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Abstract 20 

Determining the hydraulic conductivity of bentonite-based materials holds paramount 21 

importance in the design of deep geological repositories for the radioactive waste disposal. Due 22 

to the substantial presence of strongly adsorbed water in bentonite-based materials, existing 23 

models often fail to accurately calculate their hydraulic conductivities. This study first 24 

proposed a method to quantify the volume of both capillary and adsorptive water within 25 

bentonite-based materials based on the crystallographic information of montmorillonite 26 

mineral. Then, calculating the hydraulic conductivities for both saturated and unsaturated 27 

bentonite-based materials are improved by considering the different roles of capillary and 28 

adsorptive water. At saturated conditions, capillary water dominates the water flow, and the 29 

Kozeny-Carman equation was modified to calculate the saturated hydraulic conductivity by 30 

subtracting the surface area and void ratio of adsorptive water pores. For unsaturated conditions, 31 

a new water retention model was developed. It is represented by a piecewise and continuous 32 

function that distinguishes between capillarity-dominated and adsorption-dominated processes. 33 

This water retention model is analytically integrable to be used with the Mualem model for 34 

calculating the relative hydraulic conductivity. Verifications show that the proposed equations 35 

can successfully determine the hydraulic conductivities of bentonite-based materials under 36 

saturated and unsaturated conditions. 37 

Keywords: radioactive waste disposal; bentonite-based materials; hydraulic conductivity; 38 

soil-water retention curve; suction. 39 
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1. Introduction 41 

Deep geological repository at depths ranging from 500 to 1000 meters emerges as the 42 

most viable approach for many countries for disposal of high-level radioactive waste (Cui et 43 

al., 2022, 2023). Bentonite-based materials (e.g., compacted bentonite, mixtures of bentonite 44 

with sand) are widely acknowledged as a good candidate for buffer/backfill materials in deep 45 

geological repositories (Wang et al., 2013; Cui et al., 2019; Xiang et al., 2020). For example, 46 

in the French repository concept, bentonite/sand mixtures are compacted and assembled to 47 

create an integrated buffer structure. This structure is designed to seal disposal pits through the 48 

gradual swelling of bentonite after underground water infiltration (Liu et al., 2015). Bentonite 49 

provides excellent swelling properties and low permeability when fully or nearly fully water-50 

saturated, while sand is incorporated to enhance the thermal conductivity and mechanical 51 

stability of the non-saturated region (Liu et al., 2014). Following the recommendation of the 52 

International Atomic Energy Agency (IAEA), the saturated hydraulic conductivity of the buffer 53 

and backfill materials should fall below 10-13 m/s. Experimental measurement of such a low 54 

hydraulic conductivity is usually time-consuming, so models for calculating the saturated/ 55 

unsaturated hydraulic conductivity of bentonite are highly desired. 56 

To determine the hydraulic conductivity, it is essential to understand the microstructure 57 

and water configuration within bentonite-based materials. Fig. 1 illustrates the microstructure 58 

of bentonite and the types of pore water within it (Bradbury and Baeyens, 2003; Tournassat et 59 

al., 2015). Compacted bentonite exhibits two distinct types of pores: smaller pores containing 60 

interlayer water and larger pores situated between the soil particles. Water in interlayer pores 61 



 

 

is strongly adsorbed onto the internal basal surfaces of montmorillonite layers or bonded on 62 

the exchangeable cations between interlayer space (Lu, 2016), exhibiting relatively low 63 

mobility. In contrast, larger pores between the montmorillonite and non-montmorillonite 64 

particles contain both free water and water influenced by diffuse double layer (DDL) (Bourg 65 

et al., 2003, 2006; Bradbury and Baeyens, 2003; Wersin et al., 2004), as illustrated in Fig. 1(c). 66 

Water in larger pores exhibits significantly higher mobility compared to interlayer water. 67 

Although DDL-influenced water in larger pores can be partially constrained due to interactions 68 

with charged external surfaces of the montmorillonite mineral, it still demonstrates greater 69 

mobility than interlayer pore water (Pusch and Yong, 2006). Based on these characteristics, 70 

“slow-moving” water in interlayer pores can be classified as adsorbed water, while “fast-71 

moving” water in larger pores can be assigned as capillary water. 72 

On the one hand, hydraulic radius theories, capillary models, statistical models, and 73 

empirical equations are commonly used for calculating the Ks of bentonite-based materials, 74 

(Alyamani and Şen, 1993; Koltermann and Gorelick, 1995; Chapuis, 2002; Chapuis and 75 

Aubertin, 2003). Among these, the Kozeny-Carman (KC) equation, originally proposed by 76 

Kozeny (1927) and later modified by Carman (1937), is frequently cited, and widely utilized 77 

for calculating Ks. This equation assumes that the porous material consists of an assembly of 78 

capillary tubes and expresses Ks as a function of void ratio, specific surface area, and a factor 79 

that accounts for the shape and tortuosity of flow channels (Ng et al., 2024a, 2024b). Although 80 

the KC equation has been experimentally validated for coarse-grained soils such as sandy soils, 81 

its applicability to compacted clays is questionable (Carrier, 2003; Chapuis, 2012; Chen et al., 82 



 

 

2021; Ruan et al., 2022), particularly in clays that exhibit secondary porosity (Chapuis and 83 

Aubertin, 2003). For bentonite-based materials, calculating Ks becomes more complex due to 84 

the distinct properties of interlayer water, DDL water and free water. Empirical relationships 85 

between hydraulic conductivity and basic soil parameters such as dry density and 86 

montmorillonite content are often used to determine Ks of bentonite (Dixon et al., 1999; Lloret 87 

and Villar, 2007; Komine, 2008). Recently, attempts have been made to modify the KC 88 

equation to determine Ks of bentonite-based materials. Since interlayer water exhibits relatively 89 

low mobility and has a limited impact on the water flow (Suzuki et al., 2005), Chen et al. (2021) 90 

and Ruan et al. (2022) have excluded the contributions of interlayer pores in their modifications 91 

of the KC equation. Note that, the interlayer pore volume and surface area can also be 92 

quantitatively determined from the crystallographic information of montmorillonite (Bourg et 93 

al., 2006; Tournassat and Appelo, 2011; Tournassat et al., 2015). This approach could provide 94 

a new perspective for modifying the KC equation, but the description performance of the 95 

modified KC model based on crystallographic information remains unknown and requires 96 

further investigation. 97 

On the other hand, Yoon et al. (2021), Chen et al. (2021), and Ruan et al. (2022) employed 98 

empirical models that expressed the relative hydraulic conductivity Kr of bentonite-based 99 

materials, as a power function of effective water saturation, assuming constant power 100 

coefficient values of 3 (Ruan et al., 2022), 3.5 (Chen et al. 2021) or 1.01~3.35 (Yoon et al., 101 

2021). However, these values lack sufficient physical significance. Statistical models address 102 

this limitation by incorporating factors such as pore size distribution, tortuosity and pore 103 



 

 

connectivity, in conjunction with the water soil-water retention curve (SWRC), to calculate the 104 

Kr. Incorporating the analytical expression of the SWRC into conductivity models, such as that 105 

of Burdine’s or Mualem’s models, yields the analytical solution for Kr (Ng et al., 2015a, 2015b). 106 

For unsaturated bentonite-based materials, both capillary water (existing in larger pores) and 107 

adsorbed water (within interlayer pores) could exist, and adsorptive force could dominate the 108 

water transport under high suction conditions (Romero et al., 2011). The conventional van 109 

Genuchten (1980) model is the most widely used SWRC model across the full suction range. 110 

While it performs well at medium to high water contents, it often yields poor descriptions at 111 

low water contents or high matric suctions (Rossi and Nimmo, 1994; Fayer and Simmons, 112 

1995). Lu (2016) further noted that this model is derived empirically from the shape of the 113 

SWRC rather than being grounded in the underlying water retention mechanisms. Several 114 

SWRC equations capable of representing water retention at all suctions, while accounting for 115 

both adsorption and capillarity processes, have been formulated by previous researchers (e.g., 116 

Lu, 2016; Lebeau and Konrad, 2010; Revil and Lu, 2013). These models provide parameters 117 

with physical interpretations, resulting in satisfactory descriptions of water retention data. 118 

However, they generally involve more than five parameters, and the adsorbed water saturation 119 

is often treated as a fitting parameter. For bentonite-based materials, the water configuration 120 

within different pore types, interlayer pores and larger pores, can be quantitatively determined 121 

based on the crystallographic information of montmorillonite. This approach can also support 122 

the development of the SWRC models and the subsequent determination of unsaturated 123 

conductivity for bentonite-based materials. 124 



 

 

This study begins by providing a method to quantify the capillary and adsorptive water 125 

volume within the bentonite-based materials based on the crystallographic information of 126 

montmorillonite. Following this, the Ks is derived through modifications to the conventional 127 

form of the KC equation, focusing solely on the contributions of capillary water to water flow. 128 

Unsaturated hydraulic conductivity is determined using a piecewise water retention function. 129 

This function delineates clear distinctions between capillarity-dominated and adsorption-130 

dominated processes but ensures a continuous and smooth transition. These equations 131 

introduce a novel perspective for comprehending the hydraulic properties of partially and fully 132 

saturated bentonite-based materials. 133 

2. Theoretical background 134 

According to Lukasiewicz and Reed (1988), for the porous medium featuring a bundle of 135 

parallel but tortuous, non-interconnected channels of equal length Le, Poiseuille’s equation can 136 

be given as: 137 

 
2
h

e

R pv
k Lµ

∆
= ⋅  (1) 138 

where k is a shape factor, μ represents the viscosity (Pa·s), and Rh denotes the hydraulic radius 139 

(m). Carman (1937) stated that relating the actual velocity in the pores v to the apparent velocity 140 

V through a porous medium, Dupuit’s assumption should be modified by multiplying the ratio 141 

of actual channel length Le to the specimen length L. Poiseuille’s equation then becomes: 142 

 
2 2

2( ) ( )h

e

R p LV
L kL

φ
µ

∆
= ⋅ ⋅  (2) 143 

where ϕ is the overall porosity of the porous medium. kL2 
e /L2, known as the Kozeny constant 144 



 

 

CK-C, is about 5.0 (Carman, 1937), which accounts for pore shape and tortuosity. The Ks for the 145 

porous medium can be given by: 146 

 21( )( )s h
K C

K R
C

γ φ
µ−

= ⋅  (3) 147 

where γ represents the unit weight (N/m3). Assuming a uniform cross-section of the flow 148 

channel extends the definition of Rh as the ratio of the volume of fluid in pore channels to the 149 

channel surface area: 150 

 
Fluid volume in channel

Channel surface areah
s s

eR
SSAρ

= =  (4) 151 

where e is the overall void ratio, ρs and SSAs represent the density and specific surface area of 152 

soil particles, respectively. By substituting the expression for Rh from Eq. (4) into the Ks 153 

function in Eq. (3) yields the original form of the KC equation: 154 
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C SSA e

γ
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+

 (5) 155 

The conventional KC equation models porous materials as an assembly of capillary tubes, 156 

representing the Ks as a function of void ratio, the specific surface area, shape factor and 157 

tortuosity of flow channels. However, the porosity in KC model is an effective-transport void 158 

ratio, which accounts for the cross-sectional area available for water flow when flow occurs 159 

solely in the pore space, while specific surface area was actually utilized to determine the 160 

surface area of these effective-transport void space. These two parameters can be smaller than 161 

the overall void ratio of the specimen and the total surface area of the soil particles, respectively, 162 

in cases where the porous media contains strongly adsorbed water, which has limited mobility. 163 

Therefore, for bentonite-based materials, it is necessary to adjust the model parameters based 164 



 

 

on the water type when applying the KC model to calculate the hydraulic conductivity. 165 

3. Saturated hydraulic conductivity of bentonite-based materials 166 

In this study, the basic concept for modifying the KC equation is to establish a dual-pore 167 

system filled with capillary and adsorbed water, respectively. Within this system, the 168 

contribution of adsorbed water (interlayer water) to flow is neglected since it has limited 169 

mobility as compared to capillary water (DDL water and free water) under saturated conditions 170 

(Bourg et al., 2003; Pusch and Yong, 2006). Therefore, it is assumed that water flow 171 

exclusively takes place in the capillary water-filled pores, which can be further described by 172 

modifying the conventional KC equation. 173 

3.1 Modifications to the Kozeny-Carman equation 174 

For bentonite-based materials, modifications to parameters of porosity ϕ and hydraulic 175 

radius Rh are conducted by considering only contributions of capillary water. In this regard, Rh 176 

can be modified as: 177 

 ca
h

s ca

eR
SSAρ

=  (6) 178 

where eca represents the void ratio of pores containing capillary water, and SSAca represents the 179 

reduced specific surface area, corresponding to the contact area with only capillary water. 180 

Meanwhile, replacing the overall porosity ϕ in Eq. (3) with the porosity of capillary water pores 181 

ϕca = eca/(1+e) and applying the modified expression of Rh (Eq. (6)) to the Ks function in Eq. 182 

(3) yields the modified KC equation for bentonites: 183 
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 (7) 184 



 

 

where γ and μ represent unit weight and the viscosity of capillary water. In Eq. (7), if all the 185 

water within a porous medium resides in the pore space is capillary water, actively participating 186 

in water flow, then eca = e, and SSAca = SSAs, and Eq. (7) reverts to the conventional KC 187 

equation. For bentonite materials, the prerequisite for Eq. (7) to calculate the Ks is to ascertain 188 

the capillary water void ratio eca and reduced specific surface area SSAca. They are described 189 

in the next section. 190 

3.1 Capillary water void ratio for bentonite-based materials 191 

Fig. 2 presents the composition of the bentonite-sand mixtures for bentonite-based 192 

materials (bentonites or bentonite-sand mixtures). The basic volume-mass relationships can be 193 

expressed as: 194 

 s
d

s v

m
V V

ρ =
+

 (8) 195 
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m m V V
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ρ ρα
ρ ρ ρ

+ +
= =

+ + + +
 (12) 199 

where ρd is the dry density of specimen, Vs is the total volume of solid particles in the mixture, 200 

Vv is the volume of the void space in the mixture, and ms is the dry mass of sand and bentonite 201 

in the mixture. ρm, ρnm and ρsand denote the density of montmorillonite mineral in bentonite, 202 

minerals excluding montmorillonite in bentonite and sand, respectively. Vm, Vnm and Vsand are 203 

the volume of montmorillonite mineral in bentonite, minerals excluding montmorillonite in 204 



 

 

bentonite and sand, respectively. mm, mnm and msand are the dry mass of montmorillonite in the 205 

bentonite, minerals excluding montmorillonite in bentonite, and sand in bentonite-sand 206 

mixtures, respectively. ω1 is the mass content of montmorillonite in bentonite, and α is the 207 

content of bentonite in bentonite-sand mixtures by mass, with α = 1 for pure bentonite materials. 208 

Specifically, for bentonite-based materials, the density of the soil particle (ρs = ms/Vs), can be 209 

determined by combining Eqs. (9)~(12): 210 

 1

1 1

1 1

1 1 11 ( 1) ( 1)

m

s
m m

nm sand

ρ
α ωρ ρ ρ

ω ρ α ω ρ

⋅ ⋅
=

+ − ⋅ + − ⋅
 (13) 211 

As depicted in Fig. 1(a), the fundamental structure of montmorillonite mineral, which is 212 

the predominant clay mineral within bentonite, is comprised of one octahedral sheet (edge-213 

sharing MOctO6 octahedra, MOct=Al, Mg or Fe) and two tetrahedral sheets (corner-sharing 214 

MTetO4 tetrahedra, MTet=Si or Al). These three sheets combine to form a montmorillonite layer 215 

(TOT layer) with a thickness of 9.6 Å (Appelo, 2013). Typically, these TOT layers are stacked 216 

together to form montmorillonite particles (Fig. 1(b)). 217 

As shown in Fig. 1(b), the adsorbed water (interlayer water) volume in bentonite materials 218 

can be determined from the internal basal surface area and the interlayer distance of 219 

montmorillonite (Kozaki et al., 2001; Bourg et al., 2006). For bentonite-based materials, the 220 

adsorbed water volume can be given by: 221 

 
2

in in
in s

A hV m ω= ⋅  (14) 222 

where Vin represents the adsorbed water volume (m3), Ain and hin are the internal basal surface 223 

area per unit mass of montmorillonite (m2/g) and interlayer distance (m), respectively, ms is the 224 



 

 

dry mass of bentonite (g) and ω represents the content of montmorillonite in bentonite-based 225 

materials by mass. Note that, for bentonite-sand mixtures, ω = ω1α, while for bentonite 226 

materials, ω = ω1 (with α = 1). 227 

The internal basal surface area Ain in Eq. (14) can be determined based on the 228 

crystallographic information of montmorillonite. As shown in Fig. 1(a), the structure of the 229 

montmorillonite unit cell exhibits a monoclinic unit cell with dimensions of a × b × c* = 0.523 230 

× 0.905 × 0.96 nm3 (Appelo, 2013). Here, c* represents the orthogonally projected c-axis of the 231 

monoclinic unit cell, and is equal to the sum of the interlayer distance and layer thickness 232 

(Madsen, 1998), i.e., c* ≈ hin + 0.96 (nm). The unit cells are stacked for a montmorillonite 233 

particle, with the stacking number of na, nb, and nc along the a, b and c dimensions, respectively. 234 

Based on the crystallographic information, Appelo (2013) proposed the following equation to 235 

calculate the internal basal surface area per unit mass Ain: 236 

 
2 ( 1) 2 ( 1)a b c cA A

in
a b c c

n a n b n ab nN NA
n n n MW n MW
⋅ ⋅ − ⋅ −

= ⋅ = ⋅
⋅ ⋅

 (15) 237 

where NA is Avogadro’s constant of 6.022×1023 mol-1, nc is the stacking number of individual 238 

TOT layers per particle (Fig. 1(b)). In montmorillonites, the count of stacked clay layers nc 239 

depends on the hydration conditions, and a value of 10 is usually assumed under saturated 240 

conditions (Delage et al., 2006). MW represents the molar mass of a montmorillonite unit cell 241 

(g/mol). A typical structural form of Na-montmorillonite is 242 

Na0.6[Si7.8Al0.2]IV[Al3.6Mg0.4]VIO20(OH)4, and therefore, a value of 735 g/mol is employed for 243 

MW. 244 

The other variable in Eq. (14), i.e., the interlayer distance hin, can be determined through 245 



 

 

XRD measurements. For saturated Kunipia-F clay (99% Na-montmorillonite) compacted at 246 

dry densities ranging from 1 to 1.8 g/cm3, Kozaki et al. (1998) noted that 3-layer hydrates 247 

occupy the interlayer space at dry densities below 1.3 g/cm3. For dry densities exceeding 1.6 248 

g/cm3, a 2-layer hydrated structure was identified, and both the hydration states will coexist 249 

within the density range of 1.3 g/cm3 to 1.6 g/cm3. Muurinen et al. (2004) used small angle X-250 

ray scattering (SAXS) to measure purified sodium MX-80 bentonite specimens. They observed 251 

an interlayer distance ranging from approximately 0.55 to 1 nm with the dry density decreased 252 

from 1.7 to 0.7 g/cm3. Based on these experimental data, Appelo (2013) suggested the 253 

following linear relationship between interlayer distance and the partial dry density of 254 

montmorillonite: 255 

 9 101.41 10 4.9 10 m partial
in

w

h
ρ
ρ
−− −= × − ×  (16) 256 

where ρm-partial and ρw represent the partial dry density of montmorillonite and pore water 257 

density, respectively. Here, ρm-partial is defined as the ratio of the dry mass of montmorillonite 258 

to the combined volume of montmorillonite minerals and void space: 259 

 m
m partial

m v

m
V V

ρ − =
+

 (17) 260 

ρm-partial is typically lower than the dry density of specimen ρd due to the presence of non-261 

montmorillonite minerals. For the bentonite-sand mixture compositions shown in Fig. 2, Eq. 262 

(18) can be derived to calculate ρm-partial by combining Eqs. (8)~(12) and Eq. (17): 263 
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d
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d d
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ρ ω α
ρ
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−
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 (18) 264 



 

 

Assuming the clay mineral is homogeneous and its basal surfaces are perfectly parallel, 265 

the adsorbed water volume Vin (m3) is calculated by substituting Eqs. (15) and (16) into Eq. 266 

(14): 267 

 
( 1)in c A

in s
c

abh n NV m
n MW

ω−
= ⋅ ⋅  (19) 268 

The adsorptive water porosity ϕad can be determined based on the adsorbed water volume 269 

Vin as follows: 270 

 
( 1)in in d c A
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m n MW

ρφ ω
ρ

−
= = ⋅ ⋅  (20) 271 

Similarly, the capillary water void ratio eca can be calculated as follows: 272 

 
( 1)in in c A

ca s
s s c

V abh n Ne e e
m n MW

ωρ
ρ

−
= − = − ⋅ ⋅  (21) 273 

where e is the overall void ratio. 274 

3.2 Reduced surface area of void space containing capillary water 275 

Meanwhile, the determination of SSAca requires the total specific surface area of 276 

bentonite-based materials SSAs, including montmorillonite and non-montmorillonite minerals. 277 

Specific surface area of montmorillonite SSAMt (m2/g) consists of the internal basal surface area 278 

Ain and external surface area Aex per unit mass (Fig. 1(b)). Similar to the calculation of Ain in 279 

Eq. (15), Aex can also be determined based on the crystallographic information of the 280 

montmorillonite unit cell as follows (Tournassat and Appelo, 2011): 281 

 
* *( ) ( ) ( )2 a c b c a b A

ex
a b c

n a n c n b n c n a n b NA
n n n MW

⋅ + ⋅ + ⋅
= ⋅

⋅ ⋅
 (22) 282 



 

 

where na and nb are the stacking number of unit cells along the a and b directions. Commonly, 283 

the stacking numbers of nc are relatively small as compared to na and nb. Consequently, Eq. 284 

(22) can be simplified to Eq. (23) and SSAMt is given by Eq. (24) (Tournassat and Appelo, 285 

2011): 286 

 
2 A

ex
c

Na bA
n MW
⋅

= ⋅  (23) 287 

 2 A
Mt ex in

NSSA A A a b
MW

= + = ⋅  (24) 288 

Based on Eq. (24), the specific surface area of Na-montmorillonite SSAMt, calculated from 289 

its crystal structure, is 776 m2/g. This value is consistent with the typical range of 720-790 m2/g 290 

reported in literature (Tournassat and Appelo 2011; Tournassat et al. 2015). Additionally, the 291 

accessory minerals that constitute bentonite are primarily quartz, feldspar, and calcite. The 292 

specific surface areas of these accessory minerals are dependent on their particle size 293 

distribution. Holmboe et al. (2012) suggested that accessory minerals have a minor effect on 294 

the total surface area and approximated their specific surface area as 10 m2/g. Similarly, 295 

Komine and Ogata (1996, 2004) argued that non-swelling minerals in bentonite exhibit 296 

significantly lower specific surface areas compared to montmorillonite and assigned a value of 297 

0 m²/g to these accessory minerals. By assigning these two values (0 or 10 m²/g) to the non-298 

montmorillonite minerals in bentonite-based materials, the contribution of SSAMt to SSAs can 299 

be calculated. As depicted in Fig. 3, for ω higher than about 10% (a condition typically satisfied 300 

by bentonite-based materials), the proportion of SSAMt to SSAs consistently exceeds 90%. 301 

Therefore, surface areas of these non-montmorillonite minerals in bentonite-based materials 302 

are negligible and SSAs = SSAMt ·ω is assumed in this study. 303 



 

 

As mentioned above, SSAca, denoting only a portion of the total specific surface area SSAs, 304 

specifically accounts for the surface area of capillary water voids. Considering that in a densely 305 

compacted specimen, where the majority of porosity is confined to the interlayers of 306 

montmorillonite, the ratio of SSAca to SSAs tends towards 0, signifying an absence of water 307 

flow. With increasing the specimen porosity, volume of capillary water pores gradually 308 

increases, leading to an increase in the ratio of SSAca to SSAs. Meanwhile, in the scenario of 309 

very loose bentonite, nearly all the water within the specimen exists as capillary water, and the 310 

ratio between the two parameters converges towards 1. Therefore, this study proposes the 311 

following relationship among the parameters of SSAca, SSAs, and ϕ: 312 

 ( )
1

n n
ca s Mt

eSSA SSA SSA
e

φ ω= ⋅ = ⋅
+

 (25) 313 

where n is a fitted parameter (n > 0), which is closely related to the mass fraction of 314 

montmorillonite in bentonite clays. According to relationship between the total specific surface 315 

area SSAs and the reduced specific surface area SSAca illustrated in Eq. (25), SSAca/SSAs always 316 

increases with the increase in the void ratio. At the same void ratio, a higher n value will result 317 

in a lower SSAca. 318 

Finally, by incorporating the capillary water void ratio eca calculated by Eq. (21) and the 319 

reduced specific surface area SSAca obtained from Eq. (25) into Eq. (7), the modified KC 320 

equation for bentonite-based materials can be given by: 321 
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 (26) 322 

The expression for Ks in Eq. (26) is similar to that proposed by Mbonimpa et al. (2002), 323 

who developed analogous expressions for saturated hydraulic conductivity functions in clay 324 



 

 

soils. Specifically, Mbonimpa et al. (2002) indirectly modified the KC equation by 325 

incorporating an additional parameter, the liquid limit, to account for the influence of physico-326 

chemical factors and the “plate-like” structure of clay minerals. In contrast, this study directly 327 

modifies the KC equation by distinguishing between voids containing capillary water and those 328 

containing adsorptive water. The void ratio and surface area associated with adsorptive water 329 

voids were explicitly excluded, focusing solely on the contribution of capillary water to Ks. A 330 

detailed comparison of the performance of the Mbonimpa et al. (2002) model and Eq. (26) will 331 

be provided later. 332 

4. Unsaturated hydraulic conductivity of bentonite-based materials 333 

For the calculation of the saturated hydraulic conductivity, the contributions of interlayer 334 

water to water flow were neglected, since water molecules are strongly adsorbed to the inner 335 

basal surface of montmorillonite and has very limited mobility compared to capillary water 336 

(Pusch and Yong, 2006). However, under unsaturated conditions, especially in high-suction 337 

scenarios, the predominant water type in bentonite-based materials is adsorbed water (Romero 338 

et al., 2011; Lu, 2016). In such cases, contributions from adsorbed water should be taken into 339 

consideration for the calculation of relative hydraulic conductivity at all suctions.  340 

In this work, a SWRC model was first proposed based on the microstructure of 341 

montmorillonite. This SWRC model can describe both the capillarity-dominated regime at low 342 

suction ranges and adsorptive-dominated regime at high suction ranges. By integrating this 343 

new SWRC into Mualem’s (1976) conductivity function, the relative hydraulic conductivity of 344 

bentonite-based materials can be determined across the entire range of matric suctions. 345 



 

 

4.1 Soil-water retention curve 346 

In this study, the SWRC is expressed by a piecewise function, delineating distinct 347 

capillarity-dominated and adsorption-dominated processes, demarcated by a critical matric 348 

suction ψcri. For suctions below ψcri, the relationship between suction and saturation is primarily 349 

governed by capillary processes and can be aptly described by the van Genuchten equation 350 

(1980), while adsorption processes mainly dominate at matric suctions higher than ψcri. 351 

Determining the adsorption-dominated SWRC requires experimental data on the soil 352 

water adsorption isotherm, which represents the relationship between the adsorbed water 353 

content and the relative humidity. The experimental data of the water vapor sorption isotherms 354 

for bentonite materials measured by Akin and Likos (2014) is presented in Fig. 4. While the 355 

experimental data from Akin and Likos (2014) reflect total moisture content, which 356 

encompasses both capillary moisture (resulting from capillary condensation on particle 357 

surfaces and interfaces) and adsorbed moisture, the measured adsorbed water content, depicted 358 

as the data point in Fig. 4, is primarily attributed to water adsorption on the large specific 359 

surface area of montmorillonite. As illustrated in Fig. 4, the measured adsorbed water content 360 

increases slowly with rising relative humidity at first, but the rate of increase accelerates as 361 

relative humidity continues to rise. 362 

This study introduces a new mathematical formulation to represent the soil water 363 

adsorption isotherm shown in Fig. 4: 364 

 [ ]
_ max

ln ln(RH)
1     RH (0,1)

lna a

A
w w

B
 ⋅

= ⋅ − ∈ 
 

 (27) 365 

where wa denotes the adsorbed water content, wa_max represents the maximum adsorbed water 366 



 

 

content, RH is the relative humidity, A (< 0) and B (> 1) are two dimensionless parameters that 367 

characterize the shape of the curve. In Fig. 4, the dots represent the experimental results, while 368 

the solid lines correspond to the calculations from Eq. (27). The fitting results demonstrate 369 

good agreement with the measured isotherms for different bentonite soils. 370 

Applying Kelvin’s equation (Eq. (28)) to Eq. (27), the adsorbed volume can be rearranged 371 

as a function of suction ψ as: 372 

 ln(RH)
mw

RT
V

ψ = − ⋅  (28) 373 
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w B

ψ⋅
= −  (29) 374 

Where R is the gas constant, T is temperature, Vmw is the partial molar volume of the water 375 

vapour, and C = –A·Vmw/RT. Eq. (29) indicates that the adsorbed water volume will consistently 376 

increase with decreasing the matric suction. When the matric suction is equal to 1/C, the 377 

adsorbed water content reaches its maximum value of wa_max. Below this suction, any additional 378 

water molecules will transition into capillary water. Therefore, let ψcri = 1/C be the 379 

delamination of the adsorption- and capillarity-dominated processes, a more general form of 380 

Eq. (29) can be proposed for bentonite materials as follows: 381 
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where S represents the water saturation. Sad is the maximum adsorbed saturation at ψ = ψcri and 383 

its value can be determined based on Eq. (20): 384 
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Combined with the VG equation (van Genuchten, 1980), the proposed SWRC function is 386 

given by: 387 
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 (32) 388 

where ψa and m are model parameters of the VG equation. It is important to note that the 389 

assumption of water configuration within bentonite-based materials, in which adsorbed water 390 

and capillary water occur successively as matric suction decreases, represents a simplified 391 

approximation for developing the SWRC model. This simplified framework may not fully 392 

reflect actual observations, as the coexistence of water in interlayer spaces and larger pores is 393 

possible due to the thermodynamic equilibrium that is always maintained between water in 394 

these regions. This phenomenon is further supported by Fernández and Villar (2010), who 395 

indirectly observed such coexistence even at extremely high suction levels. Therefore, the 396 

proposed SWRC model should be interpreted as an idealized scenario rather than a complete 397 

description of water retention behavior in bentonite-based materials. 398 

Ensuring the continuity of the proposed SWRC equation involves equating the two 399 

segments of the Eq. (32) at the critical suction point ψcri. Meanwhile, in order to make the 400 

SWRC smooth, an additional relationship can be established by setting the first-order 401 

derivatives of the two segments of the function equal. Based on these two relationships, two 402 

out of the four unknown parameters in Eq. (32) (ψcri, B, ψa and m) can be determined. Here, B 403 

and ψa are explicitly expressed as analytical functions of ψcri and m: 404 
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 (33) 405 

By substituting Eq. (33) into Eq. (32), only two parameters, ψcri and m, are left. These 406 

values are subsequently optimized through regression analysis on experimental data. 407 

4.2 Calculation of unsaturated hydraulic conductivity 408 

Equation (32) introduces a new soil-water retention function that encompasses both 409 

capillarity-dominated and adsorption-dominated processes. This proposed SWRC equation can 410 

be expressed in closed form, making it compatible for integration into the conductivity model 411 

of Mualem (1976). In the following sections, we will derive an analytical solution for Kr at all 412 

matric suctions specific to bentonite-based materials. 413 

Mualem (1976)’s model for calculation of relative hydraulic conductivity Kr is: 414 
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Solving this equation for ψ = ψ(S) and substituting the resulting expression into Eq. (34) 416 

gives: 417 

 [ ]21/2( ) ( ) (1)rK S S S= Γ Γ  (35) 418 

where 419 
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Applying the two portions of Eq. (32) to Eq. (36), one obtains: 421 
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Again, Sad signifies the maximum adsorption saturation at ψcri, and its value can be 424 

determined using Eq. (31). Combining Eqs. (37) and (38) give the integral for any value of S: 425 
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The total integral from S = 0 to 1 is: 428 

 
I II(1) (1) ( )adSΓ = Γ +Γ  (41) 429 

Combining Eqs. (35), (39), (40) and (41) give analytical solutions to Kr: 430 

 

2
1/2 I II

I II

2
1/2 II

I II

( ) ( )( )    for  
(1) ( )

( )( )    for  0
(1) ( )

ad
r ad

ad

r ad
ad

S SK S S S S
S

SK S S S S
S

 Γ + Γ
= ≥ Γ +Γ 

 Γ
= ≤ ≤ Γ +Γ 

 (42) 431 

Combined with Ks determined through Eq. (26), the unsaturated hydraulic conductivity of 432 

bentonite-based materials at any saturation can be determined. 433 

5. Verification and discussion 434 

In this study, only three parameters are involved in the equations for saturated and relative 435 

hydraulic conductivity. Parameter n is associated with the saturated hydraulic conductivity 436 

equation, while ψcri and m pertain to the relative hydraulic conductivity equations. The 437 

parameter n is calibrated by fitting Eq. (26) to the experimental data of hydraulic conductivity 438 

obtained from saturated water flow tests on bentonite-based specimens. The parameters ψcri 439 

and m are calibrated using experimental results from water retention tests, where Eq. (32) is 440 

fitted to the effective saturation and matric suction data points. With the obtained values of ψcri 441 

and m, the relative hydraulic conductivity is computed using Eq. (42). Subsequently, based on 442 



 

 

the saturated and relative hydraulic conductivities calculated, unsaturated hydraulic 443 

conductivity can be determined and evaluated against experimental data. 444 

5.1 Model evaluation for saturated hydraulic conductivity 445 

To validate the modified KC equation (Eq. (26)), experimental results of Ks on different 446 

types of bentonites and bentonite-sand mixtures are collected. Tables 1 and 2 provide detailed 447 

information about the bentonite-based materials. The least squares method is employed to 448 

determine the parameter n in Eq. (26) by fitting the dataset of hydraulic conductivity and void 449 

ratio. Once the n value is determined, the hydraulic conductivity can be calculated and 450 

compared with the experimentally measured values. 451 

Figs. 5 and 6 present comparisons of the Ks of bentonites and bentonite-sand mixtures, as 452 

calculated by the conventional KC equation and the modified form proposed in this study (Eq. 453 

(26)). In Fig. 5, calculation results from an additional model, the Mbonimpa et al. (2002) model, 454 

are also included. As shown in Fig. 5, the conventional KC model show obvious deviations 455 

from the measured Ks data for bentonites. For bentonite-sand mixtures, the conventional KC 456 

model either significantly overestimates (Fig. 6(a)) or underestimates (Fig. 6(b)) the Ks values. 457 

The Mbonimpa et al. (2002) model shows good predictions for most bentonite specimens, but 458 

tends to overestimate the Ks of FEBEX and Kunibond bentonite specimens, as illustrated in 459 

Fig. 5. In contrast, the modified KC model with optimized n value shows good agreement with 460 

the experimental data. The model-calculated curve closely aligns with the experimental data 461 

points for both bentonites and bentonite-sand mixtures. Meanwhile, a quantitative comparison 462 

between the calculated hydraulic conductivity by the modified KC model and the experimental 463 



 

 

data is depicted in Fig. 7. Results in Fig. 7 reveal that the majority of calculated hydraulic 464 

conductivity values fall within the range of 1/3 to 3 times the measured values. This is within 465 

the anticipated typical range of experimental errors, confirming the validity and accuracy of 466 

the modified KC equation in calculating hydraulic conductivity for both bentonite and 467 

bentonite-sand mixtures. 468 

Given that the modified KC model incorporates a fitted parameter n, which may impose 469 

limitations on the broad applicability of the proposed model. As mentioned above, parameter 470 

n represents the proportion of reduced specific surface area SSAca to the total specific surface 471 

area SSAs, and is closely related to the mass content of montmorillonite in bentonite specimens. 472 

Therefore, Fig. 8 establishes the evolution of n value with the mass fraction of montmorillonite 473 

ω for the two databases. As can be seen in Fig. 8, the n value increased exponentially with ω 474 

and a strong correlation between the parameter n and ω can be characterized for bentonite-475 

based materials as follows: 476 

 0.806 exp( ) 0.486
0.6544

n ω
= ⋅ −  (43) 477 

By substituting Eq. (43) into the modified KC equation (Eq. (26)), the Ks can be calculated 478 

based on the mass fraction of montmorillonite ω without any fitting parameters. For verification, 479 

the hydraulic conductivity, with n value obtained by Eq. (43), is plotted against the 480 

experimentally determined values, as depicted in Fig. 9. The graph reveals a notable 481 

concordance between the model’s determined values and the experimental data, suggesting that 482 

employing the ω parameter is sufficient for generating reliable determinations for the hydraulic 483 

conductivity of bentonite. 484 



 

 

In this study, instead of relying on the overall porosity ϕ and total surface area SSAs of 485 

bentonite, we exclusively utilize the reduced specific surface area SSAca and porosity ϕca, 486 

corresponding to the contributions of only capillary water. In Fig. 10, the evolution of 487 

SSAca/SSAs and ϕca/ϕ are illustrated concerning changes in porosity and the mass fraction of 488 

montmorillonite. It is evident from Fig. 10 that both the SSAca/SSAs and ϕca/ϕ will decrease 489 

significantly with increasing ω and decreasing the porosity. In the case of bentonite materials 490 

with a montmorillonite fraction of 70% and dry density of 1700 kg/m³, only a fraction lower 491 

than 0.3 of the total surface area and porosity actively contributes to water flow, as illustrated 492 

in Fig. 10. This clarifies why determinations of the Ks by the conventional KC equation tend 493 

to deviate from experimental results for bentonite-based materials. 494 

5.2 Unsaturated hydraulic conductivity 495 

5.2.1 Evaluation of SWRC equation  496 

To verify the analytical equations for unsaturated hydraulic conductivity, we first tested 497 

the SWRC equation Eq. (32) using experimental data of three types of bentonites reported by 498 

Cui et al. (2008), Ye et al. (2012), and Zeng et al. (2022), as listed in Table 3. Due to the lack 499 

of saturated water content data in these experimental studies, water content measured at the 500 

lowest suction levels (0.1 or 0.01 MPa) is used to represent the saturated water content as an 501 

approximation. The water contents were then converted into degrees of saturation. The 502 

parameters whose values are determined through the regression analysis are ψcri and m, while 503 

the remaining parameters of B and ψa are calculated using Eq. (33). The calibrated parameters 504 

are listed in Table 4 and were then applied in Eq. (42) to calculate relative conductivities for 505 



 

 

the three bentonites. Finally, combined with the saturated hydraulic conductivity Ks, 506 

unsaturated hydraulic conductivity can be computed and evaluated against the experimental 507 

data. Note that, in contrast to the extensive research on the Ks of bentonite-based materials, 508 

studies on the relative hydraulic conductivity under unsaturated conditions are very limited due 509 

to experimental difficulties. The experimental data of unsaturated hydraulic conductivity are 510 

also sourced from Cui et al. (2008), Ye et al. (2012), and Zeng et al. (2022), and the tested 511 

specimens have the same specifications as the water retention tests. The values of Ks for the 512 

calculating of unsaturated hydraulic conductivity were estimated based on Eq. (26) or directly 513 

obtained from literature to ensure an optimal fit. For comparative analysis, we also conducted 514 

evaluations using the original van Genuchten equation to fit all of the SWRC data. 515 

Fig. 11 shows the calculated and measured SWRC data of three types of bentonites. As 516 

depicted in the graphs, the fitting for the three bentonites is generally good for both Eq. (32) 517 

and the original VG equation. Notably, the model-calculated curves based on the two equations 518 

nearly coincide with each other within the suction range examined in the SWRC data. 519 

Subsequently, Eq. (32) exhibits a noticeable deviation from the VG equation, declining more 520 

rapidly to zero water saturation. For the model-calculated results from Eq. (32), the matric 521 

suctions at zero water saturation are 2395, 2001 and 1287 MPa for Kunigel-V1 bentonite/sand 522 

mixture, GMZ bentonite and MX-80 bentonite/Cox claystone mixture, respectively. However, 523 

the fitting results using the original VG model indicate that the water saturation at suction of 524 

1000 MPa is still around 0.2 for the three bentonite-based soils, which is physically unrealistic. 525 

Although VG model can provide a continuous and smooth SWRC across the entire suction 526 



 

 

range, its derivations are determined by the shape of the SWRC rather than the underlying 527 

water-retention mechanisms (Lu, 2016). This may result in calculating errors when applied in 528 

conductivity models, especially for bentonite-based materials, where significant amounts of 529 

adsorbed water can coexist with capillary water. 530 

5.2.2 Evaluation of unsaturated hydraulic conductivity 531 

Fig. 12 presents the model-calculated results of the three types of bentonite soils based on 532 

Eq. (42) and the original van Genuchten-Mualem (VG-M) model. Obviously, the calculated 533 

hydraulic conductivity based on Eq. (42) shows good agreement with the experimental results, 534 

while the VG-M model can underestimate the unsaturated hydraulic conductivity by up to three 535 

orders of magnitude. The VG equation, by not allowing water saturation to reduce to zero 536 

within a finite suction, as presented in Fig. 11, leads to an overestimation of the term Г(1) in 537 

Eq. (35) and ultimately results in an underestimation of the unsaturated hydraulic conductivity. 538 

As a test, an analysis is conducted with Sad set as a fitted parameter to investigate whether 539 

this analytical equation can be applicable in situations where determining the adsorbed water 540 

volume is challenging or for non-bentonite-based materials. The resulting parameters are 541 

summarized in Table 5, and these values did not show a significant difference from the results 542 

with Sad calculated by Eq. (31), as listed in Table 4. Based on the obtained parameters in Tables 543 

4 and 5, the relative hydraulic conductivity can be determined using Eq. (42). Evolution of the 544 

calculated relative hydraulic conductivity with degree of saturation is presented in Fig. 13. The 545 

solid and dashed lines in Fig. 13 represent the calculated relative hydraulic conductivity with 546 

Sad calculated by Eq. (31) and set as a fitted parameter, respectively. As shown in Fig. 13, the 547 



 

 

model calculation of relative hydraulic conductivity using parameters in Table 5 also exhibited 548 

a minor difference from the case with Sad calculated by Eq. (31), especially for Kunigel-549 

V1/sand mixture and MX-80 bentonite/Cox claystone mixture. Without tests against more 550 

reliable data, caution is still advised since the accuracy of the proposed equations, particularly 551 

when setting Sad as a fitted parameter in scenarios involving non-bentonite-based clays, is not 552 

known. 553 

6. Conclusion 554 

This study proposed equations for describing the hydraulic properties of bentonite-based 555 

materials with consideration of microstructure and crystallographic information of 556 

montmorillonite. 557 

For the saturated hydraulic conductivity, modifications to the Kozeny-Carman equation 558 

were conducted by subtracting the surface area and the void ratio of adsorbed water pores in 559 

bentonite. The adsorbed porewater volume was computed by multiplying the internal basal 560 

surface with the interlayer distance. Meanwhile, a fitted parameter was introduced to establish 561 

the relationship between the reduced and total specific surface areas, and the overall porosity. 562 

These parameters were then utilized in accordance with Poiseuille’s law to generate the 563 

expressions for calculating saturated hydraulic conductivity. 564 

For partially saturated bentonite, the SWRC is expressed by a piecewise function. This 565 

function delineates clear distinctions between capillary-dominated and adsorption-dominated 566 

processes, demarcated by a critical matric suction. Maximum adsorbed water volume is 567 

reached at this critical matric suction. Constraints are imposed on this equation to ensure a 568 



 

 

continuous derivative and force the function to reach zero water saturation within a finite 569 

suction. This SWRC function was utilized with the Mualem model to generate closed-form 570 

analytical expressions in calculating relative hydraulic conductivity. 571 

The proposed equations were verified using the experimentally measured data from a 572 

diverse range of bentonite types and bentonite-sand mixtures. For bentonite-based materials 573 

with montmorillonite mass fractions below 10%, the model calculations exhibited good 574 

agreement with the measured data, confirming the validity of these analytical expressions in 575 

accurately calculating the hydraulic properties of bentonite-based soils. 576 
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Notation 581 

A, B fitting parameters controlling the shape of adsorption isotherm curve 
Ain internal basal surface area per unit mass of montmorillonite 
Aex external surface area of montmorillonite per unit mass 
a dimension of montmorillonite unit cell in a-direction 
b dimension of montmorillonite unit cell in b-direction 
C parameter with a value of -A·Vmw/RT 
c dimension of montmorillonite unit cell in c-direction 
c* the orthogonally projected c-axis of the montmorillonite unit cell 
CK-C Kozeny constant 
e overall void ratio 
eca void ratio of pores containing capillary water  
hin interlayer distance 
K hydraulic conductivity at a given saturation state 
k shape factor 



 

 

Kr relative hydraulic conductivity 
Ks saturated hydraulic conductivity 
Le actual channel length 
L specimen length 
ms dry mass of bentonite-based materials 
mm dry mass of montmorillonite in the bentonite 
mnm dry mass of minerals excluding montmorillonite in bentonite 
msand dry mass of sand in bentonite-sand mixtures 
MW molar mass of a montmorillonite unit cell 
n fitting parameter 
NA Avogadro’s constant 
na number of unit cells stacked for a montmorillonite particle in a-direction 
nb number of unit cells stacked for a montmorillonite particle in b-direction 
nc number of unit cells stacked for a montmorillonite particle in c-direction 
R gas constant 
RH relative humidity 
Rh hydraulic radius 
S water saturation 
Sad maximum adsorbed saturation at ψ = ψcri 
SSAca reduced specific surface area 
SSAMt specific surface area of montmorillonite 
SSAs specific surface area of bentonite-based materials 
T temperature 
V apparent velocity through a porous medium 
Vm volume of montmorillonite mineral in bentonite 
Vnm volume of minerals excluding montmorillonite in bentonite 
Vsand volume of sand 
Vv volume of the void space in the bentonite-based materials 
v actual velocity in the pores 
Vin interlayer or adsorbed water volume 
Vmw partial molar volume of water vapour 
wa adsorbed water content 
wa_max maximum adsorbed water content 
α mass content of bentonite in bentonite-sand mixtures 
ρd dry density of bentonite 
ρw dry density of pore water 
ρm-partial partial dry density of montmorillonite 
ρs density of the soil particle 
ρm particle density of montmorillonite 
ρnm particle density of constituent minerals other than montmorillonite within the 

bentonite 
ρsand particle density of sand 



 

 

γ unit weight of capillary water 
μ viscosity of capillary water 
ψcri critical matric suction 
ψ suction 
ψa, m model parameters of the VG equation 
ω mass content of montmorillonite in bentonite-sand mixtures 
ω1 mass content of montmorillonite in bentonites 
ϕ overall porosity of the porous medium 
ϕad adsorptive water porosity 
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Fig. 1. Schematic diagram of microstructure and water types in bentonite-based materials 812 

(modified after Bradbury and Baeyens, 2003; Tournassat et al., 2015): (a) TOT layer and unit 813 

cell of montmorillonite, (b) formation of montmorillonite particle, and (c) water distribution. 814 
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Fig. 2. Composition of bentonite-sand mixture and definition of the density of the soil 817 

particle ρs and partial dry density of montmorillonite ρm-partial. 818 
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Fig. 3. Contributions of SSAMt to total SSAs of bentonite. Subscript ‘ac’ represents the non-821 

montmorillonite minerals in bentonite-based materials. 822 
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Fig. 4. Measured (data point) and predicted (solid line) soil water adsorption isotherms by 825 

Eq. (27) for bentonite materials. 826 
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Fig. 5. Comparison of prediction saturated hydraulic conductivity for bentonite materials: 830 

conventional KC equation, Mbonimpa et al. (2002) model and the modified model of Eq. 831 

(26). 832 
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Fig. 6. Comparison of predicted saturated hydraulic conductivity for bentonite-sand mixtures: 836 

conventional KC equation and the modified model of Eq. (26). 837 

  838 

0.6 0.7 0.8 0.9 1.0 1.1
1E-14

1E-13

1E-12

 MX-80-sand (Karnland et al., 2008)
 Prediction by Eq. (26)
 Prediction by KC model

H
yd

ra
ul

ic
 c

on
du

ct
iv

ity
 (K

s, 
m

/s
)

Void ratio (e, -)

(a)

0.5 0.6 0.7 0.8

1E−12

1E−11

1E−10
KC model

 α = 20%
 α = 30%
 α = 50%

Eq. (26)
 α = 20%
 α = 30%
 α = 50%

Kunigel-V1-sand
(Komine, 2004)

α = 20%
α = 30%
α = 50%

H
yd

ra
ul

ic
 c

on
du

ct
iv

ity
 (K

s, 
m

/s
)

Void ratio (e, -)

(b)



 

 

 839 

Fig. 7. The predicted saturated hydraulic conductivity Ks by Eq. (26) versus the measured 840 

values Kmeasured. 841 
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Fig. 8. The relationship between the fitted parameter n and the mass fraction of 844 

montmorillonite in bentonite-based materials ω. 845 
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 847 

Fig. 9. Predicted hydraulic conductivity Ks using Eq. (43) versus the measured values 848 

Kmeasured. 849 
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 852 

Fig. 10. Evolution of (a) SSAca/SSAs and (b) ϕca/ϕ with the mass fraction of montmorillonite 853 

and porosity. 854 
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 858 
Fig. 11. Comparison of Eq. (32) and the original VG model fitted to water retention data for 859 
the Kunigel-V1/sand mixture, GMZ bentonite, and MX-80 bentonite/Cox claystone mixture, 860 

with data from Cui et al. (2008), Ye et al. (2012), and Zeng et al. (2022), respectively. 861 
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 864 
Fig. 12. Comparison of measured and predicted hydraulic conductivities using Eq. (42) and 865 
the original VG-M equation for the Kunigel-V1/sand mixture, GMZ bentonite, and MX-80 866 
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bentonite/Cox claystone mixture, with data from Cui et al. (2008), Ye et al. (2012), and Zeng 867 
et al. (2022), respectively.  868 



 

 

 869 
Fig. 13. Predicted relative hydraulic conductivity with Sad determined by Eq. (31) (solid line) 870 
and as a fitted parameter (dashed line) for the Kunigel-V1/sand mixture, GMZ bentonite, and 871 
MX-80 bentonite/Cox claystone mixture, based on experimental data from Cui et al. (2008), 872 

Ye et al. (2012), and Zeng et al. (2022), respectively. 873 

 874 

 875 

Table 1. Database for verification of the modified KC model on compacted bentonite. 876 

Type of 
bentonite 

Mass fraction of 
montmorillonite 

Number of 
data points 

Particle 
density 

(kg/m3) a 

Specific 
surface area b 

(m2/g) 
Testing method Reference 

FEBEX 90% 29 2700 725 Constant head gradients test Lloret and Villar, 2007 

GMZ  75.40% 5 2660 597 Constant head gradient test Xu et al., 2017 
Saskatchewan 

bentonite 80% 17 2840 519-613 Constant head gradient test Dixon et al., 1999 

Kunigel-V1 52.80% 6 2760 (410) Falling head permeability test Ito et al., 2022 

Kunigel-V1 57% 24 2790 (442) Consolidation test Komine, 2021 

Volclay 71% 22 2840 (551) Consolidation test Komine, 2021 

Kunibond 84% 8 2710 (652) Consolidation test Komine, 2021 

MX-80 80% 25 2880 (621) Consolidation test Komine, 2021 

Kunigel-V1 57% 6 (2790) (442) Consolidation test Komine, 2008 

Volclay 71% 7 (2840) (551) Consolidation test Komine, 2008 

Kunibond 84% 9 (2710) (652) Consolidation test Komine, 2008 
MX-80 80% 6 (2880) (621) Consolidation test Komine, 2008 

a Particle density values in brackets were not sourced directly from the literature but were instead computed based 877 
on Eq. (13). 878 
b The specific surface area values in brackets were determined according to SSAs = SSAMt·ω1. 879 

 880 

Table 2. Database for verification of the modified KC model on bentonite-sand mixtures. 881 

Type of bentonite 
Mass fraction of 
montmorillonite 

ω1 
Type of sand 

Bentonite 
content by 

mass α 
Number of 
data points 

Particle 
density 
(kg/m3) 

Testing method Reference 

MX-80 80% Quartz sand 70% 8 (2740) Constant head 
gradient test Karnland et al., 2008 

Kunigel-V1 48% Mikawa 50% 5 (2726) Consolidation test Komine, 2004 

0.0 0.2 0.4 0.6 0.8 1.0
1E-4

0.001

0.01

0.1

1

R
el

at
iv

e 
hy

dr
au

lic
 c

on
du

ct
iv

ity

Degree of saturation

 Kunigel-V1/sand mixture
 GMZ bentonite
 MX-80 bentonite/Cox

          claystone mixture



 

 

silicate sand 30% 10 (2698) Consolidation test 

20% 5 (2686) Consolidation test 

 882 

Table 3. Specifications for bentonite-based materials used for water retention and hydraulic 883 
conductivity tests. 884 

Bentonite type Mass fraction of 
montmorillonite 

Partial dry density 
of montmorillonite b 

(kg/m3) 

Particle density 
(kg/m3) 

Dry density 
(kg/m3) Reference 

Kunigel-V1/sand 
mixture 33.6% 1363 2670 2000 Cui et al., 2008 

GMZ bentonite 75.4% 1521 2660 1700 Ye et al., 2012 
MX-80 bentonite/Cox 

claystone mixture 53.8%a 1398 (2718) 1800 Zeng et al., 2022 
a Mean value based on mass content of montmorillonite in both MX-80 bentonite and Cox claystone. 885 
b Calculated by Eq. (18). 886 

 887 

Table 4. Summary of parameters for the proposed SWRC model (Eq. (32)) and original VG 888 
model. 889 

Bentonite type 

Proposed model 
Original VG model 

Fitted parameters Calculated parameters 

ψcri m B ψa m ψa 
Kunigel-V1 

bentonite/sand mixture 17.81 1.23 134.49 3.17 1.23 3.24 

GMZ bentonite 11 1.38 181.99 10.87 1.36 11.97 
MX-80 bentonite/Cox 

claystone mixture 4.2 1.22 305.86 1.36 1.25 1.67 

 890 

Table 5. Summary of fitting results for Eq. (32) with Sad set as a fitted parameter. 891 

Bentonite type 
Fitted parameters Calculated parameters 

Sad ψcri m B ψa 

Kunigel-V1 bentonite/sand mixture 0.71 12.01 1.23 194.3 3.12 
GMZ bentonite 0.68 27.77 1.29 66.62 8.8 

MX-80 bentonite/Cox claystone mixture 0.79 2.92 1.23 449.45 1.47 

 892 

 893 
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