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Abstract 9 

The erosion behaviour of bentonites is influenced by the ions concentration to which 10 

they are exposed, which could lead to link the erodibility of bentonite to salinity. 11 

However, changes in salinity produce further changes in bentonite hydration and 12 

swelling that are not always considered. The aim of this work is to apply a numerical 13 

model to inspect the influence of salinity in the erosion behaviour of MX-80 bentonite, 14 

analysing the effect of swelling on erosion. To this end, a coupled hydro-chemo-15 

mechanical and erosion model, which considers the expansive behaviour of bentonite as 16 

a function of salinity, and a hydro-mechanical model with a salinity-dependent 17 

erodibility coefficient are used to simulate pinhole erosion laboratory tests with saline 18 

waters. The results of the simulations illustrate that the influence of ion species 19 

concentration in the erosion behaviour of bentonites does not need a change in 20 
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erodibility to be reproduced. On the contrary, they show that hydro-chemo-mechanical 21 

effects, and especially the changes that salinity induces in the swelling behaviour of 22 

bentonite, play a key role in erosion. Taking them into account leads to a more 23 

consistent formulation approach that can explain the observed behaviour, and, for that 24 

reason, such an approach is strongly recommended to analyse bentonite erosion 25 

processes.  26 

 27 
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1. Introduction 30 

Bentonite is considered a main component of engineered barriers in deep geological 31 

repository concepts for spent nuclear fuel, because of properties such as high swelling 32 

potential, retention capacity and low hydraulic conductivity (Pusch 1992; Yong 1999). 33 

For this reason, bentonite is included in several repository concepts, like KBS-3, 34 

developed for Sweden and Finland (Posiva 2013; SKB 2011). In those concepts, there is 35 

a concern about the possibility of bentonite barriers being eroded by groundwater 36 

flowing through intersecting fractures in the host rock (Neretnieks et al. 2009; Reid et 37 

al. 2015). In addition, the salinity of groundwaters at repository depth will vary along 38 

time in the surroundings of bentonite barriers (Hellä et al. 2014).  39 

The behaviour of bentonites subject to erosion processes is modified when exposed to 40 

waters of different salinities, as the amount of eroded mass changes with salinity (Baik 41 

et al. 2007; Raudkivi and Tan 1984; Schatz et al. 2013). For this reason, it could be 42 

thought that bentonite erodibility is affected by salinity conditions, and that lead to, 43 

when modelling bentonite erosion, using a bentonite erodibility coefficient that is a 44 

function of ions concentration (as for instance in Raudkivi 1998). On the other hand, it 45 

is well known that salinity conditions can modify bentonite response regarding swelling 46 

capacity, swelling velocity and hydraulic conductivity (Alawaji 1999; He et al. 2016; 47 

Petrov and Rowe 1997; Sun et al. 2015; Warkentin and Schofield 1962). These effects 48 

would also modify bentonite behaviour with respect to erosion.  49 

To study experimentally the changes in the erosion behaviour of MX-80 bentonite 50 

under different ions concentrations, Sane et al. (2013) performed a series of laboratory 51 

pinhole tests. In those tests, sodium and calcium chloride aqueous solutions with 52 

concentrations up to 70 g/L were circulated through the bentonite samples, and the mass 53 
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eroded from the samples along time was measured. As in the aforementioned works, the 54 

results obtained were substantially different for the different ions concentrations tested. 55 

The objective of this paper is to inspect the influence of salinity in the erosion behaviour 56 

of MX-80 bentonite by modelling these pinhole tests. To this end, two approaches will 57 

be used: a hydro-mechanical formulation with an erodibility coefficient variable with 58 

salinity (as done in the past by, for instance, Raudkivi 1988), and a hydro-chemo-59 

mechanical formulation with a constant erodibility coefficient. The novelty of the latter 60 

approach is to take into account the expansive behaviour of bentonite as a function of 61 

salinity, which will affect how it is eroded. The aim of the inspection is to assess the 62 

feasibility of these two modelling concepts. 63 

In addition to describing the studied material and the adopted model, the following 64 

sections will analyse and model the experimental results of the pinhole erosion tests, 65 

and discuss the scope of the two modelling approaches proposed. 66 

 67 

2. Materials and methods: description and results of erosion tests 68 

The samples used in the laboratory tests were made of Volclay MX-80 bentonite, which 69 

was characterized by Kumpulainen and Kiviranta (2010). Its main properties are 70 

summarized in Table 1. This material is a natural bentonite from Wyoming with a high 71 

smectite content (nearly an 80%) and sodium as the main exchangeable cation (it 72 

constitutes approximately a 70% of the cation exchange capacity, CEC). As other 73 

sodium bentonites, MX-80 is highly plastic and expansive when exposed to low salinity 74 

water, but its swelling properties can be affected by salinity. For this reason, Navarro et 75 

al. (2017) studied the free swelling behaviour of a very similar MX-80 bentonite when 76 

exposed to saline solutions (sample Be-Wy-BT007-1-Sa-R, Kiviranta and Kumpulainen 77 

2011). 78 
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The laboratory tests were carried out by B+Tech Oy (Finland). The data obtained in the 79 

tests with low salinity water were presented and modelled by Navarro et al. (2016), 80 

while the rest of analysed test results were published by Posiva (Sane et al. 2013). All 81 

the tests used cylindrical samples with a diameter of 100 mm. The initial bulk density 82 

and water ratio of the samples were 2.03 g/cm3 and 17% respectively. Two different 83 

sample lengths were used: 100 mm and 400 mm. All samples were produced with a 84 

central longitudinal pinhole processed during compaction (for more details, visit Sane et 85 

al. 2013, and Navarro et al. 2016). Two different pinhole diameters were used: 6 and 12 86 

mm. The two different pinhole diameters and lengths produce comparable results, 87 

according to Sane et al. (2013). 88 

An aqueous solution was circulated through the sample at a constant flow rate of 0.1 89 

L/min, and the effluent was collected at various times along the test with the help of an 90 

automated rotating system (Fig. 1). The solids concentration of the effluent was 91 

analysed to determine the mass eroded from the bentonite sample. Several tests were 92 

conducted, circulating an aqueous solution of a different concentration in each test. In 93 

addition to a low salinity water (with a solids content of about 30 mg/L), a 10 g/L, a 35 94 

g/L and a 70 g/L solutions were used. Only two cations (sodium and calcium) and one 95 

anion (chloride) were present in these solutions, whose compositions are shown in 96 

Table 2. The 10 g/L solution is a brackish-saline groundwater simulant water for 97 

Olkiluoto, site for the Onkalo deep geological repository of spent nuclear fuel in 98 

Finland, at repository depth during the operational phase (Hellä et al. 2014). The 35 g/L 99 

solution represents the maximum expected salinity for the groundwater at repository 100 

depth (Hellä et al. 2014), and corresponds to a saline water with a Ca2+/Na+ mass ratio 101 

of 1:1. The 70 g/L solution represents the maximum allowed salinity for the 102 
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groundwater in the vicinity of the repository (Hellä et al. 2014), and corresponds to a 103 

highly saline water with a Ca2+/Na+ mass ratio of 3:2. 104 

The matrix of analysed cases is shown in Table 3 for the results previously analysed by 105 

Navarro et al. (2016) (low salinity solution) and Table 4 for the rest of cases (note that 106 

only tests performed with Volclay MX-80 and with given erosion rate values along the 107 

test in Sane et al. 2013 have been used), indicating the parameters of their geometry and 108 

the salinity of the circulated solution. The cumulated eroded mass along time for all the 109 

tests, grouped for the different salinities, is shown in Fig. 2. The mass loss is normalized 110 

by meter length of the sample to allow comparison between tests of different sample 111 

lengths. The tests in Table 4 were run for 70-75 hours. Two of the tests in Table 3 were 112 

run for longer times, but only their evolution up to 100 hours is shown to make 113 

comparison easier (the full series can be found in Navarro et al. 2016). As stated by 114 

Sane et al. (2013), the results obtained do not substantially depend on the sample length 115 

(see test S2a in Fig. 2a) or on the initial hole diameter (see test 20 in Fig. 2c). However, 116 

the erosion results depend on the salinity of the circulated solution. To make this 117 

clearer, Fig. 3 represents the normalized cumulated mass loss averaged for the tests with 118 

the same salinity. 119 

The averaged series for low salinity water is almost coincident with the results of the 10 120 

g/L series (Fig. 3). On the other hand, the higher salinities, 35 and 70 g/L, obtain larger 121 

mass losses than the other two lower salinities after some 75 hours. Raudkivi and Tan 122 

(1984) described a similar result when eroding a bentonite with salt solutions of 123 

different concentrations above 10-3 M, as they found that the erosion rate increased with 124 

increasing ions concentrations. In addition, Baik et al. (2007) found a higher 125 

concentration of eroded bentonite particles with a higher ionic strength.  126 
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Another relevant aspect of the laboratory results is the different kinetics of the erosion 127 

process along time for the different salinities. In the higher salinity tests, the erosion rate 128 

is higher at the beginning of the test, being slightly higher in the 70 g/L than in the 35 129 

g/L test, and in both cases notably greater than in lower salinity tests. However, this rate 130 

decreases with time in the higher salinity tests, while, in the other tests, it remains 131 

approximately constant through the duration of the tests. 132 

The differences obtained between results for different salinities and the evolution of 133 

erosion along tests point out that there are complex processes developing in bentonite 134 

that determine the solid mass removal. These processes must be analysed and 135 

characterized to obtain rational tools for the assessment of bentonite erosion. The 136 

following sections present a conceptual model able to explain the observed behaviour. 137 

 138 

3. Theory 139 

The laboratory tests were simulated with a numerical model using two different 140 

approaches. The first one used a hydro-mechanical formulation with a variable 141 

bentonite erodibility, and the second one uses a hydro-chemo-mechanical formulation 142 

with a constant bentonite erodibility. Both approaches are based on the hydro-chemo-143 

mechanical model in Navarro et al. (2017), although the first approach is equivalent to 144 

the use of the model assuming a negligible ions concentration in the external solution. 145 

In addition, the erosion model in both approaches is based on that presented in Navarro 146 

et al. (2016). The following sections, together with Appendices A, B and C, will 147 

summarize these models. 148 

 149 

3.1. Hydro-chemo-mechanical model 150 
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The hydro-chemo-mechanical model is set on a double porosity framework, which 151 

considers a macrostructure and a microstructure as connected overlapping continua in 152 

the soil. Clay aggregates, formed by groups of clay particles (Neretnieks et al. 2009), 153 

are taken as support (in the sense of Pachepsky et al., 2006) in the model (Fig. 4). Pores 154 

between aggregates, where water flows under hydrodynamic gradients, are taken as the 155 

macropores, while pores within aggregates, where water is assumed to be linked to the 156 

soil skeleton (van Genuchten and Wierenga 1976), are taken as the micropores. 157 

The hydro-chemo-mechanical model links the hydro-chemical (matric and osmotic 158 

suction) and stress state to the macrostructural and microstructural strains in the soil, 159 

which are assumed to be additive. The macrostructural and microstructural void ratios, 160 

eM and em, are defined as the volume of voids in the macrostructure and microstructure, 161 

respectively, per volume of mineral. The Barcelona Expansive Model (Gens and Alonso 162 

1992) is used as a base for the mechanical model. The relationships to compute 163 

macrostructural strains are described in Appendix A.  164 

The increment of microstructural strain can be determined after em, as dεm = -dem/(1+e), 165 

where e is the total void ratio, e = eM + em. It should be noted that the pore space 166 

occupied by microstructural voids depends on the salinity of the solution to which the 167 

clay is exposed (Bourg and Ajo-Franklin 2017). Therefore, em can be expressed as a 168 

function of the porewater potential (Sedighi and Thomas 2014), which, in addition to 169 

porewater composition, includes suction and the clay-water interaction effect. In this 170 

line, Navarro et al. (2017) proposed the use of the state surface in Fig. 5. This state 171 

surface defines (em – emR) as a function of smS, the structural part of the microstructural 172 

suction (a measure of the microstructural water potential set by the clay structure, 173 

Navarro et al. 2018), while emR is the remaining microstructural void ratio under dry 174 
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conditions. Assuming equilibrium between macrostructural and microstructural water 175 

(that is, accepting that their chemical potentials are equal), smS can be computed as: 176 

(1) MOmNCCMmS - sssps +∆+=  177 

where p is the net mean stress (difference between the mean stress and the gas pressure), 178 

sM is the macrostructural matric suction (difference between the gas and the liquid 179 

pressure), ∆smNCC is the increment in microstructural suction caused by the excess ions 180 

over the counterions in the microstructure and sMO is the macrostructural osmotic 181 

suction. The latter magnitude can be expressed as (Karnland et al. 2005): 182 

(2) M
i

Mi,WMO  ϕρ 







= ∑ cTRs  183 

where R is the universal gas constant, T is the absolute temperature, ρw is the density of 184 

free water and ci,M is the molal concentration of the i-th ion in the macrostructural water. 185 

Since the permeant solutions used in the tests contained only sodium, calcium and 186 

chloride, these ions are the chemical species considered in the model (i = Na+, Ca2+, Cl-
187 

). The increment in microstructural suction caused by the non charge compensating ions 188 

can be expressed as (Karnland et al. 2005): 189 

(3) mmNCCi,mmNCC  ϕρ 







=∆ ∑

i

cTRs  190 

For the sake of simplicity, φM and φm, osmotic coefficients in the macrostructure and the 191 

microstructure respectively, are assumed to be 1, which could be a non-negligible 192 

simplification under high salinity conditions. The term ci,mNCC is the microstructural non 193 

charge-compensating molal concentration of the i-th ion. To compute its value, the 194 

sodium/ calcium ratio in the charge-compensating fraction is assumed to be proportional 195 

to that ratio in the total of the microstructure. To conclude with the terms in Eq. 3, ρm is 196 

the density of microstructural water. Although several authors suggest it is greater than 197 
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that of free water (Jacinto et al. 2012), ρm = ρW is used for modelling purposes 198 

(Tournassat and Appelo 2011).  199 

The model introduces the coupled microstructural-macrostructural strains as detailed in 200 

Appendix B. However, in swelling conditions under a small load, the most important 201 

strain term is due to aggregate destructuration. For this reason, to introduce specifically 202 

such strains, Navarro et al. (2017) proposed to define the increment in macrostructural 203 

void ratio due to aggregate destructuration, ∆eMm1 as: 204 

(4) 







=









∆

∆

mMAX

m

Mm1MAX

Mm1 LnLn
e

e
a

e

e
 205 

where ∆eMm1MAX represents the maximum value of ∆eMm1, and increases with increasing 206 

em. Function emMAX represents the maximum value that the microstructural void ratio 207 

can take for a given ions concentration, that is, under unconfined saturated conditions. 208 

Therefore, it introduces the effect of salinity in ∆eMm1. The dimensionless coefficient a 209 

increases with increasing salinity, as depicted in Fig. 6a.  210 

In the data from Marcial et al. (2002), Zhang et al. (1995) and Studds et al. (1998) used 211 

to obtain ∆eMm1, the void ratio value was under 13. That is, although it was high, the 212 

porosity “explosion” (descriptive expression by Neretnieks et al. 2009) that sodium 213 

bentonite may experience under free swelling conditions when the destructuration of 214 

aggregates is almost complete and many layers appear individually was not present. 215 

Navarro et al. (2017) introduced this process in the swelling model, defining the total 216 

increment of the macrostructural void ratio caused by bentonite destructuration and not 217 

directly caused by mechanical load or suction changes, ∆eMm, as: 218 

(5) Mm2Mm1Mm eee ∆+∆=∆  219 

where the “explosion” term ∆eMm2 was obtained with the parameterized expression: 220 
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(6) Mm2Mm1MAXMm2Mm2 fee ∆=∆ α  221 

and αMm2 represents the relationship between the maximum value of ∆eMm2 and 222 

∆eMm1MAX. Function fMm2 defines how ∆eMm2 varies with em, reflecting that the 223 

destructuration associated with ∆eMm2 initiates only when em is close to emMAX. The 224 

piecewise linear-quadratic law depicted in Fig. 6b is used. 225 

Regarding the exchange of chemical species between macrostructure and 226 

microstructure, in the same way that equilibrium between macrostructural and 227 

microstructural water was assumed when deriving Eq. 1, the chemical species in both 228 

structural levels are assumed in equilibrium to simplify the formulation. Donnan 229 

equilibrium (after Tournassat and Appelo 2011) is applied between macrostructural and 230 

microstructural ion concentrations, and therefore: 231 

(7) 







=

TR

ΨFz
CC i D

mi,Mi, exp  232 

where Ci,M and Ci,m are the molar concentrations of the i-th ion in the macrostructure 233 

and the microstructure respectively, zi is the ionic charge of the i-th ion, F is the Faraday 234 

constant and ΨD is the Donnan potential, defined as the difference in the 235 

electrochemical potential of the microstructural and the macrostructural water. 236 

Therefore, cation exchange is included in the model, and anion exclusion is not assumed 237 

(Tournassat and Appelo 2011). 238 

To determine the concentration of the chemical species, the mass balance of calcium 239 

and chloride is computed, obtaining CCa,M and CCl,m (Navarro et al. 2017). The rest of 240 

variables are computed solving Donnan equilibrium (Eq. 7) and electroneutrality in both 241 

the macrostructural and the microstructural solutions: 242 

(8) 




=−−+

=−+

02

02

mCl,mCa,mNa,

MCl,MCa,MNa,

qCCC

CCC
  243 
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where q is the surface charge of bentonite particles (molc/L), calculated as: 244 

(9) 
me

CEC
q mineralρ

=  245 

where CEC is the cation exchange capacity (Table 1) and ρmineral is the density of the 246 

mineral particles (2780 kg/m3, Kiviranta and Kumpulainen 2011). 247 

 248 

3.2. Flow and transport model 249 

As the laboratory tests were developed under stable temperature conditions, isothermal 250 

conditions are assumed in modelling. The gas pressure is assumed constant and equal to 251 

the atmospheric pressure. This way, water flow is modelled with a conventional Darcy 252 

formulation with an advective liquid flow term and a Fick’s diffusive vapour flow term 253 

(both are macrostructural terms). The main equations regarding these terms can be 254 

found in Appendix C. The microstructure is assumed to be saturated (Yong 1999), 255 

implying no microstructural vapour flow. The microstructural water is assumed to be 256 

linked to the bentonite particles, so there is no microstructural flow with regard to the 257 

soil skeleton displacements.  258 

Regarding the transport of chemical species, in addition to the macrostructural advective 259 

and diffusive terms considered in Navarro et al. (2017), the flow of ions includes a 260 

microstructural diffusion term: 261 

(10) mi,mi,
m

mi, 1
CD

e

e
∇

+
−=j   262 

where ji,m is the diffusion of the i-th ion in the microstructure and e is the total void ratio 263 

(e = eM + em). The microstructural molecular diffusion coefficient of the i-th ion, Di,m, is 264 

determined using the formulation of Bourg et al. (2006): 265 

(11) 
G

DD
δ

o,imi, =   266 
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where Do,i is the self-diffusion coefficient of the i-th ion in bulk liquid water, G = 4 is a 267 

pore-network geometry factor and δ = 0.3 is a constrictivity factor for small pores. The 268 

values used for the self-diffusion coefficients are Do,Ca
2+ = 7.79·10-10 m2/s and Do,Cl

- = 269 

2.03·10-9 m2/s (Cussler 1997). 270 

 271 

3.3. Erosion model 272 

The erosion model in Navarro et al. (2016) was adopted. It is a mechanical erosion 273 

model that links the bentonite mass loss to the shear stress exerted by a water flow. The 274 

rate of mass loss per unit area �� � (kg/m2/s) is computed with the following expression 275 

(Wan and Fell 2004): 276 

(12) ( )0,max CQeB ττ −= km&  277 

where τQ is the hydraulic shear stress produced by the water flow, τC is the critical shear 278 

stress at which the mass removal starts, and ke is the erodibility coefficient, which is a 279 

property of the material being eroded. Assuming a quasi-steady fully-developed laminar 280 

flow in the central hole, the hydraulic shear stress can be expressed as a function of the 281 

water flow rate Q and the radius of the flow channel (Wahl et al. 2008): 282 

(13) 
3

t

W
Q

4

r

Q

π

µ
τ =  283 

where µW is the dynamic viscosity of water (9.94·10-4 Pa·s at 20ºC), Q is 0.1 L/min, and 284 

rt is the radius of the central hole at each time t. In the simulations, rt evolves with time 285 

because of the combined action of swelling, which tends to narrow the channel, and 286 

erosion, which tends to widen it. The value τC = 0 is used for all the tests, assuming an 287 

instantaneous activation of erosion, in accordance with the results of Lim (2006) for 288 

sodium bentonite-based soils. 289 

 290 



14 

 

3.4. Numerical implementation 291 

The described models were implemented in the finite element method software Comsol 292 

Multiphysics (CM; COMSOL 2015) with the strategies described in Navarro et al. 293 

(2014). They were solved in a coupled manner, so the hydro-chemo-mechanical effects 294 

cause the swelling of bentonite, which changes the pinhole radius and thus affects the 295 

bentonite mass eroded, and the erosion causes the loss of boundary material, which 296 

increases the pinhole radius, decreases the available swelling material, and causes the 297 

hydro-chemo-mechanical boundary condition to progress faster into the bentonite 298 

domain. 299 

The erosion was simulated using CM’s Deformed Geometry utility, which removes 300 

mass from the material domain by displacing the inner boundary (central hole – 301 

bentonite interface) with a velocity ��� (m/s) that derives from the erosion model 302 

(Navarro et al. 2016) after using Eqs. 12 and 13:  303 

(14) 
2

tt

e

dO

W
t

4

rR

Qk
R

ρπ

µ
=&   304 

where ρdO is the initial dry density of the samples and Rt is the value of the material 305 

radial coordinate R at the erosion front at each time t (the soil at R < Rt has already been 306 

eroded at time t). 307 

The boundary conditions shown in Fig. 7 were applied. In the mass balance of the 308 

chemical species, the ion concentrations fixed at the pinhole boundary were those of the 309 

solution circulated in each test. 310 

As discussed in Section 2, the geometry variants in the laboratory tests did not seem to 311 

produce substantially different results, and so, only one geometry was analysed in the 312 

modelling exercises: a sample with a length of 100 mm and an initial pinhole diameter 313 

of 6 mm. Note that the pinhole diameter will vary along the development of the tests 314 

due to the combined effect of swelling and erosion. 315 
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 316 

4. Results and discussion 317 

The first modelling exercise was carried out using a hydro-mechanical formulation with 318 

a variable bentonite erodibility (model 1). This means it disregards the effects of salinity 319 

on the stress-strain state; that is, coupled chemo-mechanical effects are not included, 320 

and the model uses the terms ∆eMm, sMO and ∆smO equal to those corresponding to the 321 

initial salinity of the sample. Therefore, this approach is equivalent to using the hydro-322 

chemo-mechanical formulation assuming an ions concentration that is always dilute and 323 

equal to the initial value. With this approach, the differences observed experimentally 324 

between the results of the four salinities can only be obtained using a different 325 

erodibility coefficient. This translates in assuming that salinity only affects the capacity 326 

of bentonite to be eroded, but not its capacity to swell. The erodibility was fitted to each 327 

group of cases, obtaining the eroded mass results along time in Fig. 8. The erodibility 328 

coefficients found to produce those results were 0.004 s/m for low salinity and 10 g/L 329 

cases, and 0.035 s/m for 35 and 70 g/L cases. The latter coefficient is over the 330 

maximum value of those identified by Bonelli and Brivois (2008) for different soil 331 

samples (0.0139 s/m). From this first exercise, it can be derived that an increase of more 332 

than eight times in the erodibility coefficient is needed to reproduce the total mass 333 

eroded after 75 hours of test for the higher salinity cases when disregarding coupled 334 

chemo-mechanical effects.  335 

The second modelling exercise was performed using the full hydro-chemo-mechanical 336 

formulation, with all the coupled chemical effects described in Section 3 (model 2). At 337 

the same time, the bentonite erodibility is equal in all cases and kept constant, using the 338 

value identified for the low salinity cases. This means taking into account the effect of 339 

salinity on bentonite stress-strain, but disregarding direct changes in its capacity to be 340 

eroded. This modelling exercise allows to determine to what extent the hydro-chemo-341 
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mechanical effects in the formulation can explain the differences in the observed 342 

erosion behaviour. The mass losses obtained in the simulations are represented in Fig. 9 343 

together with the experimental results. The formulation can capture the higher mass loss 344 

for higher salinities while producing a better fit for the time evolution of the mass loss. 345 

The higher mass loss for higher salinities is consistent with the free swelling behaviour 346 

in MX-80 described by Navarro et al. (2017), which showed a faster initial swelling for 347 

the 35 and 70 g/L salinities (Fig. 10). The vertical free swelling tests also illustrate the 348 

importance of hydro-chemo-mechanical effects in the modelling of bentonites, with 349 

which the experimental results are reproduced substantially better than with a hydro-350 

mechanical only formulation. Regarding the erosion tests studied in the present work, 351 

pseudo-free swelling conditions apply in the vicinity of the pinhole (the radial stress is 352 

zero, although the circumferential stress can be non-negligible). And, if erosion 353 

progresses faster than the wetting front, the material at the bentonite-pinhole interface is 354 

in the initial swelling phase, in which the swelling velocity is higher. Thus, the faster 355 

swelling is triggered, closing the pinhole more rapidly, which, according to Eq. 14, 356 

causes a faster erosion rate. However, according to the same equation, when the radius 357 

of the pinhole grows (as happens at the end of the tests with the higher salinities, Sane 358 

et al. 2013), the mass removal is reduced, causing the erosion process to slow down. If 359 

this occurs combined with a lower swelling velocity, a low-erosion stable situation like 360 

that observed at the end of the 70 g/L test results could be reached. 361 

Both approaches might be oversimplifying the behaviour of MX-80 bentonite. 362 

However, the hydro-chemo-mechanical changes in bentonite are certain, as observed in 363 

different tests (for instance, in free swelling tests). The ability of model 2 to explain the 364 

erosion results points out to the effects of salinity on the swelling behaviour of 365 

bentonite, and swelling itself, being key to explain erosion. While a direct change of 366 
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bentonite erodibility with salinity cannot be discarded, coupled hydro-chemo-367 

mechanical effects should be considered when evaluating the erosion of bentonite, as 368 

they play a major role. 369 

 370 

5. Conclusions 371 

Pinhole erosion tests on MX-80 bentonite show noteworthy differences in the eroded 372 

mass obtained for circulated aqueous solutions with 35 and 70 g/L salinities with 373 

respect to low and 10 g/L salinities, demonstrating the relevance of chemical effects on 374 

the erosion behaviour of this bentonite. A hydro-chemo-mechanical and erosion model 375 

of MX-80 bentonite was applied to the simulation of the experimental pinhole erosion 376 

tests. Its application with two different approaches shows that, if hydro-chemo-377 

mechanical effects are disregarded, the erodibility has to be importantly increased for 378 

higher salinity conditions to reproduce the experimental behaviour. In contrast, hydro-379 

chemo-mechanical effects, which have been observed experimentally in free swelling 380 

tests, can explain the observed behaviour while leaving the erodibility of the bentonite 381 

constant with regard to salinity. Changes in the erodibility of the material with 382 

increasing salinities are not outlawed, but the results obtained show that the trend 383 

changes in the erosion process with salinity can be derived from the different hydration 384 

and swelling behaviour produced, and point out the key role of swelling in bentonite 385 

erosion. Despite the difficulties in reproducing the great initial erosion rate shown 386 

experimentally with high salinity, the presented work shows that the erosion 387 

phenomenon is strongly coupled with hydro-chemo-mechanical effects. This highlights 388 

the importance of having an accurate coupled deformability model and using a 389 

multiphysics approach to analyse such processes. 390 

 391 
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Appendix A. Hydro-mechanical macrostructural formulation 400 

The Barcelona Basic Model (Alonso et al. 1990) was used as the base for the hydro-401 

mechanical macrostructural formulation. The increment of macrostructural strain can be 402 

decomposed in an elastic and a plastic term: dεM = dεMe + dεMp. The increment of 403 

macrostructural elastic strain can be computed from the change in net mean stress p and 404 

macrostructural suction sM: 405 

(A.1) 
S

M

p

e
M

K

ds

K

dp
d +=ε  406 

where Kp and Ks are the stress and the suction bulk moduli, respectively: 407 

(A.2) 
( ) ( )( )
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++
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+
=  408 

PATM is the atmospheric pressure (taken as a constant), and κp and κs are the elastic 409 

stiffness for changes in net stress and suction (Table A.1). 410 

The increment of macrostructural plastic strain is calculated from the yield by contact 411 

with the load-collapse surface F, which takes the form of an ellipse: 412 

(A.3) ( )( ) 0OS
22 =−+−= ppppMqF  413 

where q is the von Mises stress, M is the slope of the critical state line (Table A.1) and 414 

pO is the net mean yield stress at the current suction. The increase in tensile strength 415 

with suction is pS = k sM, where k is a material parameter (Table A.1). The value of pO is 416 

given by: 417 

(A.4) 
p

p)0(
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* κλ
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−

−









=

p

p
pp   418 

The reference stress pC is given in Table A.1, and the evolution of the saturated pre-419 

consolidation stress pO
* was computed using a hardening law using the macrostructural 420 

plastic strain increment, dεM
p: 421 
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(A.5) 
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+
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Function λ defines the slope of the virgin compression curve at macrostructural suction 423 

sM, computed as: 424 

(A.6) ( ) ( )[ ]Mexp1)0( srr βλλ −−+=  425 

where λ(0), r and β are material parameters (Table A.1). 426 

 427 

Appendix B. Mechanical coupled macrostructural-microstructural formulation 428 

Microstructural strains induce macrostructural strains. The Barcelona Expansive Model 429 

(Gens and Alonso 1992) introduced an interaction function for microstructural swelling 430 

fS, which expresses the ratio of the increment of induced macrostructural strain (dεM,m
p) 431 

to the increment of microstructural strain (dεm) as a function of the degree of openness 432 

of the macrostructure. The macrostructural strains induced this way are considered 433 

plastic, and can be calculated as: 434 

(B.1) m

p

mM dfd εε S, =  435 

The degree of openness of the macrostructure relative to the stress state is evaluated as 436 

pR/pO. pR is a reference net mean stress for a non-isotropic stress state (Sánchez et al. 437 

2005), and it is computed as: 438 

(B.2) 
)( M

2

2

skpM

q
ppR

+
+=  439 

The interaction function adopted is linear, taking the value fS =1 at pR/pO = 0, and 440 

decreasing to fS = 0 at pR/pO = 1 (Navarro et al. 2016). 441 

 442 

Appendix C. Flow formulation 443 

The water mass balance equation solved in the macrostructure is: 444 
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(C.1) 
( ) ( ) 0mVMM

VM =++⋅∇+
∂

+∂
rm

t

mm
jv  445 

mM and mV are, respectively, the mass of the macrostructural liquid water and vapour 446 

water per unit volume, mMvM is the mass flow of the macrostructural liquid water per unit 447 

area and jV is the vapour mass flow. In equilibrium, the water mass exchange from 448 

macrostructural to microstructural water rm can be calculated as: 449 

(C.2) ( )vm
m

m m
t

m
r ⋅∇+

∂

∂
=  450 

where the mass of microstructural water per unit volume is mm = (ρW em)/(1+e), and v is 451 

the time derivative of the soil skeleton displacement vector u. 452 

The values of mM and mV were computed as: 453 
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 454 

where ρV is the vapour density. The macrostructural degree of saturation SrM was 455 

calculated from the macrostructural suction (Navarro et al., 2015) using a van Genuchten 456 

(1980) water retention curve: 457 

(C.4) ( )[ ] mm

M sSr
−−

+=
)1(11 α  458 

α and m are model parameters (Table C.1). 459 

The vapour density ρV was calculated as (Edlefsen and Anderson, 1943): 460 

(C.5) 
( )
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ρρ  461 

where ρVO is the density of saturated water vapour, which was taken as 1.73·10-2 kg/m3 462 

at 20ºC.  463 

The macrostructural water flow was modelled using an advective formulation. The 464 

macrostructural flow vector was vM = v+qM. The macrostructural water seepage qM was 465 
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calculated as a function of the gradients of the liquid pressure PL and the vertical 466 

coordinate z: 467 

(C.6) ( )zgP
K

∇+∇−=  WL
W

MM
M ρ

µ

κ
q  468 

where g is the gravity. The macrostructural relative permeability κM was modelled using 469 

the Brooks and Corey (1964) formulation, with an exponent of three (κM = SrM
3
, Gens et 470 

al. 2011). The macrostructural intrinsic permeability KM was computed as (Gens et al. 471 

2011): 472 

(C.7) ( )[ ]M0MM0M exp nnbkK −=  473 

where k0 is the macrostructural intrinsic permeability for the reference macrostructural 474 

porosity nM0, nM is the macrostructural porosity, and bM is a model parameter (Table C.1). 475 

The vapour diffusion was calculated as: 476 

(C.8) ( ) VvMMV 1 ρτ ∇−−= DSrnj  477 

where τ is the soil tortuosity (assumed as 1) and Dv is the binary diffusion coefficient of 478 

water vapour in the gas (2.79·10-5 m2/s for atmospheric pressure conditions at 20ºC). 479 
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TABLES 

Table 1. Properties of Volclay MX-80 bentonite (after Kumpulainen and Kiviranta 2010 and 
Kiviranta and Kumpulainen 2011).  
Chemical composition (weight %) 

SiO2 64.32 
Al2O3 19.00 
Fe2O3 3.30 
MgO 2.56 
Na2O 2.03 
CaO 1.66 
CO3 0.99 
K2O 0.62 
FeO 0.48 
S (other than SO4) 0.18 
TiO2 0.15 
Organic C 0.15 
SO4 0.08 
Mineralogical composition (weight %). 

Phases present as traces not included 

Smectite 79.1 
Muscovite 7.5 
Quartz 4.4 
Calcite 3.1 
Tridymite 1.9 
Plagioclase 1.7 
Gypsum 1.3 
Magnetite 1.1 
Other properties 

CEC (eq/kg) 0.89 
Na+/K+/Ca2+/Mg2+ (eq/kg) 0.61/0.02/0.19/0.07 
Liquid limit 510 
Plasticity index 460 

 

Table 2. Composition of the solutions used in the tests. TDS: total dissolved solids 
Solution TDS (g/L) NaCl concentration 

(g/L) 

CaCl2 concentration 

(g/L) 

Brackish-saline water 10  6.47 3.53 
Saline water 35  16.75 18.25 
Highly saline water 70 26.58 43.42 
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Table 3. Matrix of test cases with low salinity solution (from Navarro et al. 2016) 

Case Cell length (mm) Initial hole diameter (mm) 

S1a 100 6 
S1b 100 6 
S1c 100 6 
S2a 400 6 
S3a 100 12 

 

Table 4. Matrix of test cases with higher salinity solutions (from Sane et al. 2013) 

Case Cell length 

(mm) 

Initial hole 

diameter (mm) 

Salinity of circulated 

solution (g/L) 

AV10 (averaged tests 4, 5 
and 6) 

100 6 10 

7_1 100 6 35 
7_2 100 6 35 
7_3 100 6 35 
20 100 12 35 
AV70 (averaged tests 10, 11 
and 12) 

100 6 70 

 

Table A.1. Hydro-mechanical macrostructural parameters 

Parameter Value 
κp 0.15 
κs 0.15 
M 1.07 
k 0.1 
pC (kPa) 10 

λ(0) 0.45 
r 0.8 
β (kPa-1) 2.0·10-5 

 

Table C.1 Hydraulic macrostructural parameters  
 
Parameter Value 
α (kPa-1) 1.15·10-4 
m 0.733 
bM 9.91 
nM0 0.0465 
k0 (m2) 2.34·10-20 

 

 



31 

 

FIGURES 

 
Figure 1. Pinhole test layout. 1. Water solution container, 2. pumping system, 3. bentonite 
sample, 4. sintered filters, 5. rotating effluent collection system. Modified from Navarro et 
al. (2016). 

 
Figure 2. Erosion tests results: cumulated mass loss normalized with respect to the sample 
length for (a) low salinity water, and a concentration of the circulated solution of (b) 10 
g/L, (c) 35 g/L and (d) 70 g/L.   

 
Figure 3. Cumulated mass loss normalized with respect to the sample length, averaged for 
the tests with the same salinity. Vertical bars for the 35 g/L series indicate the range of 
variability of the experimental data for that salinity.  
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Figure 4. Schematic particle arrangement in a highly compacted bentonite. 

 

 

Figure 5. State surface to define em, together with experimental data from Kahr et al. 
(1990), Wadsö et al. (2004), Dueck and Nilsson (2010) and Sane et al. (2013). Modified 
from Navarro et al. (2017). 
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Figure 6. Functions used to compute (a) coefficient a; (b) function fMm2.  

 

 

Figure 7. Boundary conditions used in the 2D axisymmetric simulations: (a) for the water 
mass balance equations, also showing the mass loss applied in the pinhole boundary; (b) for 
the chemical species mass balance equations, where the fixed ion concentrations are those 
of the corresponding circulated solution; (c) for the mechanical problem. 
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Figure 8. First modelling exercise results (model 1) compared with the test results: 
cumulated mass loss normalized with respect to the sample length for (a) low salinity 
water, and a concentration of the circulated solution of (b) 10 g/L, (c) 35 g/L and (d) 70 
g/L. 

 

 

Figure 9. Second modelling exercise results (model 2) compared with the test results: 
cumulated mass loss normalized with respect to the sample length for (a) low salinity 
water, and a concentration of the circulated solution of (b) 10 g/L, (c) 35 g/L and (d) 70 
g/L. 
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Figure 10. Vertical swelling in free swelling tests with (a) deionised water, and a wetting 
solution of (b) 10 g/L, (c) 35 g/L and (d) 70 g/L. Experimental results in markers and model 
results in lines (grey, hydro-mechanical model; black, hydro-chemo-mechanical model). 
Modified from Navarro et al. (2017). 

 

 


