at a higher percentage, there was 256 

a lower permeability. Furthermore, the permeability 257 

was not constant up to the 20% bentonite level, 258 

which is different from the findings of previous 259 

studies that showed the permeability to be constant 260 

at values more than 15% [12]. This, however, was 261 

in agreement with the results of Arifin and 262 

Sambelum [5], which showed that other parameters 263 

such as density and water contents significantly 264 

influence the mixtures' permeability. Moreover, 265 

Figure 1(d) shows that an elevated density of 266 

19kN/m3 is required at 10% bentonite to ensure the 267 

requirements of the mixture are met. Arifin and 268 

Sambelum [5] also predicted the need for 50% 269 

bentonite to meet the permeability requirements 270 

using standard Proctor density. Therefore, a density 271 

higher than that of the standard Proctor is required 272 

to reduce the percentage of bentonite used. 273 

Zang [21] compacted claystone mixed with 274 

bentonite in a different composition. The findings 275 

demonstrated that the macropores in the claystone 276 

aggregate could be more densely filled with 277 

bentonite powder, leading to a low porosity. 278 

Furthermore, as water passes through the sample, 279 

the bentonite, as well as the clay fraction in the 280 
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claystone, expands. The larger the proportion of the 281 

bentonite, the greater the extension and closing of 282 

the pores. Permeability is decreased as a result. 283 

The change in permeability of the claystone‒284 

bentonite mixture as compared to the permeability 285 

without bentonite is summarized in Table 3. It can 286 

be seen that the permeability of claystone mixed 287 

with 5% bentonite causes a 1.2‒1.4-fold decrease 288 

(with an average of a 1.2-fold decrease). This 289 

reduction continued to occur with an increasing 290 

percent of bentonite in the mixture, i.e., at an 291 

average of 1.6-, 2.6-, and 4.5-fold for the addition 292 

of 10%, 15%, and 20% bentonite, respectively. 293 

Figure 2 shows the effect of the bentonite 294 

content on the shear strength obtained from the 295 

UCS test using a minimum compressive strength of 296 

50kPa, as recommended by the Environment 297 

Agency [31]. This value corresponds to the medium 298 

soil consistency of 48‒96kPa [34]. In the figure, the 299 

undrained cohesion is plotted as a secondary axis, 300 

which is determined as half of the compressive 301 

strength. According to Figure 2, the increase in 302 

compressive strength is accompanied by an increase 303 

in undrained cohesion caused by the addition of 304 

bentonite to the mixture. 305 

Figure 2 also indicates that all the compressive 306 

strength samples met the required criteria, but the 307 

sample with 20% bentonite tended to have a 308 

constant or decreasing value in almost all densities, 309 

as shown in (a)‒(d). 310 

 311 

Table 3. Permeability reduction due to the addition 312 

of bentonite.  313 

 314 

Bentonite content (%) 5 10 15 20 
d 

(kN/m3) 
w 

(%) 
Sample 

code 
Permeability 

reduction 

16 10 16-w10 1.2 1.4 2.3 4.2 

16 15 16-w15 1.3 1.6 2.4 5.0 

16 20 16-w20 1.2 1.4 2.0 3.6 

17 10 17-w10 1.2 1.8 2.7 5.0 

17 15 17-w15 1.4 1.9 3.6 4.5 

18 10 18-w10 1.2 1.6 3.1 5.1 

18 15 18-w15 1.2 1.8 2.3 4.5 

19 10 19-w10 1.2 1.4 2.2 4.2 
Average     1.2 1.6 2.6 4.5 

 315 

Furthermore, the maximum compressive 316 

strength was achieved at 15% bentonite, as is 317 

apparent from the following results: 299, 456, 502, 318 

Figure 1. Effect of bentonite content on the permeability of compacted claystone‒bentonite mixtures. 
Note: the numbers and the letters in the legend show the dry unit weight and moisture content of 
samples. 
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and 551kPa recorded at densities of 16, 17, 18, and 319 

19kN/m3, respectively. This means that a higher 320 

compressive strength was obtained at a greater 321 

density, which further indicated the important 322 

influence of density on the strength of the 323 

claystone‒bentonite mixtures. 324 

Zhang [22] compacted a claystone–bentonite 325 

mixture of different compositions (i.e., 60/40 and 326 

80/20). It was found that at the same axial stress, the 327 

80/20 mixture resulted in a higher dry density than 328 

the 60/40 sample. This shows that the percentage of 329 

bentonite in the mixture affects the behavior of the 330 

claystone–bentonite mixture. The composition 331 

influences the density of bentonite that fills the 332 

claystone macropores. In this study, the maximum 333 

density of bentonite in claystone macropores was 334 

produced at 15% bentonite, which resulted in the 335 

maximum compressive strength and undrained 336 

cohesion of the sample. In  addition to the shear 337 

strength, the final dry density of bentonite in the 338 

claystone–bentonite mixture was also found to 339 

affect the swelling pressure of the sample, as was 340 

reported by Wang et al. [23]. 341 

The addition of up to 15% bentonite content in 342 

the mixture was observed to increase the cohesion 343 

of the mixture, and the bentonite was observed to be 344 

dominant at 20%. The sample produced larger 345 

macropores at low water contents [7], which 346 

reduced the strength of the claystone‒bentonite 347 

mixture. Moreover, the need for the water to reach 348 

the maximum sample density increased at higher 349 

bentonite levels, and the water added was usually 350 

absorbed more by the bentonite, causing the sample 351 

to expand. Pusch et al [37] reported that the mineral 352 

montmorillonite requires 2-3 layers of water 353 

molecules to meet the hydration force. Thickness 354 

and complete hydration layers depend on the 355 

exchangeable cation of the bentonite. Further, 356 

Sayori et al [38] observed that when water is applied 357 

to the bentonite surface, four water molecules 358 

would first be absorbed. Mitchell [39] indicated that 359 

for the complete expansion, bentonites of the 360 

sodium type with a specific surface area of 800m2/g 361 

exceed the water content of 400% to meet the 362 

exchangeable cation hydration. 363 

The effect that the percentage of clay in soil has 364 

on its shear strength has been widely studied. 365 

Increasing the amount of clay in soil results in an 366 

increase in cohesion followed by a reduction in the 367 

fiction angle [40–43]. The increase in cohesion is 368 

influenced by the minerals contained in the clay, 369 

i.e., montmorillonite minerals result in a higher 370 

cohesion increase as compared to kaolinite minerals 371 

[40]. In this study, the bentonite used contained 372 

Figure 2. Effect of bentonite content on the compressive shear strength of compacted claystone‒
bentonite mixtures. 
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montmorillonite so that an increase in the 373 

percentage of bentonite enhanced the amount of this 374 

mineral, resulting in a greater increase in cohesion. 375 

Table 4 presents the improvement in the 376 

compressive strength of the claystone‒bentonite 377 

mixture (in percent) as compared to those without 378 

bentonite. As can be seen in the table, the increase 379 

in bentonite (added to claystone) resulted in an 380 

increase in the compressive strength for all samples 381 

up to the addition of 15% bentonite. At 5% 382 

bentonite, the average increase in shear strength 383 

was 1.6-fold, and an average of 2.4- and 3.0-fold at 384 

10% and 15% bentonite contents, respectively. As 385 

shown in Figure 2, supplementing 20% bentonite to 386 

claystone resulted in a reduction in the compressive 387 

strength of the samples. As shown in the table, a mix 388 

with  up to 20% bentonite reduced the compressive 389 

strength of all samples by an average of 2.6 times. 390 

 391 

Table 4. Shear strength changes due to addition of 392 

bentonite.  393 

 394 

Bentonite content (%) 5 10 15 20 
d 

(kN/m3) 
w 

(%) 
Sample 

code 
Shear strength 

change 

16 10 16-w10 1.9 2.7 3.0 2.1 

16 15 16-w15 1.9 2.3 3.6 2.8 

16 20 16-w20 1.4 1.9 2.7 2.7 

17 10 17-w10 1.5 1.9 2.9 2.8 

17 15 17-w15 1.6 3.3 4.1 3.4 

18 10 18-w10 1.7 2.5 3.2 2.9 

18 15 18-w15 1.6 2.4 2.5 2.4 

19 10 19-w10 1.5 2.1 2.2 2.1 

Average     1.6 2.4 3.0 2.6 
 395 

3.2 Effect of Mixture Density 396 

 397 

Figure 3 shows the effect of density on the 398 

compacted claystone‒bentonite mixtures' 399 

permeability, as indicated in samples with 5‒20% 400 

bentonite with a 10% moisture content in Figure 401 

3(a) and a 15% moisture content in Figure 3(b). The 402 

sample legend is written as the claystone percentage 403 

(CS) and bentonite percentage (B), while w is used 404 

as the symbol for the moisture content. Figure 3(a) 405 

shows that a higher density produced a lower 406 

permeability, as was observed in all mixture 407 

variations from 5 to 20% bentonite. However, not 408 

all mixtures met the requirements necessary for a 409 

clay liner, as indicated by the gray area. These 410 

mainly comprised 5% bentonite with a 10% 411 

moisture content. Moreover, 20% bentonite content 412 

samples were the samples that most commonly met 413 

the requirements at a density of ≥17kN/m3, because 414 

they were compacted with more energy than the 415 

Proctor standard. 416 

The same trend was found for samples with a 417 

higher moisture content of 15%, as presented in 418 

Figure 3(b), with an increase in density observed to 419 

cause a smaller pore number and permeability. This 420 

is in line with findings of a previous study that 421 

showed that an increase in the density reduced the 422 

macropore size and volume, while the micropores 423 

did not change much [6,7,14]. These macropores 424 

play an important role in the changes experienced 425 

in soil permeability, especially for clay soil, such 426 

that smaller and fewer macropores usually lead to a 427 

lower permeability. 428 

This means that all the samples with a 20% 429 

bentonite content, such as 80CS20B-15, qualified 430 

as clay liners, while 85CS15B-15 was partially 431 

compliant, and neither 95CS5B-15 or 90CS10B-15 432 

was satisfactory. These results showed that the 433 

samples compacted with Proctor Standard energy 434 

with a dry density of 16kN/m3 satisfied the 435 

requirements at higher moisture contents. This, 436 

therefore, shows the importance of water content in 437 

compacted claystone–bentonite mixtures. 438 

Figure 3. Effect of density on the permeability of compacted claystone-bentonite mixtures. 
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Figure 4 shows the compressive strength and 439 

undrained cohesion of compacted claystone–440 

bentonite as a function of the dry density. This is 441 

demonstrated in samples with a 10% moisture 442 

content in Figure 4(a) and a 15% moisture content 443 

in Figure 4(b), which shows almost all of the 444 

densities used in this study. The sample's 445 

compressive strength and undrained cohesion were 446 

observed to increase as the density of all bentonite 447 

contents increased. The density increment caused a 448 

reduction in the size and number of macropores and 449 

increased the percentage of micropores [7], playing 450 

a role in the shear strength of clay soils. 451 

Zhang [22] reported that the mechanical 452 

stiffness of the compacted claystone‒bentonite 453 

mixtures exponentially increases with increasing 454 

dry density. Moreover, at a given dry density, the 455 

stiffness of the claystone‒bentonite mixtures was 456 

higher than that of the bentonite–sand mixture. The 457 

low stiffness of the bentonite–sand mixture is due 458 

to the lower density of the bentonite matrix, which 459 

embeds the sand particles, resulting in a lower inner 460 

friction resistance [22]. On the other hand, the high 461 

stiffness of the claystone–bentonite mixture is 462 

caused by the high density of the bentonite matrix 463 

in the claystone. Claystone, unlike generally inert 464 

sand, contains clay minerals, and contact between 465 

claystone and bentonite can occur, influencing the 466 

hydro-mechanical behavior of the compacted 467 

mixture [23]. 468 

The changes in the permeability and shear 469 

strength of the claystone–bentonite mixture are 470 

summarized in Tables 5 and 6, respectively. For 471 

samples with a moisture content of 10%, as shown 472 

in Table 5, the decrease in permeability was, on 473 

average, 2.0-, 2.6-, and 6.0-fold due to an increase 474 

in density from 16kN/m3 to 17kN/m3, 18kN/m3, and 475 

19kN/m3, respectively. When the density was 476 

increased from 16kN/m3 to 17kN/m3 and 18kN/m3, 477 

the permeability decreased by an average of 1.8 and 478 

2.0 times, respectively, for samples with a moisture 479 

content of 15%. 480 

For the sample shear strength with a moisture 481 

content of 10%, as shown in Table 6, an increase in 482 

density from 16kN/m3 resulted in an average 1.6-, 483 

2.2-, and 3.1-fold increase after the dry unit weight 484 

increased to 17kN/m3, 18kN/m3, and 19kN/m3. At a 485 

15% moisture content, the shear strength increased 486 

by an average of 1.6 and 2.2 times, respectively, 487 

after the dry unit weight was increased from 488 

16kN/m3 to 17kN/m3 and 18kN/m3. 489 

 490 

Table 5. Permeability change due to the increase in 491 

density. 492 

 493 

Dry unit weight (kN/m3) 17 18 19 

Bent. 
content 

w 
(%) 

Sample code 
Permeability 

change 

0 10 100CS-w10 1.7 2.3 6.1 

5 10 95CS5B-w10 1.8 2.3 6.2 

10 10 90CS10B-w10 2.2 2.6 6.0 

15 10 85CS15B-w10 2.1 3.2 5.9 

20 10 80CS20B-w10 2.0 2.8 6.1 

Average   2.0 2.6 6.0 

0 15 100CS-w15 1.2 2.1  

5 15 95CS5B-w15 1.3 2.0  

10 15 90CS10B-w15 1.5 2.4  

15 15 85CS15B-w15 1.8 2.0  

20 15 80CS20B-w15 1.1 1.9  

Average  1.4 2.1  

 494 

3.3 Effect of Water Content 495 

 496 

Figures 5(a) and 5(b) show the effect of water 497 

Figure 4. Effect of density on the compressive strength of claystone-bentonite mixtures. 
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content on the permeability of the claystone–498 

bentonite mixture sample, with the legend 499 

indicating the percentages of claystone (CS) and 500 

bentonite (B) and the density of the samples. Figure 501 

5(a) shows the result of the sample with a density of 502 

16 kN/m3 using three moisture content conditions, 503 

while Figure 5(b) shows a higher density of 18 504 

kN/m3. The permeability of the compacted sample 505 

at the optimum water content (i.e., 15%) was 506 

observed to be lower than for the dry condition (i.e., 507 

10%), while the value in the wet condition (i.e., 508 

20%) was almost the same as for the optimum. 509 

Similar results were also recorded for samples with 510 

higher densities. Several researchers have 511 

previously discussed this effect [4,5]. 512 

 513 

Table 6. Shear strength change due to the increase 514 

in density. 515 

 516 

Dry unit weight (kN/m3) 17 18 19 

Bent. 
content 

w 
(%) 

Sample code Shear strength 
change 

0 10 100CS-w10 1.7 2.1 3.7 

5 10 95CS5B-w10 1.3 1.9 2.8 

10 10 90CS10B-w10 1.1 2.0 2.8 

15 10 85CS15B-w10 1.6 2.3 2.7 

20 10 80CS20B-w10 2.3 2.9 3.7 

Average     1.6 2.2 3.1 

0 15 100CS-w15 1.4 2.5  
5 15 95CS5B-w15 1.2 2.0  

10 15 90CS10B-w15 2.0 2.5  
15 15 85CS15B-w15 1.6 1.7  
20 15 80CS20B-w15 1.7 2.1  

Average   1.6 2.2   
 517 

Benson et al. [4] showed that low permeability 518 

at higher water contents was due to microstructural 519 

changes in the soil. It is important to note that a 520 

bimodal pore size distribution, including macro- 521 

and micropores, exists in dry conditions, while a 522 

unimodal pore distribution, including micropores, 523 

exists at higher moisture contents. It was also 524 

reported by Arifin and Schanz [7] that pores in dry 525 

conditions are large, while micropores are dominant 526 

at wet conditions when the samples are at the same 527 

density or void ratio. In this claystone‒bentonite 528 

mixture, the claystone macropores were filled with 529 

bentonite [21]. When interacting with water, the 530 

bentonite expanded and closed these macropores. 531 

At a higher water content, in addition to the 532 

macropores filling with expanding bentonite, the 533 

dominant micropores resulted in a lower 534 

permeability. 535 

The effects of water content on changes in 536 

permeability of the claystone‒bentonite mixture are 537 

summarized in Tables 7. The data are represented 538 

by samples with densities of 16kN/m3 and 18kN/m3, 539 

as shown in Figures 5. For samples with densities 540 

of 16kN/m3 in Table 7, the permeability decreased 541 

by an average of 2.0 and 2.7 times when the water 542 

content increased from 10% to 15% and 20%, 543 

respectively. For samples with a density of 544 

18kN/m3, an increase in the initial water content of 545 

the sample from 10% to 15% resulted in a 1.6-fold 546 

lower average. 547 

Figure 6 shows the effect of moisture content on 548 

the compressive strength and undrained cohesion of 549 

compacted claystone‒bentonite mixtures using a 550 

similar trend as for permeability, with densities of 551 

16 and 18kN/m3, as shown in Figures 6(a) and 6(b), 552 

respectively. The compressive strength and 553 

undrained cohesion seemed to be relatively constant 554 

at a density of 16 kN/m3 with a 5 and 10% bentonite 555 

content, while it was observed to increase with a 556 

moisture content of 15 and 20%. It was discovered 557 

that claystone absorbed more water at lower 558 

Figure 5. Effect of water content on the permeability of compacted claystone-bentonite mixtures  

(a) samples with dry density of 16kN/m
3
 and (b) samples with dry density of 18kN/m

3
. 
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bentonite levels (5‒10%), and this higher water 559 

content caused a reduction in the claystone–560 

bentonite mixture strength. This is associated with 561 

the strength usually lost by claystone when 562 

interacting with a lot of water [24–26]. Moreover, 563 

the bentonite absorbed more water at a higher 564 

content of 20%, making the sample more difficult 565 

to compact and decreasing the sample strength. 566 

Furthermore, compressive strength and undrained 567 

cohesion appeared to increase as the moisture 568 

content increased at high densities of 18kN/m3, as 569 

shown in Figure 6(a). This was due to the 570 

compressed bentonite, which supported better 571 

bonding in the claystone‒bentonite mixture. 572 

 573 

Table 7. Effect of sample moisture content on the 574 

permeability of the claystone‒bentonite mixtures. 575 

 576 

Moisture content (%) 15 20 
Bentonite 
content 

d 
(kN/m3) Sample code 

Permeability 
change 

0 16 100CS-16 1.9 2.8 

5 16 95CS5B-16 2.0 2.9 

10 16 90CS10B-16 2.0 2.9 

15 16 85CS15B-16 2.0 2.6 

20 16 80CS20B-16 2.2 2.4 

Average     2.0 2.7 

0 18 100CS-18 1.7  
5 18 95CS5B-18 1.8  
10 18 90CS10B-18 1.9  
15 18 85CS15B-18 1.3  
20 18 80CS20B-18 1.5  

Average     1.6   
 577 

In general, samples compacted in dry and wet 578 

conditions produce lower shear strength than those 579 

compacted at the optimum moisture content 580 

[41,42,44]. Samples that were compacted at dry or 581 

wet moisture contents produced a dry unit weight 582 

that was smaller than those compacted at the 583 

optimum water content, following the compaction 584 

curve. In this study, the dry unit weight of the 585 

samples was prepared equally at different moisture 586 

contents. The compressive strength and cohesion 587 

obtained increased with the increasing water 588 

content, as shown in Figure 6. 589 

Table 8 shows the shear strength change due to 590 

the alteration of the initial moisture content of the 591 

samples. As shown in the table, an increase in 592 

moisture content from 10% to 15% resulted in a 1.2-593 

1.3-fold increase in the compressive strength and 594 

cohesion. The shear strength increased 1.5-fold as a 595 

result of increasing the water content from 10% to 596 

20%.  597 

 598 

Table 8. Effect of sample moisture content on the 599 

shear strength of the compacted claystone‒600 

bentonite mixtures.  601 

 602 

Moisture content (%) 15 20 
Bent. 

content 
d 

(kN/m3) 
Sample code 

Shear strength 
change 

0 16 100CS-16 1.2 1.6 

5 16 95CS5B-16 1.2 1.2 

10 16 90CS10B-16 1.0 1.1 

15 16 85CS15B-16 1.4 1.5 

20 16 80CS20B-16 1.6 2.1 
Average     1.3 1.5 

0 17 100CS-17 1.4  
5 17 95CS5B-17 1.3  

10 17 90CS10B-17 1.3  
15 17 85CS15B-17 1.1  
20 17 80CS20B-17 1.1  

Average     1.2   

Figure 6. Effect of water content on the compressive strength of compacted claystone-bentonite mixtures 
(a) samples with dry density of 16kN/m3 and (b) samples with dry density of 18kN/m3 
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The shear strength of sandstone and claystone 603 

fluctuates due to changes in the surrounding 604 

environment such as moisture content or relative 605 

humidity. Shakoor and Berefield [45] reported that 606 

the unconfined compressive strength of the 607 

sandstone decreases with an increasing degree of 608 

saturation. Samples were tested by allowing them to 609 

absorb water so that the degrees of saturation 610 

increase. In other words, the increase in the degree 611 

of saturation was caused by the increase in the 612 

sample moisture content. Meanwhile, Pineda et al. 613 

[46] reported the effect of the relative humidity 614 

cycle on the reduction of cohesion and friction of 615 

claystone. This decrease is due to the accumulation 616 

of strain damage that occurs during the RH cycle. 617 

Figure 7 shows the relationship between the degree 618 

of saturation and the shear strength of compacted 619 

claystone–bentonite mixtures represented by two 620 

bentonite contents, namely 5% and 10%, shown in 621 

Figures 7(a) and 7(b), respectively. Both figures 622 

show the same trend whereby compressive strength 623 

and cohesion samples increase with the increasing 624 

degree of saturation. This effect is different from the 625 

results of other studies. An increase in the degree of 626 

saturation in the study is caused by the increase in 627 

the dry density sample or a reduction in the initial 628 

sample void ratio. Moreover, the increase in water 629 

content, as seen in Figure 6, resulted in a slight 630 

increase in the shear strength of the samples. In this 631 

study, changes were made to the water content 632 

around the optimum water content of claystone (i.e., 633 

15%) so that the shear strength at that water content 634 

is the shear strength of the maximum density of 635 

claystone. 636 

The analysis of its microstructures using both 637 

electron scanning (SEM) and porosimetry intrusion 638 

of mercury (MIP) methods provides a more 639 

comprehensive description of the effects of 640 

supplementing bentonite to the claystone. This is 641 

directly related to the state of the mixtures, which 642 

were compacted at various moisture content levels, 643 

as well as the increase in sample density. Further 644 

investigation concerning the microstructure of 645 

compacted claystone–bentonite mixture is required. 646 

 647 

3.4 Acceptable Zone of Clay Liner 648 

 649 

Daniel and Benson [30] suggested a method for 650 

determining acceptable zones in clay liner designs. 651 

This method combines a zone that meets the 652 

permeability requirements and other criteria, and 653 

relates the parameters to dry unit weight and water 654 

content. Zones overlapping one another become a 655 

single acceptable zone. This method was applied to 656 

the claystone–bentonite mixture data obtained in 657 

this study, as shown in Figure 8. Two criteria were 658 

used in the figure (i.e., permeability and shear 659 

strength). The circles on the curves refer to the 660 

moisture content and density of the samples. The 661 

black symbols show the samples that meet both 662 

requirements.  663 

Figure 8(a) shows the criteria for a sample with 664 

5% bentonite. As seen in the figure, there is only an 665 

acceptable zone for shear strength. No permeability 666 

zone was obtained due to the absence of samples 667 

that meet the permeability criteria for 95CS5B 668 

samples, as shown in Figure 1. Moreover, Figure 669 

8(b) shows an acceptable zone for claystone 670 

samples mixed with 10% bentonite. On the basis of 671 

the data summarized from Figures 1 and 2, only one 672 

sample met the two criteria, i.e., 90CS5B at a 673 

density of 19kN/m3 and a water content of 10%. The 674 

overlapping zone is too small and difficult to reach 675 

in the field, especially at very high densities. 676 

Benson et al. [29] reported that only 74% of clay 677 

liners in the field met the permeability criteria of 678 

1x10-9m/s in North America. The lack of 679 

homogeneity of the mixture may fail to achieve the 680 

permeability requirements as no example met the 681 

sample's criteria with 5% bentonite. 682 

Figure 7. Effect of degree of saturation on the compressive strength and undrained cohesion of 
compacted claystone-bentonite mixtures (a) 5% bentonite content, and (b) 10% bentonite content 
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For samples with a bentonite content of 15% 683 

(85CS15B), the acceptable zone is depicted in 684 

Figure 8(c). Three samples met both criteria. The 685 

overlapping zone obtained was larger than that of 686 

the 90CS10B sample, as seen in Figure 8(b). These 687 

results are consistent with previous studies that 688 

reported that an increase in the percentage of 689 

bentonite resulted in lower permeability [5,8–11]. 690 

Furthermore, seven samples with a bentonite 691 

content of 20% met the two requirements, as shown 692 

in Figure 8(d). As a result, the accepted zone 693 

became larger than those shown in previous curves. 694 

Since the size of the zone was large, the possibility 695 

of this being achieved in the field was high. The 696 

large zone also minimized the inhomogeneous 697 

effect of mixing claystone and bentonite samples. 698 

Benson et al. [29] suggested the use of a wide 699 

variety of clayey soil to achieve the permeability 700 

requirements in the field. 701 

 702 

4. CONCLUSIONS 703 

 704 

The effect of claystone mixed with bentonite on 705 

permeability is herein described and analyzed based 706 

on experiments. The results show that the 707 

permeability of mixtures decreases with increasing 708 

bentonite content. Mixtures of 5%, 10%, 15%, and 709 

20% reduced the permeability of the mixture by an 710 

average of 1.2, 1.6, 2.6, and 4.5 times, respectively, 711 

compared to those without bentonite. However, not 712 

all mixtures met the clay liner permeability criteria. 713 

Bentonite in the mixture also affects the shear 714 

strength of the sample. The compressive strength 715 

and cohesion of the mixture were increased after 716 

bentonite was added up to 15%. At 20% bentonite, 717 

the shear strength was constant or decreased. With 718 

the addition of 5%, 10%, and 15% bentonite, the 719 

shear strength of the soil was increased by an 720 

average of 1.6, 2.4, and 3.0 times, respectively, 721 

compared to those without bentonite. 722 

The initial density and moisture content of 723 

samples also affect the permeability and shear 724 

strength of the claystone–bentonite mixtures. 725 

Increasing the density from 16kN / m3 to 19 kN / 726 

m3 reduced the sample permeability up to 6.0-fold 727 

and increased the shear strength up to 3.1-fold. 728 

Changes in the initial water content of the sample 729 

from 10% to 20% also resulted in a 2.7-fold 730 

reduction in permeability and a 1.5-fold increase in 731 

soil shear strength. 732 

Figure 8. Acceptable zones for the shear strength and permeability of  the claystone-bentonite 
mixtures (a) 95CS5B, (b) 90CS10B, (c) 95CS15B, and (d) 90CS20B 
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The acceptable zone based on two criteria (i.e., 733 

shear strength and permeability) increased by 734 

increasing bentonite content in the mixtures. A 735 

percentage of 20% bentonite is recommended, 736 

considering the wide range of acceptable sample 737 

conditions. 738 
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ABSTRACT: A compacted claystone–bentonite mixture is proposed for use as a clay barrier. This research, 
in turn, focuses on the effects of bentonite mix on the permeability and shear strength of compacted claystone‒
bentonite mixtures. The claystone used was obtained from the Banjarbakula landfill project, approximately 10 
km from Banjarbaru, the South Kalimantan Government's Administrative Center, Indonesia. The bentonite 
used is commercially sold in Indonesia. The claystone was mixed with bentonite at a percentage of 5%, 10%, 
15%, and 20% bentonite by dry-weight bases. The mixtures were compacted at a moisture content of 10%, 
15%, and 20% to reach the dry unit weight of 16kN/m3‒19kN/m3. Permeability and unconfined compressive 
strength tests were performed in this study. The result showed that the permeability of mixtures decreases with 
increasing bentonite content. The addition of up to 20% bentonite to the mixture reduced the permeability by 
4.5 times, as compared to the sample without bentonite. Moreover, the mixtures’ shear strength indicated by 
compressive strength and cohesion increased by increasing the bentonite content to 15%. The maximum shear 
strength obtained was three times higher than without bentonite. The mixtures’ permeability and shear strength 
were also significantly affected by the sample's density and moisture content. A percentage of 20% bentonite 
is recommended, considering the wide range of acceptability based on two criteria (i.e., permeability and shear 
strength).   
 
Keywords: claystone, bentonite, permeability, shear strength, acceptable zone 
 
 

1. INTRODUCTION 

 
Permeability is an essential parameter in 

determining whether a material qualifies as a clay 
liner, and the limits required to determine the clay 
liner layer vary in different countries. Austria, 
Belgium, Hungary, Italy, Portugal, Switzerland, 
and Turkey, for instance, require a permeability of  
1×10-9 m/s [1,2], and the same value is observed for 
other developed countries such as the UK and the 
USA [1]. Meanwhile, Germany requires a 
permeability of  1×10-10m/s with a layer thickness 
of ≥0.75m, and France requires a higher value of 
1×10-6m/s, but with a mineral barrier thickness of at 
least 5m [1]. Moreover, Asian countries such as 
Japan also require the permeability of mineral 
barriers to be 1x10-9m/s for type C municipal solid 
waste. In Indonesia, the standard landfill base layer 
can use a geomembrane with a thickness of 1.5‒
2.0cm or a clay liner with a permeability of 1×10-

8m/s with a total thickness of 60cm [3]. In this study, 
we adopted the requirement used in many countries: 
a minimum permeability of 1×10-9m/s 

Several methods are commonly applied to 
obtain low permeability in which compaction is the  
most common one [4–6]. This method leads to a 
reduction in soil pore volume, thereby inhibiting the 
flow of water in the soil. However, soils compacted 
at different moisture contents, despite having the 

same density, have different permeabilities [4,5]. 
Moreover, compacted clays with high water 
contents have smaller pore sizes despite having the 
same pore volume [7]. 

It is also possible to reduce permeability by 
mixing the sample with bentonite [5,8–11]. The 
addition of bentonite, however, has an estimated 
efficacy of less than 15% [12], with only negligible 
changes to permeability being observed. It was also 
reported in a previous study that 15% clay was 
required to obtain a permeability that met the 
minimum requirements of 1×10-9m/s [4]. Arifin and 
Sambelum [5] also mixed commercial bentonite at 
5‒20% with local soil containing a lot of sand and 
silt in a landfill development project in Rikut Jawu, 
Central Kalimantan. The results showed that the 
permeability of the sample mixture met the 
requirements after being mixed with 50% bentonite. 
It is important to note that a higher density is needed 
to achieve the required permeability. 

In several countries, a mixture of sand and 
compacted bentonite has also been proposed for use 
as a clay liner [4,8,9,12], especially at high-level 
waste repositories [2,6,13–17]. It involves mixing 
sand and bentonite at different percentages, taking 
into consideration how the sand's size influences the 
permeability of the mixture [9,18]. Moreover, 
different types of bentonite were used in previous 
studies, such as sodium bentonite [2,6,8,17–20], 
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calcium bentonite [13,14], and others [9,11,12]. The 
behavior of each mixture has been found to heavily 
influenced by the type of bentonite used [20].  

Recently, a mixture of claystone and bentonite 
is the most common approach for alternative barrier 
layers in high-level waste repositories [6,21–23]. 
Claystone is found in large quantities during 
excavation and tunnel projects. This material is 
usually discarded because of its unfavorable 
properties when interacting with water [24–28]. 
Claystone layers are also often believed to be the 
source of failures in civil constructions. However, 
its combination with bentonite has several 
advantages due to the low permeability of both 
bentonite and claystone. The use of 80% claystone 
and 20% bentonite in a claystone–bentonite mixture 
has been reported to reduce permeability by one 
order [21],  showing that the presence of claystone 
reduced the quantity of bentonite used in the 
mixture.  

Cui [6] reported that crushed Callovo–
Oxfordian (COx) claystone behaved as an inert 
material, such as sand, in a swelling pressure test. 
Meanwhile, Zhang [22] found that a fracture in the 
claystone closed itself due to the development of 
clay minerals when filled with water. This means 
that the behavior of claystone depends on the clay 
minerals it contains due to the fact that it is usually 
obtained from nature. Therefore, it is necessary to 
investigate the behavior of claystone–bentonite 
mixtures to determine their optimum use as barrier 
layers. 

Shear strength is also considered to be an 
important parameter in determining the suitability 
of clay liner materials [29,30]. The recommended 
minimum remolded undrained shear strength in the 
UK is 50 kPa (or higher for specific locations) [31]. 
Moreover, waste engineering properties such as 
shallow slope liner stability and integrity, steep 
slope liner stability and integrity, and cover system 
integrity are also considered in landfill design [32]. 
However, everything is directly related to the clay 
liner's strength, meaning that it is vital to determine 
the shear strength parameter.  

Previous studies mostly focus on high-density 
samples, which are applied as barriers in the nuclear 
waste repositories. However, claystone‒bentonite 
mixtures are expected to be useful in broader 
applications in which lower densities are required, 
such as landfills. Therefore, it is necessary to 
investigate the behavior of claystone‒bentonite 
mixtures at different bentonite contents, densities, 
and moisture contents.  

This research focuses on the permeability and 
shear strength of claystone‒bentonite mixtures at 
different compositions. The results are expected to 
determine the best composition and the ranges that 
meet the permeability and strength criteria. The 
claystone was obtained from the excavation of a 

landfill development project in Banjarbaru City, 
South Kalimantan, where it was discarded. The 
density and moisture contents of the samples were 
also considered to affect the permeability of the 
mixture in addition to the bentonite content. 

 

2. MATERIALS AND METHODS  

 
2.1 Materials 

 
The claystone used in this study was obtained 

from the Banjarbakula landfill development project, 
where over 8000m3 was surplus to requirements. 
The bentonite used was from common commercial 
sources in Indonesia. Table 1 shows the engineering 
properties of the claystone and bentonite used. The 
bentonite had very high plasticity, with a liquid 
limit of 351.71% and a plasticity index of 307.03%, 
while the claystone had a liquid limit of 50.76% and 
a plasticity index of 29.81%. The dominant 
fractions in the claystone were clay and silt, making 
up 51.55% and 43.94%, respectively. In contrast, 
the bentonite was composed of up to 90.28% clay 
fractions. From Table 1, the dominant exchangeable 
cation in each sample was Ca2+. 

 
Table 1. Physical and index properties of the 
claystone and bentonite used. 
 

Properties Claystone Bentonite 

Specific gravity 2.60 2.71 
Water content (%) 2.75 14.17 
Soil compositions:   
Gravel (%) 0.0 0.0 
Coarse sand (%) 0.1 0.0 
Medium sand (%) 0.1 0.0 
Fine sand (%) 4.3 1.4 
Silt (%) 43.9 8.3 
Clay (%) 51.6 90.3 
Plasticity:   
Liquid limit (%) 50.76 351.71 
Plastic limit (%) 20.95 44.68 
Shrinkage limit (%) 9.74 41.89 
Plasticity Index (%) 29.81 307.03 
Exchangeable Cation: 
Na+ (meq/g) 0.30 0.34 
Ca2+ (meq/g) 4.30 18.70 
Mg2+ (meq/g) 0.10 0.20 
K+ (meq/g) 0.30 0.58 

 

2.2 Techniques and Procedures 
 
2.2.1 Samples preparation 

The standard Proctor compaction [33] test was 
conducted to obtain the optimum moisture content 
and maximum dry density, which were 15% and 
16kN/m3, respectively. The claystone was crushed 
and sieved with a mesh No. 40, and mixed with 5, 
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10, 15, and 20% of bentonite on a dry weight basis. 
The water content was used at the optimum 
condition of 15%, dry of optimum at 10%, and wet 
of optimum at 20%. Moreover, the dry volume 
weight of the samples was prepared at variations of 
16, 17, and 18kN/m3 to determine the dry density 
effect. However, high moisture content (i.e., 15 and 
20%) was not applied at high densities due to the 
difficulty of compaction when working with an air 
void line that is very close to zero. The sample 
conditions are summarized in Table 2. 
 
Table 2. Compositions, densities, water content, 
and code of samples. 
 
Clayst. 

(%) 
Bent.  
(%) 

Dry unit  
weight 

(kN/m3) 

w 
(%) 

Sample code 

100 0 16, 17, 18, 19 10 100CS‒w10 
100 0 16, 17, 18, 19 15 100CS‒w15 
100 0 16, 17, 18, 19 20 100CS‒w20 
95 5 16, 17, 18, 19  10 95CS5B‒w10 
95 5 16, 17, 18 15 95CS5B‒w15 
95 5 16 20 95CS5B‒w20 
90 10 16, 17, 18, 19  10 90CS10B‒w10 
90 10 16, 17, 18 15 90CS10B‒w15 
90 10 16 20 90CS10B‒w20 
85 15 16, 17, 18, 19 10 85CS15B‒w10 
85 15 16, 17, 18 15 85CS15B w15 
85 15 16 20 85CS15B‒w20 
80 20 16, 17, 18, 19 10 80CS20B‒w10 
80 20 16, 17, 18 15 80CS20B‒w15 
80 20 16 20 80CS20B‒w20 

 
2.2.2 Permeability and Unconfined Compressive 

Strength Tests 

A certain amount of bentonite was mixed with 
claystone, and the dry weight percentage was 
measured. Water was added to the mixture, and the 
water content was evaluated. The sample was cured 
for 1 day and later compacted statically in a 6 cm 
diameter ring using a hydraulic jack to attain the 
density, as shown in Table 1. Meanwhile, a thin 
sample of 1cm was made to reach quick equilibrium 
as indicated by a relatively similar decrease in water 
level. 

A thin layer of grease was applied to the tube 
surface to avoid leakage between the tool wall and 
the sample before it was inserted into the test 
instrument. A falling head test method was 
performed to obtain the permeability [34]. This 
method is reliable, repeatable, and quite accurate for 
soil permeability measurements [35]. Moreover, the 
water level in the burette was observed every 24 
hours up to the period when there was no change in 
water level for each observation. 

Using the same sample conditions as shown in 
Table 2, the claystone–bentonite mixture samples 
with a diameter of 47.5mm and a height of 92.4mm 

were also prepared by static compaction to measure 
the shear strength using the UCS test according to 
ASTM D2166 [36]. 

 
3. RESULTS AND DISCUSSION 

 
3.1 Effect of Bentonite Content 

 
Figures 1(a)‒1(d) show the effect of bentonite 

content on the mixture's permeability. We 
considered 1×10-9m/s, which is marked with gray 
shading, to be acceptable as it is the minimum 
requirement in several countries. The numbers and 
letters in the legend show the density and moisture 
contents of the sample. The highest permeability of 
6.6×10-9m/s was recorded in a sample with a 5% 
bentonite content and a density of 16kN/m3.  

Figure 1 (a) shows the reduction in permeability 
as the bentonite content increases. The samples with 
a density of 16 kN/m3 and moisture contents of 15% 
and 20% were observed to meet the required 
permeability at 20% bentonite content. Figure 1(b) 
presents that permeability also decreased as 
bentonite content increased at a density of 17kN/m3. 
Three samples met the requirement at this density, 
including a sample with a 15% bentonite content. A 
similar condition was also observed with the 
18kN/m3 sample. Meanwhile, all samples with 5-
20% bentonite contents were observed to meet the 
requirements at the highest density of 19 kN/m3.  

These results showed that the bentonite content 
affected the permeability of the claystone‒bentonite 
mixture such that at a higher percentage, there was 
a lower permeability. Furthermore, the permeability 
was not constant up to the 20% bentonite level, 
which is different from the findings of previous 
studies that showed the permeability to be constant 
at values more than 15% [12]. This, however, was 
in agreement with the results of Arifin and 
Sambelum [5], which showed that other parameters 
such as density and water contents significantly 
influence the mixtures' permeability. Moreover, 
Figure 1(d) shows that an elevated density of 
19kN/m3 is required at 10% bentonite to ensure the 
requirements of the mixture are met. Arifin and 
Sambelum [5] also predicted the need for 50% 
bentonite to meet the permeability requirements 
using standard Proctor density. Therefore, a density 
higher than that of the standard Proctor is required 
to reduce the percentage of bentonite used. 
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Zang [21] compacted claystone mixed with 
bentonite in a different composition. The findings 
demonstrated that the macropores in the claystone 
aggregate could be more densely filled with 
bentonite powder, leading to a low porosity. 
Furthermore, as water passes through the sample, 
the bentonite, as well as the clay fraction in the 
claystone, expands, resulting in a smaller water 
path. Permeability is decreased as a result. 

The change in permeability of the claystone‒
bentonite mixture as compared to the permeability 
without bentonite is summarized in Table 3. It can 
be seen that the permeability of claystone mixed 
with 5% bentonite causes a 1.2‒1.4-fold decrease 
(with an average of a 1.2-fold decrease). This 
reduction continued to occur with an increasing 
percent of bentonite in the mixture, i.e., at an 
average of 1.6-, 2.6-, and 4.5-fold for the addition 
of 10%, 15%, and 20% bentonite, respectively. 

Figure 2 shows the effect of the bentonite 
content on the compressive shear strength obtained 
from the UCS test using a minimum limit of 50kPa, 
as recommended by the Environment Agency [31]. 
This value corresponds to the medium soil 
consistency of 48‒96kPa [34]. 

  

Table 3. Permeability reduction due to the addition 
of bentonite.  
 

Bentonite content (%) 5 10 15 20 
d 

(kN/m3) 
w 

(%) 
Sample 

code 
Permeability 

reduction 

16 10 16-w10 1.2 1.4 2.3 4.2 

16 15 16-w15 1.3 1.6 2.4 5.0 

16 20 16-w20 1.2 1.4 2.0 3.6 

17 10 17-w10 1.2 1.8 2.7 5.0 

17 15 17-w15 1.4 1.9 3.6 4.5 

18 10 18-w10 1.2 1.6 3.1 5.1 

18 15 18-w15 1.2 1.8 2.3 4.5 

19 10 19-w10 1.2 1.4 2.2 4.2 
Average     1.2 1.6 2.6 4.5 

 
Figure 2 displays the undrained cohesion as a 

secondary axis, which is determined as half of the 
compressive strength. According to Figure 2, the 
increase in compressive strength is accompanied by 
an increase in undrained cohesion caused by the 
addition of bentonite to the mixture. 

Figure 2 also indicates that all the compressive 
strength samples met the required criteria, but the 

Figure 1. Effect of bentonite content on the permeability of compacted claystone-bentonite mixtures. 
Note: the numbers and the letters in the legend show the dry unit weight and moisture content of samples 
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sample with 20% bentonite tended to have a 
constant or decreasing value in almost all densities, 
as shown in (a)‒(d). 

Furthermore, the maximum compressive 
strength was achieved at 15% bentonite, as is 
apparent from the following results: 299, 456, 502, 
and 551kPa recorded at densities of 16, 17, 18, and 
19kN/m3, respectively. This means that a higher 
compressive strength was obtained at a greater 
density, which further indicated the important 
influence of density on the strength of the 
claystone‒bentonite mixtures. 

Zhang [22] compacted a claystone–bentonite 
mixture of different compositions (i.e., 60/40 and 
80/20). It was found that at the same axial stress, the 
80/20 mixture resulted in a higher dry density than 
the 60/40 sample. This shows that the percentage of 
bentonite in the mixture affects the behavior of the 
claystone–bentonite mixture. The composition 
influences the density of bentonite that fills the 
claystone macropores. In this study, the maximum 
density of bentonite in claystone macropores was 
produced at 15% bentonite, which resulted in the 
maximum compressive strength and undrained 
cohesion of the sample. In  addition to the shear 
strength, the final dry density of bentonite in the 
claystone–bentonite mixture was also found to 

affect the swelling pressure of the sample, as was 
reported by Wang et al. [23]. 

The addition of up to 15% bentonite content in 
the mixture was observed to increase the cohesion 
of the mixture, and the bentonite was observed to be 
dominant at 20%. The sample produced larger 
macropores at low water contents [7], which 
reduced the strength of the claystone‒bentonite 
mixture. Moreover, the need for the water to reach 
the maximum sample density increased at higher 
bentonite levels, and the water added was usually 
received more by the bentonite, causing the sample 
to expand. 

The effect that the percentage of clay in soil has 
on its shear strength has been widely studied. 
Increasing the amount of clay in soil results in an 
increase in cohesion followed by a reduction in the 
fiction angle [37–40]. The increase in cohesion is 
influenced by the minerals contained in the clay, 
i.e., montmorillonite minerals result in a higher 
cohesion increase as compared to kaolinite minerals 
[37]. In this study, the bentonite used contained 
montmorillonite so that an increase in the 
percentage of bentonite enhanced the amount of this 
mineral, resulting in a greater increase in cohesion. 

Table 4 presents the improvement in the 
compressive strength of the claystone‒bentonite 

Figure 2. Effect of bentonite content on the compressive shear strength of compacted claystone-
bentonite mixtures 
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mixture (in percent) as compared to those without 
bentonite. As can be seen in the table, the increase 
in bentonite (added to claystone) resulted in an 
increase in the compressive strength for all samples 
up to the addition of 15% bentonite. At 5% 
bentonite, the average increase in shear strength 
was 1.6-fold, and an average of 2.4- and 3.0-fold at 
10% and 15% bentonite contents, respectively. As 
shown in Figure 2, supplementing 20% bentonite to 
claystone resulted in a reduction in the compressive 
strength of the samples. As shown in the table, a mix 
with  up to 20% bentonite reduced the compressive 
strength of all samples by an average of 2.6 times. 

 
Table 4. Shear strength changes due to addition of 
bentonite.  

 

Bentonite content (%) 5 10 15 20 
d 

(kN/m3) 
w 

(%) 
Sample 

code 
Shear strength 

change 

16 10 16-w10 1.9 2.7 3.0 2.1 

16 15 16-w15 1.9 2.3 3.6 2.8 

16 20 16-w20 1.4 1.9 2.7 2.7 

17 10 17-w10 1.5 1.9 2.9 2.8 

17 15 17-w15 1.6 3.3 4.1 3.4 

18 10 18-w10 1.7 2.5 3.2 2.9 

18 15 18-w15 1.6 2.4 2.5 2.4 

19 10 19-w10 1.5 2.1 2.2 2.1 

Average     1.6 2.4 3.0 2.6 
 

3.2 Effect of Mixture Density 

 

Figure 3 shows the effect of density on the 
compacted claystone‒bentonite mixtures' 
permeability, as indicated in samples with 5‒20% 
bentonite with a 10% moisture content in Figure 
3(a) and a 15% moisture content in Figure 3(b). The 
sample legend is written as the claystone percentage 

(CS) and bentonite percentage (B), while w is used 
as the symbol for the moisture content. Figure 3(a) 
shows that a higher density produced a lower 
permeability, as was observed in all mixture 
variations from 5 to 20% bentonite. However, not 
all mixtures met the requirements necessary for a 
clay liner, as indicated by the gray area. These 
mainly comprised 5% bentonite with a 10% 
moisture content. Moreover, 20% bentonite content 
samples were the samples that most commonly met 
the requirements at a density of ≥17kN/m3, because 
they were compacted with more energy than the 
Proctor standard. 

The same trend was found for samples with a 
higher moisture content of 15%, as presented in 
Figure 3(b), with an increase in density observed to 
cause a smaller pore number and permeability. This 
is in line with findings of a previous study that 
showed that an increase in the density reduced the 
macropore size and volume, while the micropores 
did not change much [6,7,14]. These macropores 
play an important role in the changes experienced 
in soil permeability, especially for clay soil, such 
that smaller and fewer macropores usually lead to a 
lower permeability. 

This means that all the samples with a 20% 
bentonite content, such as 80CS20B-15, qualified 
as clay liners, while 85CS15B-15 was partially 
compliant, and neither 95CS5B-15 or 90CS10B-15 
was satisfactory. These results showed that the 
samples compacted with Proctor Standard energy 
with a dry density of 16kN/m3 satisfied the 
requirements at higher moisture contents. This, 
therefore, shows the importance of water content in 
compacted claystone–bentonite mixtures. 

Figure 4 shows the compressive strength and 
undrained cohesion of compacted claystone–
bentonite as a function of the dry density. This is 
demonstrated in samples with a 10% moisture 
content in Figure 4(a) and a 15% moisture content 

Figure 3. Effect of density on the permeability of compacted claystone-bentonite mixtures 
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in Figure 4(b), which shows almost all of the 
densities used in this study. The sample's 
compressive strength and undrained cohesion were 
observed to increase as the density of all bentonite 
contents increased. The density increment caused a 
reduction in the size and number of macropores and 
increased the percentage of micropores [7], playing 
a role in the shear strength of clay soils. 

Zhang [22] reported that the mechanical 
stiffness of the compacted claystone‒bentonite 
mixtures exponentially increases with increasing 
dry density. Moreover, at a given dry density, the 
stiffness of the claystone‒bentonite mixtures was 
higher than that of the bentonite–sand mixture. The 
low stiffness of the bentonite–sand mixture is due 
to the lower density of the bentonite matrix, which 
embeds the sand particles, resulting in a lower inner 
friction resistance [22]. On the other hand, the high 
stiffness of the claystone–bentonite mixture is 
caused by the high density of the bentonite matrix 
in the claystone. Claystone, unlike generally inert 
sand, contains clay minerals, and contact between 
claystone and bentonite can occur, influencing the 
hydro-mechanical behavior of the compacted 
mixture [23]. 

The changes in the permeability and shear 
strength of the claystone–bentonite mixture are 
summarized in Tables 5 and 6, respectively. For 
samples with a moisture content of 10%, as shown 
in Table 5, the decrease in permeability was, on 
average, 2.0-, 2.6-, and 6.0-fold due to an increase 
in density from 16kN/m3 to 17kN/m3, 18kN/m3, and 
19kN/m3, respectively. When the density was 
increased from 16kN/m3 to 17kN/m3 and 18kN/m3, 
the permeability decreased by an average of 1.8 and 
2.0 times, respectively, for samples with a moisture 
content of 15%. 

For the sample shear strength with a moisture 
content of 10%, as shown in Table 6, an increase in 

density from 16kN/m3 resulted in an average 1.6-, 
2.2-, and 3.1-fold increase after the dry unit weight 
increased to 17kN/m3, 18kN/m3, and 19kN/m3. At a 
15% moisture content, the shear strength increased 
by an average of 1.6 and 2.2 times, respectively, 
after the dry unit weight was increased from 
16kN/m3 to 17kN/m3 and 18kN/m3. 

 
Table 5. Permeability change due to the increase in 
density. 
 

Dry unit weight (kN/m3) 17 18 19 

Bent. 
content 

w 
(%) 

Sample code 
Permeability 

change 

0 10 100CS-w10 1.7 2.3 6.1 

5 10 95CS5B-w10 1.8 2.3 6.2 

10 10 90CS10B-w10 2.2 2.6 6.0 

15 10 85CS15B-w10 2.1 3.2 5.9 

20 10 80CS20B-w10 2.0 2.8 6.1 

Average   2.0 2.6 6.0 

0 15 100CS-w15 1.2 2.1  

5 15 95CS5B-w15 1.3 2.0  

10 15 90CS10B-w15 1.5 2.4  

15 15 85CS15B-w15 1.8 2.0  

20 15 80CS20B-w15 1.1 1.9  

Average  1.4 2.1  

 
3.3 Effect of Water Content 

 

Figures 5(a) and 5(b) show the effect of water 
content on the permeability of the claystone–
bentonite mixture sample, with the legend 
indicating the percentages of claystone (CS) and 
bentonite (B) and the density of the samples. Figure 
5(a) shows the result of the sample with a density of 
16 kN/m3 using three moisture content conditions, 

Figure 4. Effect of density on the compressive strength of claystone-bentonite mixtures 
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while Figure 5(b) shows a higher density of 18 
kN/m3. The permeability of the compacted sample 
at the optimum water content (i.e., 15%) was 
observed to be lower than for the dry condition (i.e., 
10%), while the value in the wet condition (i.e., 
20%) was almost the same as for the optimum. 
Similar results were also recorded for samples with 
higher densities. Several researchers have 
previously discussed this effect [4,5]. 

 
Table 6. Shear strength change due to the increase 
in density. 
 

Dry unit weight (kN/m3) 17 18 19 

Bent. 
content 

w 
(%) 

Sample code Shear strength 
change 

0 10 100CS-w10 1.7 2.1 3.7 

5 10 95CS5B-w10 1.3 1.9 2.8 

10 10 90CS10B-w10 1.1 2.0 2.8 

15 10 85CS15B-w10 1.6 2.3 2.7 

20 10 80CS20B-w10 2.3 2.9 3.7 

Average     1.6 2.2 3.1 

0 15 100CS-w15 1.4 2.5  
5 15 95CS5B-w15 1.2 2.0  

10 15 90CS10B-w15 2.0 2.5  
15 15 85CS15B-w15 1.6 1.7  
20 15 80CS20B-w15 1.7 2.1  

Average   1.6 2.2   
 
Benson et al. [4] showed that low permeability 

at higher water contents was due to microstructural 
changes in the soil. It is important to note that a 
bimodal pore size distribution, including macro- 
and micropores, exists in dry conditions, while a 
unimodal pore distribution, including micropores, 
exists at higher moisture contents. It was also 

reported by Arifin and Schanz [7] that pores in dry 
conditions are large, while micropores are dominant 
at wet conditions when the samples are at the same 
density or void ratio. In this claystone‒bentonite 
mixture, the claystone macropores were filled with 
bentonite [21]. When interacting with water, the 
bentonite expanded and closed these macropores. 
At a higher water content, in addition to the 
macropores filling with expanding bentonite, the 
dominant micropores resulted in a lower 
permeability. 

The effects of water content on changes in 
permeability of the claystone‒bentonite mixture are 
summarized in Tables 7. The data are represented 
by samples with densities of 16kN/m3 and 18kN/m3, 
as shown in Figures 5. For samples with densities 
of 16kN/m3 in Table 7, the permeability decreased 
by an average of 2.0 and 2.7 times when the water 
content increased from 10% to 15% and 20%, 
respectively. For samples with a density of 
18kN/m3, an increase in the initial water content of 
the sample from 10% to 15% resulted in a 1.6-fold 
lower average. 

Figure 6 shows the effect of moisture content on 
the compressive strength and undrained cohesion of 
compacted claystone‒bentonite mixtures using a 
similar trend as for permeability, with densities of 
16 and 18kN/m3, as shown in Figures 6(a) and 6(b), 
respectively. The compressive strength and 
undrained cohesion seemed to be relatively constant 
at a density of 16 kN/m3 with a 5 and 10% bentonite 
content, while it was observed to increase with a 
moisture content of 15 and 20%. It was discovered 
that claystone absorbed more water at lower 
bentonite levels (5‒10%), and this higher water 
content caused a reduction in the claystone–
bentonite mixture strength. This is associated with 
the strength usually lost by claystone when 
interacting with a lot of water [24–26]. Moreover, 
the bentonite absorbed more water at a higher 

Figure 5. Effect of water content on the permeability of compacted claystone-bentonite mixtures  

(a) samples with dry density of 16kN/m
3
 and (b) samples with dry density of 18kN/m
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content of 20%, making the sample more difficult 
to compact and decreasing the sample strength. 
Furthermore, compressive strength and undrained 
cohesion appeared to increase as the moisture 
content increased at high densities of 18kN/m3, as 
shown in Figure 6(a). This was due to the 
compressed bentonite, which supported better 
bonding in the claystone‒bentonite mixture. 
 
Table 7. Effect of sample moisture content on the 
permeability of the claystone‒bentonite mixtures. 

 

Moisture content (%) 15 20 
Bentonite 
content 

d 
(kN/m3) Sample code 

Permeability 
change 

0 16 100CS-16 1.9 2.8 

5 16 95CS5B-16 2.0 2.9 

10 16 90CS10B-16 2.0 2.9 

15 16 85CS15B-16 2.0 2.6 

20 16 80CS20B-16 2.2 2.4 

Average     2.0 2.7 

0 18 100CS-18 1.7  
5 18 95CS5B-18 1.8  
10 18 90CS10B-18 1.9  
15 18 85CS15B-18 1.3  
20 18 80CS20B-18 1.5  

Average     1.6   
 
In general, samples compacted in dry and wet 

conditions produce lower shear strength than those 
compacted at the optimum moisture content 
[38,39,41]. Samples that were compacted at dry or 
wet moisture contents produced a dry unit weight 
that was smaller than those compacted at the 
optimum water content, following the compaction 
curve. In this study, the dry unit weight of the 

samples was prepared equally at different moisture 
contents. The compressive strength and cohesion 
obtained increased with the increasing water 
content, as shown in Figure 6. 

Table 8 shows the shear strength change due to 
the alteration of the initial moisture content of the 
samples. As shown in the table, an increase in 
moisture content from 10% to 15% resulted in a 1.2-
1.3-fold increase in the compressive strength and 
cohesion. The shear strength increased 1.5-fold as a 
result of increasing the water content from 10% to 
20%.  
 
Table 8. Effect of sample moisture content on the 
shear strength of the compacted claystone‒
bentonite mixtures.  
 

Moisture content (%) 15 20 

Bent. 
content 

d 
(kN/m3) 

Sample code 
Shear 

strength 
change 

0 16 100CS-16 1.2 1.6 

5 16 95CS5B-16 1.2 1.2 

10 16 90CS10B-16 1.0 1.1 

15 16 85CS15B-16 1.4 1.5 

20 16 80CS20B-16 1.6 2.1 

Average     1.3 1.5 

0 17 100CS-17 1.4  
5 17 95CS5B-17 1.3  

10 17 90CS10B-17 1.3  
15 17 85CS15B-17 1.1  
20 17 80CS20B-17 1.1  

Average     1.2   
 

The shear strength of sandstone and claystone 
fluctuates due to changes in the surrounding 
environment such as moisture content or relative 

Figure 6. Effect of water content on the compressive strength of compacted claystone-bentonite mixtures 
(a) samples with dry density of 16kN/m3 and (b) samples with dry density of 18kN/m3 
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humidity. Shakoor and Berefield [42] reported that 
the unconfined compressive strength of the 
sandstone decreases with an increasing degree of 
saturation. Samples were tested by allowing them to 
absorb water so that the degrees of saturation 
increase. In other words, the increase in the degree 
of saturation was caused by the increase in the 
sample moisture content. Meanwhile, Pineda et al. 
[43] reported the effect of the relative humidity 
cycle on the reduction of cohesion and friction of 
claystone. This decrease is due to the accumulation 
of strain damage that occurs during the RH cycle. 
Figure 7 shows the relationship between the degree 
of saturation and the shear strength of compacted 
claystone–bentonite mixtures represented by two 
bentonite contents, namely 5% and 10%, shown in 
Figures 7(a) and 7(b), respectively. Both figures 
show the same trend whereby compressive strength 
and cohesion samples increase with the increasing 
degree of saturation. This effect is different from the 
results of other studies. An increase in the degree of 
saturation in the study is caused by the increase in 
the dry density sample or a reduction in the initial 
sample void ratio. Moreover, the increase in water 
content, as seen in Figure 6, resulted in a slight 
increase in the shear strength of the samples. In this 
study, changes were made to the water content 
around the optimum water content of claystone (i.e., 
15%) so that the shear strength at that water content 
is the shear strength of the maximum density of 
claystone. 

The analysis of its microstructures using both 
electron scanning (SEM) and porosimetry intrusion 
of mercury (MIP) methods provides a more 
comprehensive description of the effects of 
supplementing bentonite to the claystone. This is 
directly related to the state of the mixtures, which 
were compacted at various moisture content levels, 
as well as the increase in sample density. Further 
investigation concerning the microstructure of 

compacted claystone–bentonite mixture is required. 
 

3.4 Acceptable Zone of Clay Liner 

 

Daniel and Benson [30] suggested a method for 
determining acceptable zones in clay liner designs. 
This method combines a zone that meets the 
permeability requirements and other criteria, and 
relates the parameters to dry unit weight and water 
content. Zones overlapping one another become a 
single acceptable zone. This method was applied to 
the claystone–bentonite mixture data obtained in 
this study, as shown in Figure 8. Two criteria were 
used in the figure (i.e., permeability and shear 
strength). The circles on the curves refer to the 
moisture content and density of the samples. The 
black symbols show the samples that meet both 
requirements.  

Figure 8(a) shows the criteria for a sample with 
5% bentonite. As seen in the figure, there is only an 
acceptable zone for shear strength. No permeability 
zone was obtained due to the absence of samples 
that meet the permeability criteria for 95CS5B 
samples, as shown in Figure 1. Moreover, Figure 
8(b) shows an acceptable zone for claystone 
samples mixed with 10% bentonite. On the basis of 
the data summarized from Figures 1 and 2, only one 
sample met the two criteria, i.e., 90CS5B at a 
density of 19kN/m3 and a water content of 10%. The 
overlapping zone is too small and difficult to reach 
in the field, especially at very high densities. 
Benson et al. [29] reported that only 74% of clay 
liners in the field met the permeability criteria of 
1x10-9m/s in North America. The lack of 
homogeneity of the mixture may fail to achieve the 
permeability requirements as no example met the 
sample's criteria with 5% bentonite. 

For samples with a bentonite content of 15% 
(85CS15B), the acceptable zone is depicted in 
Figure 8(c). Three samples met both criteria. The 

Figure 7. Effect of degree of saturation on the compressive strength and undrained cohesion of 
compacted claystone-bentonite mixtures (a) 5% bentonite content, and (b) 10% bentonite content 
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overlapping zone obtained was larger than that of 
the 90CS10B sample, as seen in Figure 8(b). These 
results are consistent with previous studies that 
reported that an increase in the percentage of 
bentonite resulted in lower permeability [5,8–11]. 
Furthermore, seven samples with a bentonite 
content of 20% met the two requirements, as shown 
in Figure 8(d). As a result, the accepted zone 
became larger than those shown in previous curves. 
Since the size of the zone was large, the possibility 
of this being achieved in the field was high. The 
large zone also minimized the inhomogeneous 
effect of mixing claystone and bentonite samples. 
Benson et al. [29] suggested the use of a wide 
variety of clayey soil to achieve the permeability 
requirements in the field. 

 
4. CONCLUSIONS 

 

The effect of claystone mixed with bentonite on 
permeability is herein described and analyzed based 
on experiments. The results show that the 
permeability of mixtures decreases with increasing 
bentonite content. Mixtures of 5%, 10%, 15%, and 
20% reduced the permeability of the mixture by an 

average of 1.2, 1.6, 2.6, and 4.5 times, respectively, 
compared to those without bentonite. However, not 
all mixtures met the clay liner permeability criteria. 

Bentonite in the mixture also affects the shear 
strength of the sample. The compressive strength 
and cohesion of the mixture were increased after 
bentonite was added up to 15%. At 20% bentonite, 
the shear strength was constant or decreased. With 
the addition of 5%, 10%, and 15% bentonite, the 
shear strength of the soil was increased by an 
average of 1.6, 2.4, and 3.0 times, respectively, 
compared to those without bentonite. 

The initial density and moisture content of 
samples also affect the permeability and shear 
strength of the claystone–bentonite mixtures. 
Increasing the density from 16kN / m3 to 19 kN / 
m3 reduced the sample permeability up to 6.0-fold 
and increased the shear strength up to 3.1-fold. 
Changes in the initial water content of the sample 
from 10% to 20% also resulted in a 2.7-fold 
reduction in permeability and a 1.5-fold increase in 
soil shear strength. 

The acceptable zone based on two criteria (i.e., 
shear strength and permeability) increased by 
increasing bentonite content in the mixtures. A 

Figure 8. Acceptable zones for shear strength and permeability of claystone-bentonite mixtures          
(a) 95CS5B, (b) 90CS10B, (c) 95CS15B, and (d) 90CS20B 
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percentage of 20% bentonite is recommended, 
considering the wide range of acceptable sample 
conditions. 
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