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Abstract

Erosion of the bentonite barrier in a high-level radioactive waste repository is important, because the 
clay mass loss may compromise its performance. In addition, colloid particles formed upon clay 
 erosion may contribute to radionuclide transport.

The erosion behaviour of compacted bentonite was experimentally studied in artificial fractures under 
different physico-chemical conditions. Experiments were carried out both in smooth and rough fractures 
with an experimental set-up specifically designed to evaluate: 1. Bentonite expansion in horizontal 
fractures, 2. Sedimentation in sloped fractures and 3. Erosion promoted by water flow.

In all erosion experiments, carried out with different bentonites in fractures with apertures lower than 
1 mm, clay expansion in the fracture stopped at a certain time.

Studies carried out with natural and calcium-rich clays, in smooth and rough sloped fractures, revealed 
that, under the experimental conditions analysed, sedimentation along fracture slope is not appreciated 
when fracture aperture was thinner than 0.4 mm.

The contribution of accessory minerals and soluble salts to clay erosion processes was analysed in 
detail. Previous studies hypothesized that accessory minerals accumulate at the edge of the expanded 
clay, hindering further expansion. The erosion behaviour of a raw smectite was compared to that of two 
different clay fractions: the first one where soluble salts were removed and the second where accessory 
mineral and soluble salts were eliminated. An outer region with enriched minerals was not appreciated 
in any case. In fact, results suggested that the smectite particles themselves act as a filter, hindering 
further clay expansion.

Erosion experiments carried out under water flow conditions, with low flow velocities (10–8 to 10–6 m·s–1, 
indicated that particle mobilisation is very limited, since eluted clay fraction was always lower than a 
0.02 % of the clay mass initially installed.

Overall results showed the primary relevance of water chemistry established at the equilibrium on 
erosion processes.
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Sammanfattning

Erosion av bentonitbarriären i ett förvar för högaktivt radioaktivt avfall är en viktig process, eftersom 
massförlust genom erosion kan äventyra barriärens funktion. Dessutom kan de kolloidpartiklar som 
bildas av leran genom erosion bidra till radionuklidtransport.

Erosionsbeteendet hos kompakterad bentonit har studerats experimentellt i konstgjorda sprickor under 
olika fysikalisk-kemiska betingelser. Experiment genomfördes både i släta och ojämna sprickor med en 
experimentell uppsättning speciellt utformad för att utvärdera: 1. Bentonit-expansion i horisontella 
sprickor, 2. Sedimentation i sluttande sprickor och 3. Erosion som funktion av vattenflöde.

I alla erosionsexperiment, utförda med olika bentoniter i sprickor med aperturer lägre än 1 mm, 
avstannar expansionen efter en viss tid. 

Studier utförda med naturliga och kalciumrika leror, i släta och ojämna sluttande sprickor, visade, 
att under de analyserade experimentella förhållandena, förekom ingen sedimentation längs lutningen 
när sprickaperturen var mindre än 0,4 mm.

Effekten av accessoriska mineral och lättlösliga salter på erosionsprocessen analyserades i detalj. I 
tidigare studier har det antagits att accessoriska mineral ackumuleras vid fronten av den expanderade 
leran, vilket i sin tur förhindrar ytterligare expansion. Erosionsbeteendet hos en naturlig smektit 
jämfördes med den hos två olika preparerade lerfraktioner: i den första hade lättlösliga salter avlägsnats 
och i den andra där både accessoriska mineral och lättlösliga salter avlägsnats. En yttre region med 
anrikade mineral kunde inte identifieras i något fall. I själva verket antydde resultaten att smektit-
partiklarna själva fungerar som ett filter, vilket hindrar ytterligare expansion.

Erosionsexperiment utförda under förhållanden med vattenflöde och med låga flödeshastigheter (10–8 
till 10–6 m · s – 1) indikerade att frigörelsen av partiklar är mycket begränsad, eftersom den eluerade 
lerfraktionen alltid var lägre än a 0,02 % av lermassan som ursprungligen installerades. Generellt 
visar resultaten att erosionsprocessen primärt beror på den vattenkemi som etableras vid jämvikt.
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1 Introduction

Compacted bentonite is an engineered barrier included in high-level radioactive waste (HLRW) reposi-
tory designs to isolate the waste (Pusch 2008, Sellin and Leupin 2013). Bentonite is selected for being 
a clay with adequate properties to overall contribute to repository safety. In particular, bentonites with 
high smectite content are considered the most appropriated, because they develop high swelling pres-
sure, provide low hydraulic conductivity and hinder radionuclide migration (Kaufhold and Dohrmann 
2016, Sellin and Leupin 2013).

Amongst the processes that may compromise the bentonite barrier performance, erosion and colloid 
formation are considered of concern (Missana et al. 2011, Sellin and Leupin 2013). Bentonite erosion 
would cause mass loss that directly affects the barrier integrity. In addition, eroded particles of colloidal 
nature (diameter < 1 µm) may contribute to radionuclide transport (Missana et al. 2008, Schaefer 
et al. 2012).

Bentonite erosion is defined as the removal of surface material and its transportation by a natural agent, 
in this context flowing water, which promote chemical and mechanical weathering.

Clay erosion has been extensively studied in other fields analysing, for example, soil resistance to water 
irrigation (Grissinger 1966), conclusions can be somehow transferred to a repository case. However, 
the particular characteristics of a bentonite barrier in a HLRW repository, where the clay is compacted 
at high density and confined by the repository host rock, may have consequences on erosion process.

Different studies have been previously devoted to assess the magnitude of bentonite erosion and to 
identify the mechanisms and geochemical conditions that favour it (Albarran et al. 2014, Alonso 
et al. 2006, 2018, Baik et al. 2007, Bessho and Degueldre 2009, Birgersson et al. 2009, Degueldre 
and Benedicto 2012, García-García et al. 2009, Kaufhold and Dohrmann 2008, Liu and Neretnieks 
2006, Missana et al. 2003, 2011, Pusch 1999, Reid et al. 2015, Rinderknecht 2017, Schatz et al. 2013, 
Schatz and Akhanoba 2016, Seher et al. 2009).

In a HLRW repository, the groundwater coming from the host rock fractures will hydrate the clay, clay 
swelling will be favoured (Norrish 1954) and its extrusion will be promoted in available pore spaces 
and micro-fractures. If a local hydraulic gradient does not exist, diffusion will be the driving force for 
particle releases (Kallay et al. 1987) and clay dispersion is considered as the primary process inducing 
particle detachment in water (Birgersson et al. 2011, García-García et al. 2009, Hedström et al. 2016, 
Kaufhold and Dohrmann 2008, Luckham and Rossi 1999, Norrish 1954, Pertsov 2005, Pusch 1999). 
In fact, the mass of dispersed colloids was considered the first important parameter to assess clay 
erodibility (Missana et al. 2018a).

Bentonite erosion and clay dispersion may be different under compacted and confined conditions 
because, the interlayer space is in the nanometre scale, affecting the electrical interactions (overlapping 
of electrical double layers). Moreover, the high ion concentration of the clay porewater (Bradbury and 
Baeyens 2009, Fernández et al. 2004, Karnland et al. 2011, Wersin et al. 2016), and the presence of 
soluble salts in clay inventory (Fernández et al. 2017) may affect the water conditions at equilibrium, 
especially at high solid to liquid ratios.

It is well accepted that groundwater with low ionic strength and low content of divalent cations 
promotes peptisation (de-flocculation) and favour the separation of individual smectite layers, giving 
to the clay/water system a sol character and favouring spontaneous colloid formation, influenced by 
the water chemical conditions (Birgersson et al. 2011, Hedström et al. 2011, 2016). On the contrary, in 
groundwaters whose ionic strength is above the minimum concentration to cause flocculation, smectite 
forms a gel inhibiting particles release and restricting colloid stability (Luckham and Rossi 1999, 
Missana et al. 2003, 2018b) and therefore their mobility.

Mechanical forces, like those produced by advective water flow, may additionally favour clay erosion 
and particle detachment, being dependant on the water chemistry, flow rates and fracture conditions 
(Birgersson et al. 2009, Missana et al. 2011, Pusch 1999, Schatz et al. 2013).
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Theoretical models have been developed to describe particle detachment by diffusion (Kallay et al. 
1987) or swelling and detachment promoted by advective flow (Liu and Neretnieks 2006, Liu 2010, 
Liu et al. 2009, Neretnieks et al. 2009). These models sometimes apply to simplified systems: flat 
surfaces, Na-homoionic clays and low ionic strength groundwater.

However, uncertainties are still associated to bentonite erosion, under real repository conditions, 
 preventing the precise quantification and assessment of erosion and colloid formation at the  bentonite/
host rock interface.

The aim of this study was to analyse which physico-chemical factors are playing a major role in 
bentonite erosion within fractures, under compacted and confined conditions. Experimental conditions 
were selected to evaluate aspects not previously analysed (Alonso et al. 2018, Missana et al. 2018a, 
Schatz et al. 2013, Schatz and Akhanoba 2016).

Amongst the main processes evaluated, the following aspects can be highlighted:

1. Clay expansion behaviour in smooth narrow fractures (with apertures lower than 1 mm), because 
previous erosion studies in artificial fractures were mainly carried out in 1 mm fracture apertures 
(Schatz et al. 2013, Schatz and Akhanoba 2016).

2. Sedimentation behaviour of different clays (Na-rich and Ca-rich bentonites) in smooth fractures 
with narrow apertures and rough fractures, since uncertainties still exist (Neretnieks et al. 2017).

3. Role of accessory minerals, naturally present in the clay, on erosion process. In previous erosion 
studies it was hypothesized that the accessory minerals may be clogging the thinner fracture 
apertures hindering erosion (Richards 2010, Richards and Neretnieks 2010).

4. Relevance of water chemistry at equilibrium on erosion process, which was concluded by the 
comparison of experiments carried out under dispersed conditions (Missana et al. 2018a) and 
under compacted and confined conditions, with a different set-up (Alonso et al. 2018).

Expansion, sedimentation, and erosion induced by water flow will be analysed both in smooth and 
rough fractures. An experimental set-up, already used formerly in EC-BELBAR project, was selected.

Experiments were mainly carried out accounting for experimental conditions considered favourable 
for erosion: Na-clay, 1.4 g·cm–3 compaction density and low ionic strength water (1 mM) (Albarran 
et al. 2014, Missana et al. 2003, 2011, Alonso et al. 2018).
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2 Objectives

The main objective of the erosion tests was to experimentally analyse bentonite expansion, sedimenta-
tion and erosion within well-defined artificial fractures under different experimental conditions. The 
pursued objectives can be divided within the following eight specific tasks.

Expansion

Task 1. To analyse the expansion rate of smectites using horizontal (0°) smooth fractures with 
different fixed apertures (< 1 mm) and considering different water chemical conditions 
(NaCl 10–3 M and concentration above critical coagulation concentration, CCC).

Task 2. To analyse expansion and erosion of other 2:1 clays (e.g. saponite) using horizontal (0°) 
smooth fractures with fixed apertures.

Task 3. To analyse the role of accessory minerals on expansion rate of smectites, using horizon-
tal (0°) smooth fractures with fixed apertures, by comparing the expansion behaviour of:

– Raw sodium-rich bentonite.
– Smectite without soluble salts.
– Smectite without accessory minerals and without soluble salts.

Sedimentation

Task 4. To evaluate the sedimentation behaviour of sodium-rich smectites in sloping (0° to 90°) 
smooth fractures with different fixed apertures, filled with NaCl 10–3 M.

Task 5. To evaluate the sedimentation behaviour of calcium-rich smectites in sloping (0° to 90°) 
smooth fractures with different fixed apertures, filled with NaCl 10–3 M.

Task 6. To study sedimentation behaviour in sloping (0° to 90°) fractures with different 
 roughness with:

– Raw bentonite.
– Sodium-rich smectite.
– Calcium-rich smectite.

Erosion promoted by flow

Task 7. To analyse bentonite erosion rates promoted by flow, with sodium-rich smectites, using 
horizontal (0°) smooth fractures, with different fixed apertures.

Task 8. To analyse bentonite erosion rates promoted by flow, with sodium-rich smectites, using 
horizontal (0°) rough fractures.

In all cases, flow conditions were applied after previous expansion in the fracture during 30 days 
under stagnant conditions (Task 1 or Task 2).
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3 Experimental set-up

Clay erosion experiments were carried out in a custom-designed artificial fracture. The basic outline 
of the experimental set-up is shown in Figure 3-1. The fracture surface can be either smooth or rough.

The fracture can be positioned at different angles, to carry out experiments with different slope 
(angle, Ɵ) and different tests can be carried out.

These artificial fractures were already successfully used within a former project devoted to bentonite 
erosion (Schatz et al. 2015). Equivalent set-up was used in previous erosion tests (Schatz et al. 2013, 
Schatz and Akhanoba 2016).

3.1 Smooth fractures
The smooth fracture was made up by two square flat plates of methacrylate (20 cm x 20 cm) with a 
central drilled cylinder where a compacted clay pellet (diameter 19 mm and 10 mm height) can be 
placed. The methacrylate plates can be conveniently separated, so that different fracture apertures were 
analysed: 0.1, 0.2, 0.4, 1 and 1.7 mm. The methacrylate sheets are sealed and the final fracture is a 
square, with a length of 17 cm.

The fracture can be positioned at different slopes (Ɵ). The slopes analysed were horizontal (0°), 
sloping (45°) and vertical (90°).

The initial aim was to analyse erosion processes within narrow fractures (apertures < 0.4 mm) which 
were not previously analysed. Some experiments were planned considering wider apertures (1 and 
1.7 mm) to facilitate the comparison with previous expansion tests performed by B+Tech (Schatz et al. 
2013, Schatz and Akhanoba 2016) which were mainly carried out within 1 mm apertures and also to 
approach the higher volumes of rough fractures (Table 3-1).

According to their dimensions, the fractures have different volume and the values are indicated in 
Table 3-1.

Figure 3‑1. a). Experimental set-up, b). Artificial fracture, c). Scheme of experimental tests: 1). Expansion 
2). Sedimentation and 3). Erosion by flow.

Fracture aperture (a) 

compacted clay

a) Artificial narrow fracture

water in-flow 

outlflow

b) Experimental set-up

ve: expansion rate vs: sedimentation rate ϕin: Flow, vϕ: eluted mass rate   

ve

1) Expansion

Slope (O)

c) Erosion tests
2) Sedimentation

vs

ve

3) Erosion by flow

ϕin vϕ

ve
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3.2 Rough fractures
Experiments within rough fractures were planned to elucidate wall friction effects on clay erosion. 
The rough fractures were made with square methacrylate plates (20 cm x 20 cm) with a well-defined 
roughness pattern (Figure 3-2). The fracture dimension was 17 cm x 17 cm, as well as in the smooth 
case. The pellet dimensions were the same in all experiments (diameter 19 mm and 10 mm height).

To account for different roughness experiments were conducted considering: a) two flat surfaces 
(smooth fracture); b) one rough surface (Roughness 1) and c) two rough surfaces (Roughness 2). 
Figure 3-3 shows a sketch of fracture sections with the different roughness analysed.

In rough fractures, the aperture is not homogenous and the comparison with different experiments may 
be done considering the fracture volumes (Table 3-1). The volume of fractures with Roughness 1 is 
equivalent to that of the smooth fracture with 1 mm aperture and that of fracture with Roughness 2 is 
equivalent to that of the smooth fracture with the widest aperture (1.7 mm).

Table 3-1. Fracture volumes (in mL and m3) according to fracture dimensions and characteristics.

Fracture aperture Fracture volume (mL) Fracture volume (m3)

0.1 mm 2.9 2.9 × 10–6

0.2 mm 5.8 5.8 × 10–6

0.4 mm 11.6 1.2 × 10–5

1.0 mm 28.9 2.9 × 10–5

1.7 mm 49.1 4.9 × 10–5

Roughness 1 30 3 × 10–5

Roughness 2 50 5 × 10–5

Figure 3‑2. Photography of a rough fracture, including a methacrylate plate with well-defined rough pattern 
(clay pellet dimeter is 19 mm).

Figure 3‑3. Schematic section of fractures with different roughness: a). Smooth, b). Roughness 1 (with one 
rough surface) and c). Roughness 2 (two rough surfaces).

a)
Smooth

b)
Roughness 1

c)
Roughness 2

z
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3.3 Clay materials
3.3.1 Raw clays
Most experiments were carried out with a commercial Na-exchanged montmorillonite (Nanocor®) 
from China. Some experiments were carried out with raw natural bentonites (Wyoming MX-80 and 
Ibeco) and with a natural Mg-saponite (MCA-C).

• Nanocor ® is a commercial Na-exchanged and purified montmorillonite from China with a 98 % 
smectite content, used as reference material in the recent EC-BELBAR project 
(http:/www.skb.e/belbar/).

• Wyoming MX‑80 is a Na-rich bentonite from Wyoming (USA) produced by Am. Coll. Co 
(Müller-Vonmoss and Kahr 1983) with high smectite content (89 %).

• Ibeco is a Ca–Mg bentonite (sample Ibeco RWC 16) from Milos island in Greece, mined by 
Silver & Baryte Mining Company S.A (Koch 2002, 2008) with 90 % smectite content.

• MCA‑C is a Mg saponite, from Cerro del Aguila, Spain (Cuevas et al. 1993, Pusch et al. 1996).

Clay samples were used as received and they were previously deeply characterised (Fernández et al. 
2017). Table 3-2 presents the mineralogical composition of selected clays determined by X-Ray 
diffraction (XRD) analyses (Fernández et al. 2017). Table 3-3 includes the main clay characteristics: 
smectite content (Sm. in wt %), Na+ and Ca2+ and Mg2+ content in exchange positions and initial clay 
water content (w.c. in %). Other structural features that allow smectite classification, such as clay 
mineral layer charge, charge distribution between tetrahedral and octahedral sheets, cation distribution 
within the octahedral sheet and inside the interlayer, can be found in Fernández et al. (2017). Obtained 
physico-chemical and mineralogical parameters measured were comparable to those reported in the 
literature, i.e. for MX-80 or Ibeco (Karnland 2010).

Selected clay minerals are 2:1 phyllosilicates of the smectite group. Smectite is a planar hydrous 
phyllosilicate, with a layered structure, where two tetrahedral (τ) sheets sandwich an octahedral (O) 
sheet (TOT structure type 2:1). Selected clays are di-octahedral smectites, except for the MCA-C 
saponite which is tri-octahedral.

Under experimental conditions analysed, where the solid to liquid ratio is high, the natural presence of 
soluble salts is relevant because their dissolution will establish a chemical equilibrium determinant for 
erosion process (Alonso et al. 2018).

Table 3-4 presents the anion inventory (Cl– and SO4
2– content in mmol·100 g–1 of clay), measured for 

studied clays (Fernández et al. 2017). According to the major anions measured, dissolution of halite 
(NaCl), gypsum (CaSO4·2H2O) and also calcite (CaCO3) is expected.

It should be noted that Nanocor® clay is a commercial purified bentonite which has high anion content 
in the salt inventory, especially of sulphates, probably coming from the industrial treatment used to 
homoionise the clay. But also, the salt inventory of MX-80 bentonite is higher than that of other 
smectites being studied in the frame of radioactive waste repositories (Alonso et al. 2018).

Table 3-2. Mineralogical composition of selected clays according to DRX analyses (Fernández 
et al. 2017).

Minerals/Clay MX-80 Ibeco MCA-C

Phyllosilicates (%) 89.0 91.1 85.0
Quartz (%) 5.1 0.4 4.0
K-feldspars (%) 2.0 0.1 3.0
Plagioclase (%) 2.0 0.6 7.0
Calcite 5.0 1.0
Pyrite 0.8
Dolomite 2.0
Cristobalite 1.9 0.0
Siderite 0.1
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Table 3-3. Main characteristics of selected clays: clay type, smectite content (wt %), Na+ and Ca2+ 
and Mg2+ content in exchange positions (Fernández et al. 2017) and initial water content (w.c. in %).

Clay Type T:O Smectite (wt %) Exch. Na+ (%) Exch. (Ca2+ + Mg2+) (%) w.c. (%)

Nanocor® 2:1 Na-smectite 98 93.45 2.51 10.57
MX-80 2:1 Na-smectite 89 68.32 26.27 9.39
Ibeco 2:1 Ca–Mg smectite 88 26.30 68.97 12.90
MCA-C 2:1 Mg-saponite 78 4.16 87.95 8.89

Table 3-4. Anion inventory measured in selected clays (Fernández et al. 2017).

Clay Cl– (mmol·100 g–1) SO4
2– (mmol·100 g–1)

Nanocor® 4.40 10.68
MX-80 1.36 3.26
Ibeco 1.82 1.35
MCA-C (saponite) 1.56 0.09

The dispersion and maximum colloid releases form powdered clays was analysed in Missana et al. 
(2018b). Their erosion behaviour was analysed with a different set-up, under compacted and confined 
conditions in Alonso et al. (2018).

3.3.2 Homoionic clays
Sodium and calcium homoionic fractions of Wyoming MX-80 were prepared in the laboratory (respec-
tively named Na-MX-80 and Ca-MX-80) following a standard procedure (Missana et al. 2008).

To exchange the clay, it was washed three times with the Na or Ca electrolyte (1 M NaClO4 or 
Ca(ClO4)2), that were selected considering that ClO4 is not present in the clay. Then, the clay was 
washed several times with deionised water (DW), and later with a mixture of DW and ethanol, until 
the electrical conductivity of the suspension was lower than 100 µS·cm–1.

Afterwards, the exchanged clays were dried in the oven (40 °C). The dry clay was powdered in an 
agate mortar and sieved (< 63 µm). In the homoionisation procedure the soluble salts are removed.

3.3.3 Salt-free MX-80
Salt-free MX-80 was obtained from raw MX-80 by successive washings and centrifugation steps with a 
mixture of deionised water and ethanol, until final conductivity was lower than 100 µS·cm–1. Once this 
conductivity was reached, the clay samples were air dried and homogenised by grinding and sieving 
(< 63 mm). The main physico-chemical and structural characteristics of the salt-free clay fraction were 
evaluated with the same procedure, later used for post-mortem analyses (Section 3.7.3).

3.3.4 Minerals&salt-free MX-80
Minerals&salt-free MX-80 clay fraction was obtained by sedimentation procedure. Both the largest 
accessory mineral particles (> 2 mm) and the soluble salts were removed. After that, the clay was air 
dried, homogenised by grinding and sieving (< 63 mm) and was characterised following the same 
procedure used for post-mortem analyses (Section 3.7.3).

3.4 Clay pellets preparation
Compacted clay pellets were prepared from powdered material at ambient conditions. Prior to compac-
tion, clay was pre-hydrated by adding the necessary water solution (the same used in each erosion 
test) to achieve complete clay saturation. After that, the hydrated clay was compacted at 1.4 g·cm–3 in 
cylindrical pellets with a diameter of 19 mm and 10 mm height.
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The same pellet dimensions were used in all experiments but clay masses slightly varied depending on 
clay initial water content (see Table 3-3). The clay surface exposed to hydration in the fracture depends 
on the fracture aperture (Table 3-1) and is determinant for erosion process (Alonso et al. 2018).

3.5 Water solutions
The reference water solution was NaCl of analytical grade (Merck). Main experiments were carried 
out at an ionic strength of 10–3 M, considered as favourable for erosion for its low ionic strength and 
absence of divalent cations. Some experiments were carried out at higher ionic strengths (10–2 and 
10–1 M) which are conditions that hinder erosion (Missana et al. 2011, Alonso et al. 2018) and restrict 
particle stability (Missana et al. 2018a).

The water volumes in each experiments depended on the fracture volume (Table 3-1). Relevant chemi-
cal parameters like pH, electric conductivity (E.C.), ionic strength and ion concentration, were meas-
ured at the beginning and at the end of each erosion experiment, as below described in Section 3.7.1.

As reference, the initial pH and electric conductivity of NaCl at different ionic strength is indicated 
in Table 3-5.

Table 3-5. Initial water solutions: pH and electric conductivity (E.C.).

Solution Initial pH Initial E.C. (µS·cm–1)

NaCl 10–3 M 6.5 100 ± 5 
NaCl 10–2 M 6.5 1 000 ± 50
NaCl 10–1 M 6.5 10 000 ± 500

3.6 Tests protocol
Three types of bentonite erosion tests were conducted in the artificial fractures.

1. Expansion test.
2. Sedimentation test.
3. Erosion by flow test.

The basic outline of each type of test is sketched in Figure 3-1. All experiments were conducted 
under atmospheric conditions and at room temperature. Each type of test is below described.

3.6.1 Expansion tests
Figure 3-4 presents a photograph of three expansion tests carried out in horizontal fractures.

In expansion tests, compacted clay at selected density and pre-hydrated with selected solution 
(Section 3.4), is placed at horizontal slope (0°). At the beginning of the test, the fracture is carefully 
filled with a syringe with selected water solution and the clay is allowed to freely expand/extrude 
within the fracture, under stagnant conditions.

During expansion, photographs were periodically taken for 30 days (Figure 3-5), with and without a 
graded transparent sheet to facilitate the measurements of expansion distances.

In the photos, the radial expansion was measured, from the clay pellet surface, along four radial 
directions (rA, rB, rC and rD) as sketched in Figure 3-5c. 

When the radial increase was homogenous, the value provided as expansion distance (in cm) is the 
average value of these four measured radial lengths.
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In those cases where sedimentation was observed along some fracture direction, the average expansion 
distance is calculated excluding the direction where clay deposition was detected.

At the end of the experiment, the clay fraction extruded in the fracture and the equilibrium water were 
sampled and analysed, as below described in Section 3.7 (post-mortem analyses).

In expansion tests, the following variables were analysed:

Fracture aperture effect on clay expansion
Expansion test were carried out in horizontal fractures (slope 0°) with different apertures (0.1, 0.2, 
0.4 1 mm and 1.7 mm). 

Water ionic strength effect on clay expansion
Expansion tests were carried out with Nanocor® and MX-80 clays, as prior step to erosion by flow 
tests. Additional expansion tests were carried out with Nanocor® clay, with NaCl at different ionic 
strengths (10–3, 10–2 and 10–1 M).

Clay type effect on clay expansion
Expansion behaviour of Ibeco bentonite and MCA-C saponite was compared to that of Na-rich 
bentonites (MX-80 and Nanocor®).

Figure 3‑4. Example of expansion tests carried out in artificial smooth fractures placed at horizontal slope.
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Role of accessory minerals and soluble salts on clay expansion
The role of accessory minerals and of the chemical equilibrium imposed by the dissolution of soluble 
salts naturally present in bentonites on erosion was analysed. 

To do so, we compared the expansion behaviour of:

1. Raw MX-80: natural bentonite with high smectite content.
2. Salt-free MX-80: washed MX-80 bentonite without soluble minerals.
3. Minerals&salt-free MX-80: purified MX-80 bentonite where both the accessory minerals and the 

soluble salts were removed.

These experiments were all carried in smooth fractures with 0.2 mm aperture, placed at horizontal 
slope (0°) and with NaCl 10–3 M.

The experiments were done in triplicate (Tests 50, 51 and 55, A, B and C, in Table 4-2) to have 
sufficient clay mass to carry out complete post-mortem mineralogical and compositional analyses 
(described in Section 3.7.3).

3.6.2 Sedimentation tests
In sedimentation tests, compacted clay at selected density, previously hydrated, is placed in the centre 
of the fracture. The fracture apertures analysed were 0.1, 0.2, 0.4 and 1 mm.

With an appropriate support, the fracture can be placed as well at different slopes (Ɵ): horizontal (0°), 
sloping (45°) and vertical (90°).

Figure 3-6 shows two photographs of sedimentation tests carried out in vertical (90°) and sloping 
(45°) fractures.

Figure 3‑5. Example of periodical photographs taken to erosion tests, with and without a graduated sheet 
of mm scale at: (a–b) beginning of test; (c–d) end of test. Four radial distances from the pellet surface were 
measured (rA, rB, rC, rD) to determine the average expansion distance, as shown in (c).

a) b)

c) d)

rA

rB

rC

rD
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To carry out the sedimentation test, the fracture is filled with selected water solution (NaCl 10–3 M) and 
the clay is allowed to freely expand within the fracture – and to sediment – under stagnant conditions.

Again, the tests lasted 30 days and photographs were continuously taken (at least 6 photos/day during 
first expansion period).

At the end of the experiment, the clay fraction extruded in the fracture – or deposited – was sampled, 
and the equilibrium water was analysed, as below described in Section 3.7.

3.6.3 Erosion by flow tests
The aim of erosion by flow tests was to evaluate if a low water flow promotes the mobilisation of the 
clay particles which had previously extruded in the fracture. To do so, water flow conditions were 
always applied after the expansion period of 30 days. This is a very important feature to be considered 
when comparing to other erosion studies (Schatz and Akhanoba 2016) where the flow conditions were 
applied from the beginning and there was no previous period of free-expansion in the fracture.

A test protocol equivalent to that of the benchmark test carried out within the EC-BELBAR project 
(Schatz et al. 2015) was followed.

Flow experiments were all carried out in horizontal fractures (slope 0°) with commercial Nanocor® 
and with raw MX-80 clay. Flow experiments were carried out in rough and smooth fractures with 
different fracture apertures (0.1, 0.2 and 0.4 mm).

Once expansion test was finished, water flow was provided to the fracture by a peristaltic pump 
at selected flow rate (ϕin), as can be seen in the set-up image (Figure 3-1). At the output, a fraction 
collector is placed to sample eluted water at selected times and volumes. Eluted volumes were fixed 
for all experiments to around 2 mL/day, and flow velocities (ϕin) ranged between 10–7 to 10–6 m·s–1, 
depending on the fracture aperture.

Eluted water samples were analysed by Photon Correlation Spectrometry (PCS) to determine both 
the eluted mass and the average particle size.

Photon Correlation spectrometry (PCS) analyses
Photon Correlation Spectrometry (PCS) technique (Holthoff et al. 1996) was selected to evaluate the 
concentration of eroded particles in water and their average hydrodynamic diameter.

PCS measurements were carried out with a Zetasizer NanoS Malvern equipment with a He–Ne laser 
source of λ = 633 nm and detection at 173°, at particle concentrations higher than 0.5 mg·L–1.

Figure 3‑6. Photographs of sedimentation tests carried out at: (left) 90° slope and (right) 45° slope.
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In PCS analyses, particle concentration can be determined with appropriate calibration curves (Ledin 
et al. 1993), obtained with laboratory prepared colloids of the same clay and under the same chemical 
conditions (Missana et al. 2011).

To obtain the colloidal fraction, for calibration purposes, bentonites are dispersed in NaCl 10–3 M and 
afterwards centrifuged (at 600 g during 20 minutes) to extract the colloidal fraction (particles with 
diameters < 1 µm). The colloid concentration was determined by gravimetric measurements.

Figure 3-7 presents an example of calibration curve (PCS counts vs particle concentration, in mg·L–1) 
carried out with laboratory-prepared Nanocor colloids, suspended in NaCl 10–3 M.

PCS analyses additionally provided measurement of average particle diameter, a very relevant para-
meter to predict stability and migration behaviour of eroded particles. The average hydrodynamic 
diameter of particles from 2 nm to 3 mm can be determined. The errors of size measurements are 
obtained by the standard deviation of at least five measurements.

Figure 3‑7. Example of calibration curve, PCS counts vs particle concentration, carried out with laboratory 
prepared Nanocor® colloids in NaCl 10–3 M.

0 20 40 60 80 100

0

500

1 000

1 500

2 000

2 500

3 000

3 500

4 000

PC
S 

co
un

ts

Concentration (mg·L-1) 



20 SKB TR-19-08

3.7 Post-mortem analyses
Post-mortem analyses were always carried out after 30 days, at the end of expansion and sedimentation 
tests. In the erosion by flow experiments, post-mortem analyses were not carried out after the expan-
sion period, but after the flow experiment (i.e. after 60 days).

Both the equilibrium water and the clay fraction eroded in the fracture were sampled and analysed.

3.7.1 Water chemistry in the fracture at equilibrium
At the end of the experiments, the water inside the fractures was carefully sampled with a syringe, 
prior to dismantling the artificial fracture, through the same tube used to initially fill-in the fracture 
(Figure 3-1a).

The water was weighed to verify that the final volume was in agreement to the experimental condi-
tions of the test (fracture aperture, roughness, etc in Table 3-1) and also to verify that there was no 
water leak during the experiment.

In all experiments, the initial electrolyte is NaCl, but soluble salts present in clays (Table 3-4) and 
cation exchange reactions, provide characteristic equilibrium conditions for each material. The pH 
and electric conductivities (E.C.) of equilibrium water was checked at the end of all experiments. To 
facilitate comparison, the initial pH and E.C. of initial NaCl electrolytes are indicated in Table 3-5.

In some experiments complete chemical analyses were carried out on the final waters, to analyse 
chemical changes (major and trace elements) promoted by the presence of bentonite.

Major and trace cations were analysed by Inductively Coupled Plasma Atomic Emission Spectro-
meter (Varian 735ES, AA240 FS). Sodium and potassium were determined by Atomic Absorption 
Spectrometry using a Agilent AA 240 FS spectrometer. Anions were analysed by ion chromato-
graphy (DIONEX ICS-2000).

The mass and size of released particles present in the liquid phase (in mg) were analysed by PCS, as 
above described for the analyses of water eluted samples, in Section 3.6.3.

Geochemical calculations were carried out considering the clays salt inventories, with the Geochemist’s 
Workbench® (v. 8.0) code.

3.7.2 Eroded mass
Post-mortem analyses were carried out to analyse the clay expanded in the fracture, as shown in 
Figure 3-8 and Figure 3-9.

At the end of each experiment, the water in the fracture was removed with care with a syringe for 
further analyses. Afterwards the fracture was dismantled and the methacrylate sheets that made up the 
artificial fracture were separated and dried at 60°C in an oven, to facilitate clay sampling.

Once dried, both the (final) clay pellet and the clay fraction expanded in the fracture (expanded clay) 
were sampled and weighed.

Eroded mass is reported as the difference in weigh between the final and initial pellets (in g, and in %, 
in relation to the initial mass installed). This measurement has the lowest associated error. However, 
the eroded mass includes up to four different fractions, depending on the test, which are separately 
evaluated:

1. Expanded clay in the fracture (all tests) is directly sampled from the pellet surface and weighed, 
after drying the methacrylate sheets. Measured quantities were not specifically indicated in the 
results, because due to the low masses that are sometimes sampled, they have big uncertainties.

2. Suspended clay in the water phase (all tests), which is determined by PCS analyses, carried out in 
the water extracted in the fracture.

3. Deposited clay at the bottom of the fracture (only in sedimentation tests in sloped fractures). This 
fraction is difficult to sample and errors are high.

4. Eluted fraction (only in erosion by flow tests), which is determined by PCS analyses on each sample 
(Section 3.6.3).
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It has to be noted that eroded masses should be taken with care, and the values cannot be directly 
extra polated. The calculated percentages depend on the installed mass, which is around 4 grams 
under experimental conditions. But actually, previous studies indicated that it is the clay area exposed 
to hydration which determines the extrusion, and not the total mass installed. This means that if 
compaction density and the area exposed were the same, equivalent expansion would be measured 
with different clay amounts.

In some tests, specifically in those experiments devoted to analyse the role of accessory minerals and 
soluble salts on erosion, the expanded clay was sampled in different rings, radially from the pellet 
surface, as indicated in Figure 3-9. The sampled rings cover the following distances from the pellet 
surface of (I) 0–0.5 cm, (II) 0.5–1.5 cm, (III) 1.5–2.5 cm and (IV) < 2.5 cm. The clay sampled in each 
region is weighed and separately analysed.

Figure 3‑8. Photographs of post-mortem procedure. The final pellet mass and the expanded clay are 
separated for weighing. The water in the fracture is sampled with a syringe for further chemical analyses 
and to evaluate the mass of suspended particles (by PCS analyses).

Figure 3‑9. Scheme of post-mortem radial sampling of expanded clay in the fracture. This detailed sampling 
was only carried out on tests devoted to analyse the role of accessory minerals (in the picture Test 51C). 
Pellet diameter is 1.9 cm.
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3.7.3 Mineralogical and physico-chemical characterisation of expanded clay
In-depth characterisation of expanded clay fraction was carried out on selected experiments, mainly 
devoted to analyse the role of accessory minerals and soluble salts, naturally present in the clay, on ero-
sion processes. The following analyses were carried, to identify changes in mineralogy or differences 
in the smectite structure.

X-Ray diffraction (XRD)
XRD patterns were obtained from dry powders to identify the mineralogical species present in the 
samples. The powders were obtained by grinding the samples in a RETSCH RM 100 agate mortar to 
a size of less than 63 µm.

XRD analyses were carried out with a Philips X’Pert - PRO MPD diffractometer, equipped with a 
Cu–Ka anode at 45 kV and 40 mA, with a fixed divergence slit (0.1245° size) Scientific X´celerator 
detector. Measurements were carried out from 2° to 70° 2θ, with a step size 0.017° 2θ, and a scan rate 
of 50 s per step. The XRD database used for mineral identification was the Power Diffraction File from 
the International Center for Diffraction Data (ICDD).

Fourier Transform Infrared (FTIR) spectroscopy
FTIR spectroscopy was applied to complement XRD mineralogical analyses. FTIR spectra were 
obtained in the middle-IR region (4 000–400 cm–1) with a Nicolet 6700 with a DTGS KBr detector 
(resolution 4 cm–1, 32 scans) on KBr-pressed discs in transmission technique, in an atmosphere 
continuously purged from water and atmospheric CO2.

Powdered air-dried clay samples (2 mg) were dispersed in 200 mg of KBr and pressed to a clear disc. 
The pressed samples were analysed at room temperature, after heating in an oven overnight at 110 °C. 
The spectra were examined in the OH stretching region (3 400–3 800 cm–1) and the region below 
1 200 cm–1, where intense Si–O absorptions and OH bending bands are present.

Thermal Analysis (TG/DSC)
Simultaneous Thermogravimetry and Differential Scanning Calorimetry (TG/DSC) analyses were 
performed with a Setaram Setsys Evolution 16 equipment at a heating rate of 10 °C·min–1 and 
under a dynamic argon atmosphere (20 mL·min–1) at temperatures between 20 °C and 1 100 °C 
(Mackenzie 1957).

Total cation Exchange Capacity (CEC) 
Cation exchange capacity (CEC) of clay samples was determined with copper triethylenetetramine 
(Cu-Trien or [Cu(trien)]2+ solution following the method described in (Ammann et al. 2005).

Clay samples (200 mg) were placed in 60 mL centrifuge tubes with 25 mL of deionized water and 
dispersed by ultrasonic treatment for 5 min. Then, 10 mL of 0.01 M [Cu(trien)]2+ were added and 
allowed to react by end-over-end shaking for 1 hour. After this procedure, a complete exchange of the 
[Cu(trien)]2+ complex with the exchangeable cations is guaranteed. Afterwards, the suspensions were 
centrifuged (15 500 rpm for 20 min) to separate the solid and liquid phase.

The supernatant (3 mL) was sampled and filtered through 0.45 µm pore size syringe filter and trans-
ferred to glass cuvettes to measure their concentration. The [Cu(trien)]2+ concentration was evaluated 
through the measurement of their absorbance by using a UV-VIS spectrophotometer (Lambda EZ 210, 
Perkin Elmer) at 578 nm wavelength. The analyses were performed in duplicate and concentrations 
were determined with calibration curves carried out with known [Cu(trien)]2+ concentrations. The 
standard deviation of the measurement is ± 2 meq·100 g–1.



SKB TR-19-08 23

Cation Exchange Population 
Cation exchange population was determined by using Cs as index cation (Sawhney 1970). Cs acts as a 
high selective cation to displace all exchangeable cations from the clay minerals if its concentration is 
sufficiently high. Solid samples were equilibrated inside a JACOMEX glove box (< 1 ppm O2) at 1:4 
solid to liquid ratio (0.25 kg·L–1) with 0.5 M CsNO3 at pH 8.2. After phase separation by centrifugation 
(outside the glove box), the supernatant solutions were filtered through 0.45 µm pore size syringe filter 
(inside the anoxic glove box), and the concentration of the major cations was analysed. Sodium and 
calcium results were corrected considering their natural content as soluble salts.

Granulometry analyses 
Granulometry analyses were performed to analyse the particle size distribution in the solid fraction. 
About 1–2 grams of sample were mixed with in water and the wet slurry was well dispersed in an 
ultrasonic bath prior to analysis. A Microtrac X100 equipment, which use scattered light from a laser 
beam, was used. An optical detector measures size distribution of particles in the range between 0.021 
to 704 µm.
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4 List of tests and experimental conditions

Table 4-1 lists erosion tests carried out and experimental conditions. In the test reference, #A denotes 
one single test, and #B or #C notation refers to replica tests.

The corresponding task, according to the objectives described in Section 2 is indicated, as well as 
the  ype of test, bentonite, fracture conditions (smooth, Roughness 1 or Roughness 2), slope and 
fracture aperture.

In the rough fractures, the fracture aperture is averaged to that of an equivalent smooth fracture with 
the same fracture volume (V). The initial water solution was in all experiments NaCl and the ionic 
strength (in M) is indicated. 

The last column indicates if water flow is applied and, in case, the water velocity.

Table 4-1. (Part I of II) Erosion tests and experimental conditions analysed.

Test reference Task Type of test Bentonite 
(1.4 g·cm–3)

Fracture Aperture 
(mm)

Fracture 
Slope

NaCl 
I (M)

Water velocity 
(m·s–1)

Test 1A #T4 Sedimentation Nanocor® smooth 0.2 0° 10–3 no
Test 2A #T4 Sedimentation Nanocor® smooth 0.2 45° 10–3 no
Test 3A #T4 Sedimentation Nanocor® smooth 0.2 90° 10–3 no

Test 4A; 4B #T1 Expansion Nanocor® smooth 0.1 0° 10–3 no
 5A; 5B #T7 Flow Nanocor® smooth 0.1 0° 10–3 10–6 

Test 6A; 6B #T1 Expansion Nanocor® smooth 0.2 0° 10–3 no
 7A; 7B #T7 Flow Nanocor® smooth 0.2 0° 10–3 10–6 

Test 8A; 8B #T1 Expansion Nanocor® smooth 0.4 0° 10–3 no
 9A; 9B #T7 Flow Nanocor® smooth 0.4 0° 10–3 10–6

Test 10A #T1 Expansion MX-80 smooth 0.1 0° 10–3 no
 11A #T7 Flow MX-80 smooth 0.1 0° 10–3 10–6

Test 12A #T1 Expansion MX-80 smooth 0.2 0° 10–3 no
 13A #T7 Flow MX-80 smooth 0.2 0° 10–3 10–6

Test 14A #T1 Expansion MX-80 smooth 0.4 0° 10–3 no
 15A #T7 Flow MX-80 smooth 0.4 0° 10–3 10–6 

Test 16A #T4 Sedimentation MX-80 smooth 0.2 0° 10–3 no
Test 17A #T4 Sedimentation MX-80 smooth 0.2 45° 10–3 no
Test 18A #T4 Sedimentation MX-80 smooth 0.2 90° 10–3 no

Test 19A #T1 Expansion Nanocor® smooth 0.2 0° 10–2 no
Test 20A #T1 Expansion Nanocor® smooth 0.2 0° 10–1 no

Test 21A #T2 Expansion MCA-C clay smooth 0.2 0° 10–3 no
Test 22A #T2 Expansion Ibeco clay smooth 0.2 0° 10–3 no

Test 23A #T5 Sedimentation Ca-MX-80 smooth 0.1 90° 10–3 no
Test 24A #T5 Sedimentation Ca-MX-80 smooth 0.2 90° 10–3 no
Test 25A #T5 Sedimentation Ca-MX-80 smooth 0.4 90° 10–3 no

Test 26A #T4 Sedimentation Nanocor® smooth 0.2 45° 10–2 no
Test 27A #T4 Sedimentation Nanocor® smooth 0.2 45° 10–1 no
Test 28A #T4 Sedimentation Nanocor® smooth 0.2 45° 10–3 no



26 SKB TR-19-08

Table 4-2. (Part II of II) Erosion tests and experimental conditions analysed. *The aperture 
indicated for rough fractures is calculated considering an equivalent smooth fracture with the 
same volume (V).

Test reference Task Type of test Bentonite 
(1.4 g·cm–3)

Fracture Aperture* 
(mm)

Fracture 
Slope

NaCl 
I (M)

Water velocity 
(m·s–1)

Test 29A #T1 Expansion Nanocor® smooth 0.1 0° 10–3 no
 30A #T7 Flow Nanocor® smooth 0.1 0° 10–3 10–6 

Test 31A #T6 Expansion Nanocor® Roughness 1 V (1 mm) 0° 10–3 no
 32A #T8 Flow Nanocor® Roughness 1 V (1 mm) 0° 10–3 10–6 

Test 33A #T6 Expansion Nanocor® Roughness 2 V (1.7 mm) 0° 10–3 no
 34A #T8 Flow Nanocor® Roughness 2 V (1.7 mm) 0° 10–3 10–6 

Test 35A #T1 Expansion MX-80 smooth 0.2 0° 10–3 no
 36A #T7 Flow MX-80 smooth 0.2 0° 10–3 10–6 

Test 37A #T6 Expansion MX-80 Roughness 1 V (1 mm) 0° 10–3 no
 38A #T1 Flow MX-80 Roughness 1 V (1 mm) 0° 10–3 10–6

Test 39A #T6 Expansion MX-80 Roughness 2 V (1.7 mm) 0° 10–3 no
 40A #T8 Flow MX-80 Roughness 2 V (1.7 mm) 0° 10–3 10–6

Test 41A #T6 Sedimentation MX-80 Roughness 1 V (1 mm) 0° 10–3 no
Test 42A #T6 Sedimentation MX-80 Roughness 1 V (1 mm) 45° 10–3 no
Test 43A #T6 Sedimentation MX-80 Roughness 1 V (1 mm) 90° 10–3 no

Test 44A #T6 Sedimentation Na-MX-80 Roughness 1 V (1 mm) 0° 10–3 no
Test 45A #T6 Sedimentation Na-MX-80 Roughness 1 V (1 mm) 45° 10–3 no
Test 46A #T6 Sedimentation Na-MX-80 Roughness 1 V (1 mm) 90° 10–3 no

Test 47A #T6 Sedimentation Ca-MX-80 Roughness 1 V (1 mm) 0° 10–3 no
Test 48A #T6 Sedimentation Ca-MX-80 Roughness 1 V (1 mm) 45° 10–3 no
Test 49A #T6 Sedimentation Ca-MX-80 Roughness 1 V (1 mm) 90° 10–3 no

Test 50A, B, C #T3 Expansion MX-80 smooth 0.2 0° 10–3 no
Test 51 A, B, C #T3 Expansion Minerals&salt-

free MX-80
smooth 0.2 0° 10–3 no

Test 52A #T4 Sedimentation Nanocor® smooth 1 0° 10–3 no
Test 53A #T4 Sedimentation Nanocor® smooth 1 45° 10–3 no
Test 54A #T4 Sedimentation Nanocor® smooth 1 90° 10–3 no

Test 55A, B, C #T3 Expansion Salt-free MX-80 smooth 0.2 0° 10–3 no

Test 56A #T1 Expansion Nanocor® smooth 1.7 0° 10–3 no
Test 57A #T1 Expansion MX-80 smooth 1.7 0° 10–3 no
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5 Results

Periodical photographs were taken to all expansion and sedimentation tests, at different times (in days, 
d) which allow following the evolution of clay expansion in the fractures from initial conditions (0 d) 
and up to 30 days (30 d).

Appendix 1 presents selected photographs for each erosion tests carried out, tests are ordered by 
number, as in Table 4-1. The number in the left upper side of the picture is the photograph number, 
to facilitate identification, if required. Additional photographs were taken at intermediate times.

On these periodical photographs it was clearly appreciated that, in all conditions analysed, clay 
extruded in the fractures. As sketched in Figure 3-5, extruded distances were measured in four axial 
directions, from the pellet surface, as a function of time. When homogenous radial extrusion was 
identified, the distances in the fracture are presented as the average value of the four radial lengths 
measured on perpendicular axis.

In erosion tests carried out under flow conditions, there was an initial expansion period during 30 days, 
which was analysed as an individual expansion test. However, post-mortem analyses, and therefore 
eroded mass evaluation was carried out at the end of the flow period (after 60 days).

Main results are below described and compared. From here after, results are presented grouped by type 
of test, expansion, sedimentation or erosion by flow and by the main variable analysed: aperture, slope, 
clay type, ionic strength or roughness. All results are separately discussed in Section 6.

Table 5-1 presents the initial clay masses, weighed and dry, the clay water content (w.c. in %) and 
the final pellet dry mass. As mentioned, the eroded mass was determined by the difference in weigh 
between the final and the initial clay pellet masses. In most of experiments this eroded mass only cor-
responds to the clay mass extruded in the fracture. However, in sedimentation and flow experiments, 
deposited and/or eluted fractions are also included in the total eroded mass. When measured, the 
deposited and eluted mass fractions were separately indicated in the table.

In most of the cases, reported masses are the result of a single test. Therefore, measurement errors 
basically depend on the sampling procedure and on the availability of more or less clay amount. When 
sufficient clay amounts were sampled, the associated errors are generally lower than 5 % but, when the 
amount to be sampled is small (tens of mg) the uncertainties are greater.

As mentioned in the experimental section, the remaining water in the fracture was sampled at the 
end of the experiments, and the measured chemical conditions (pH and conductivity) are listed in 
Table 5-3 and Table 5-4. It is noteworthy that, in all cases, measured conductivities were higher than 
that of the initial water, what suggests that erosion behaviour will be highly influenced by the clay/
water interactions establishing the final chemical conditions. Complete chemical analyses were 
carried out in selected tests.
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Table 5-1. (Part I of II) Mass results in erosion tests: Initial and final pellet masses, clay water content (w.c. in %), eroded mass (g and %), deposited and 
eluted masses.

Tests reference Pellet initial weighed mass 
(g)

w.c. 
(%)

Pellet initial dry mass 
(g)

Pellet final dry mass 
(g)

Eroded 
(g)

Deposited mass 
(g)

Eluted mass 
(g)

Eroded 
(%)

Test 1A 4.43 10.57 3.9617 3.2480 0.7137 0 - 18.0
Test 2A 4.43 10.57 3.9617 3.0548 0.9069 0 - 22.9
Test 3A 4.43 10.57 3.9617 3.3909 0.5708 0 - 14.4

Test 4A, 4B 4.43 10.57 3.9617 0
 5A, 5B 3.6238 0.3379 0 6.2 × 10–4 8.5

Test 6A, 6B 4.43 10.57 3.9617 0
 7A, 7B 3.2480 0.7137 0 6.0 × 10–3 18.0

Test 8A, 8B 4.43 10.57 3.9617 0
 9A, 9B 3.0310 0.9307 0 9.9 × 10–3 23.5

Test 10A 4.39 9.39 3.9778 0
 11A 3.9573 0.0205 0 2.0 × 10–4 0.5

Test 12A 4.39 9.39 3.9778 0
 13A 3.9116 0.0662 0 5.0 × 10–4 1.7

Test 14A 4.39 9.39 3.9778 0
 15A 3.8078 0.1700 0 5.0 × 10–3 4.3

Test 16A 4.39 9.39 3.9778 3.9116 0.0662 0 - 1.7
Test 17A 4.39 9.39 3.9778 3.8936 0.0842 0 - 2.1
Test 18A 4.39 9.39 3.9778 3.9000 0.0778 0 - 2.0

Test 19A 4.43 10.57 3.9617 3.5678 0.3939 0 - 9.9
Test 20A 4.43 10.57 3.9617 3.6929 0.2688 0 - 6.8

Test 21A 4.37 8.89 3.9815 3.7008 0.2807 0 - 7.1
Test 22A 4.53 12.90 3.9456 3.9185 0.0271 0 - 0.7

Test 23A 4.5 12.15 3.9533 3.7454 0.2079 0 - 5.3
Test 24A 4.5 12.15 3.9533 3.6463 0.3070 0 - 7.8

Test 25A 4.5 12.15 3.9533 3.7150 0.2383 0 - 6.0
Test 26A 4.43 10.57 3.9617 3.5453 0.4164 0 - 10.5
Test 27A 4.43 10.57 3.9617 3.6364 0.3253 0 - 8.2



SKB TR
-19-08 

29

Table 5-2. (Part II of II) Mass results in erosion tests: Initial and final pellet masses, clay water content (w.c. in %), eroded mass (g and %), deposited mass and 
eluted masses.

Tests reference Pellet initial weighed mass 
(g)

w.c. 
(%)

Pellet initial dry mass 
(g)

Pellet final dry mass 
(g)

Eroded 
(g)

Deposited mass 
(g)

Eluted mass 
(g)

Eroded 
(%)

Test 29A 4.43 10.57 3.9617   0   
 30A    3.3199 0.6418 0 6.2 × 10–4 16.2

Test 31A 4.43 10.57 3.9617   0   
 32A    2.7108 1.2509 0 4.5 × 10–4 31.6

Test 33A 4.43 10.57 3.9617   0   
 34A    2.9910 0.9707 0 1.5 × 10–3 24.5

Test 35A 4.39 9.39 3.9778   0   
 36A    3.8620 0.1138 0 1.3 × 10–4 2.9

Test 37A 4.39 9.39 3.9778   0   
 38A    3.2849 0.6929 0 1.18 × 10–3 17.4

Test 39A 4.39 9.39 3.9778   0   
 40A 4.39 9.39 3.9778 3.5716 0.4062 0 3.8 × 10–4 10.2

Test 41A 4.39 9.39 3.9778 3.5205 0.4573 0  11.5
Test 42A 4.39 9.39 3.9778 3.4601 0.5177 0.2715  13.0
Test 43A 4.39 9.39 3.9778 3.2801 0.6977 0.0570  17.5

Test 44A 4.17 3.95 4.0053 2.4861 1.5192 0  37.9
Test 45A 4.17 3.95 4.0053 2.4673 1.5380 0.1255  38.4
Test 46A 4.17 3.95 4.0053 2.3551 1.6502 0.1369  41.2

Test 47A 4.5 11.95 3.9623 3.9558 0.0065 0  0.2
Test 48A 4.5 11.95 3.9623 3.8120 0.1503 0  3.8
Test 49A 4.5 11.95 3.9623 3.8204 0.1419 0  3.6

Test 50A, B, C 4.39 9.39 3.9778 3.9067 0.0711 0  1.8
Test 51A, B, C 4.39 9.39 3.9588 3.3205 0.6383 0  16.1

Test 52A 4.43 10.57 3.9617 2.8343 1.1274 0  28.5
Test 53A 4.43 10.57 3.9617 2.5429 1.4188 0.1350  35.8
Test 54A 4.43 10.57 3.9617 2.3611 1.6006 0.2780  40.4

Test 55A, B, C 4.4717 11.47 3.9645 3.6663 0.2982 0  7.5

Test 56A 4.43 10.57 3.9617 2.2983 1.1274 0  42.0
Test 57A 4.39 9.39 3.9778 2.5429 1.4188 0  35.8
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Table 5-3. (Part I of II) Final pH and electrical conductivity (E.C. in µS·cm–1) of equilibrium water 
at the end of experiments. n.d. no data.

Tests reference Clay Fracture aperture (mm) pH E.C. (µS·cm–1)

Test 1A Nanocor® 0.2 7.93 4 150
Test 2A Nanocor® 0.2 8.03 4 570
Test 3A Nanocor® 0.2 n.d n.d
Tests 4A and 5A Nanocor® 0.1 8.55 6 260
Tests 6B and 7B Nanocor® 0.2 n.d n.d
Tests 8B and 9B Nanocor® 0.4 7.16 1 315
Tests 10A and 11A MX-80 0.1 7.21 542
Tests 12A and 13A MX-80 0.2 7.04 218
Tests 14A and 15A MX-80 0.4 6.85 230
Test 16A MX-80 0.2 8.29 2 360
Test 17A MX-80 0.2 8.36 2 230
Test 18A MX-80 0.2 7.96 2 600
Test 19A Nanocor® 0.2 7.37 2 230
Test 20A Nanocor® 0.2 7.60 18 730
Test 21A MCA-C 0.2 8.00 496
Test 22A Ibeco 0.2 7.57 1 692
Test 23A Ca-MX-80 0.1 7.70 391
Test 24A Ca-MX-80 0.2 7.52 370
Test 25A Ca-MX-80 0.4 7.60 420
Test 26A Nanocor® 0.2 7.81 5 770
Test 27A Nanocor® 0.2 7.88 15 520
Test 28A Nanocor® 0.2 8.03 4 570

Table 5-4. (Part II of II) Final pH and electrical conductivity (E.C., in µS·cm–1) of equilibrium water 
at the end of experiments. *The aperture indicated for rough fractures is that of an equivalent 
smooth fracture with the same volume (V). n.d. no data.

Reference Clay Fracture aperture* pH E.C. (µS·cm–1)

Tests 29A and 30A Nanocor® 0.4 mm 7.23 1 425
Tests 31A and 32A Nanocor® Rough 1 // 1 mm 8.13 1 280
Tests 33A and 34A Nanocor® Rough 2 // 1.7 mm n.d n.d
Tests 35A and 36A MX-80 0.4 mm 7.47 415
Tests 37A and 38A MX-80 Rough 1 // 1 mm 8.53 598
Tests 39A and 40A MX-80 Rough 2 // 1.7 mm n.d n.d
Test 41A MX-80 Rough 1 // 1 mm 8.12 1 317
Test 42A MX-80 Rough 1 // 1 mm 7.82 1 477
Test 43A MX-80 Rough 1 // 1 mm 8.00 1 570
Test 44A Na-MX-80 Rough 1 // 1 mm 8.08 603
Test 45A Na-MX-80 Rough 1 // 1 mm 7.76 742
Test 46A Na-MX-80 Rough 1 // 1 mm 8.01 658
Test 47A Ca-MX-80 Rough 1 // 1 mm 7.17 387
Test 48A Ca-MX-80 Rough 1 // 1 mm 7.72 373
Test 49A Ca-MX-80 Rough 1 // 1 mm 8.02 309
Test 50A MX-80 0.2 mm 8.24 2 005
Test 50B MX-80 0.2 mm 8.21 2 045
Test 50C MX-80 0.2 mm 8.25 2 220
Test 51A Minerals&salt-free MX-80 0.2 mm 8.06 531
Test 51B Minerals&salt-free MX-80 0.2 mm 8.11 518
Test 51C Minerals&salt-free MX-80 0.2 mm 8.02 495
Test 52A Nanocor® 1 mm 7.67 3 170
Test 53A Nanocor® 1 mm 7.72 3 170
Test 54A Nanocor® 1 mm 7.50 3 040
Test 55A Salt-free MX-80 0.2 mm 7.80 592
Test 55B Salt-free MX-80 0.2 mm 7.60 557
Test 55C Salt-free MX-80 0.2 mm 7.80 568
Test 56A Nanocor® 1.7 mm 7.60 2 960
Test 57A MX-80 1.7 mm 7.79 1 430
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5.1 Expansion tests in smooth fractures at horizontal slope
5.1.1 Fracture aperture effect
The effect of fracture aperture on bentonite expansion was initially carried out in smooth narrow 
fractures placed at horizontal slope (0°) with different apertures considered as narrow: 0.1 mm, 
0.2 mm and 0.4 mm. The expansion behaviour of Nanocor® (Tests 4B, 6B and 8A in Table 4-1) 
and MX-80 bentonite (Tests 10A, 12A and 14A) was compared.

Expansion experiments within wider fractures (1 mm and 1.7 mm) were also carried out in smooth 
fractures (Tests 52A, 55A and 56A) to reach comparable fracture volumes of those tests performed 
in rough fractures.

As can be seen in Appendix 1 (4B, 6B and 8A, pages 86–89; 10A, 12A and 14A, pages 91–93, 52A 
page 128, 55A page 131 and 57A page 135), in all cases, clay expansion in the fracture started once the 
fracture was filled with NaCl and the clay gradually extruded in the fracture. Experiments carried with 
Nanocor® clay exhibited an extrusion pattern fairly homogenous, with a radial geometry. However, in 
the case of MX-80 clay, extruded clay showed some fingering, most probably due to the fact the clay 
is coarser.

Figure 5-1 presents the average expansion distances, measured form the pellet surface, travelled by 
Nanocor® within smooth fractures, of different aperture. Figure 5-2 presents the results measured for 
MX-80 clay.

For both clays, clay expansion was lower within the fracture with thinner aperture (0.1 mm) but, 
however, extrusion distances measured within 0.2, 0.4 mm and 1 mm apertures were almost the 
same. When fracture aperture is increased up to 1.7 mm, clay extrusion was clearly favoured.

For fracture apertures lower than 1 mm, clay extrusion initially increased almost linearly with time, but 
after about 5 to 20 days, extrusion is stopped and a steady state is reached. Only in Test 56A, carried 
out with Nanocor® clay within 1.7 mm fracture aperture, clay extrusion was slowed down, but steady 
state was not fully reached. The experiment was stopped, to keep the time constant and to facilitate 
tests comparison. It is feasible that clay extrusion would be stopped as well at longer time, but it is 
something to be verified.

Nanocor® clay showed longer extrusion than MX-80 clay, but their behaviour was equivalent, with the 
only exception of test 10A, carried out with MX-80 bentonite showed a slightly different behaviour, 
most probably due to a later hydration. The amount of clay extruded in the fracture depended on the 
fracture aperture, and the higher the aperture the higher the eroded mass (Table 5-1), for both clays.

The longer expansion measured for Nanocor® can be due to the fact that it is Na-homoionised, while 
MX-80 is used “as received”. Higher erosion was as well measured, in other experimental configura-
tion (Alonso et al. 2018) under confined and stagnant conditions. In that study, erosion results were 
related to clay smectite content (lower in MX-80 and almost 100 % in Nanocor®) and to some 
structural properties (i.e tetrahedral charge), which are slightly different in this clay.

Some tests were carried out in duplicate or triplicate to verify tests reproducibility.

Figure 5-3 presents the average expansion experienced by Nanocor® within 0.1, 0.2 and 0.4 mm 
fractures, in different replica tests. In Figure 5-3.a, the benchmark test carried out in the former 
EC-BELBAR project (Schatz et al. 2015) is included for comparison.

The extrusion distances measured in the three different tests carried out in the smaller aperture were 
equivalent, even in Test 4, in which a slight movement was provided trying to eliminate some bubbles, 
which can be appreciated in Appendix 1 (page 85). The two tests carried out within 0.2 mm fracture 
aperture showed slight differences (Appendix 1, pages 87–88), and it seems that the initial humidity of 
test 6A was lower and swelling and expansion was slightly delayed.

In general, measured average expansion distances were comparable and differences can be attributed 
to experimental uncertainties, such as slight changes in compaction density or ambient humidity. The 
replicates of tests indicate that the results are reproducible.
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Figure 5‑1. Average radial expansion (in cm) of Nanocor® clay at 1.4 g·cm–3 within smooth fractures 
(apertures 0.1, 0.2, 0.4, 1 mm and 1.7 mm) filled with NaCl 10–3 M, placed at horizontal slope (0°). 
Lines are included to guide the eye.

Figure 5‑2. Average radial expansion (in cm) of raw MX-80 clay at 1.4 g·cm–3 within smooth fractures 
(apertures 0.1, 0.2, 0.4 , 1 mm and 1.7 mm) filled with NaCl 10–3 M, placed at horizontal slope (0°). 
Lines are included to guide the eye.
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Figure 5‑3. Replica tests carried with Nanocor® at 1.4 g·cm–3 out in smooth fractures at 0° slope, filled 
with NaCl 10–3 M and with different apertures: (a) 0.1 mm, (b) 0.2 mm and (c) 0.4 mm.
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5.1.2 Ionic strength effect in smooth fractures at horizontal slope
Figure 5-4 presents the average radial expansion measured for Nanocor® clay in a 0.2 mm narrow 
fracture placed horizontally and filled with NaCl at different ionic strengths (10–3, 10–2 and 10–1 M), 
tests respectively named 6B, 19A and 20 A (Table 4-1).

In the three tests, clay extrusion was homogenous and extrusion distances measured in different direc-
tions were comparable (Appendix 1, 6B (page 88), 19A (page 97) and 20 A (page 98). Clay extrusion 
rate initially increased almost linearly with time and after about 10 days, extrusion was stopped and a 
steady state was reached in all cases.

Clay expansion was higher at lower initial ionic strengths, but non-negligible extrusion distances are 
measured at highest ionic strength (10–1 M).

Eroded mass fraction was around an 18 % at 10–3 M, 10 % at 10–2 M and 6.8 % at 10–1 M. It is notice-
able that the electrical conductivities measured at the end of all experiments (Table 5-3 and Table 5-4) 
were all rather high, but in any case clay expansion took place. This indicates that high ionic strength 
waters do not inhibit initial swelling, but most probably hinder further expansion.

5.1.3 Clay type effect in smooth fractures at horizontal slope
The extrusion behaviour of Nanocor®, MX-80, MCA-C saponite and Ibeco bentonite compared within 
a 0.2 mm horizontal fracture filled with NaCl at 10–3: tests respectively named 6B, 12A, 19A, 21A and 
22A. As can be seen in the corresponding photographs in Appendix 1 (6B page 88, 12A page 92, 19A 
page 97, 21A page 99 and 22A page 100), clay extrusion was always homogenous.

Figure 5-5 presents the average radial expansion measured for these clays. Expansion distances were 
equivalent for MX-80, MCA-C saponite and Ibeco bentonite, despite their different nature, but the 
expansion of Nanocor® was larger, probably because it is almost 100 % smectite and Na-homoionised. 
MX-80 is Na-rich clay as well, but Ibeco is a Ca–Mg, and its expansion should be in principle lower, 
considering the different nature.

Similar swelling pressures have been reported for MX-80 and Ibeco clay (around 1 MPa) (Karnland 
2010), so that a relationship between swelling pressure and expanded masses can be expected.

Figure 5‑4. Average radial expansion (in cm) of Nanocor® clay at 1.4 g·cm–3 within smooth artificial 
fractures of 0.2 mm aperture placed horizontally (slope 0°) and filled with NaCl at different ionic strength 
(10–3 M, 10–2 M and 10–1 M). Lines are included to guide the eye.
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5.2 Role of accessory minerals and soluble salts on 
clay expansion

A set of expansion tests was specifically devoted to analyse the role of accessory minerals and soluble 
salts, naturally present in the clays, on erosion process. These tests were done in triplicate to facilitate 
in-depth post-mortem analyses of the expanded region (Tests 50, 51 and 55 A, B and C in Table 4-2).

5.2.1 Mineralogical analyses of initial samples
Figure 5-6 presents the comparison of XRD patterns measured on raw MX-80, salt-free and 
minerals&salt-free MX-80 clay fractions.

As expected, the main mineral phases of the bulk or raw MX-80 bentonite, determined by XRD 
analyses, were smectite (Sm., 80 wt %), muscovite/illite (Mu. 2 wt %), quartz (Qz. 7 wt %), cristobalite 
(Cris. 4 wt %), K-feldspars (Fdls. 2 wt %), plagioclases (2 wt %), calcite (cc. 2 wt %) and gypsum 
(Gyp. 1 wt %).

According to XRD analyses carried out on salt-free and minerals&salt-free MX-80 clay fractions, 
the pre-treatment discarding accessory minerals avoided both the presence of larger minerals and of 
soluble salts (calcite and gypsum), but some accessory minerals such as quartz (probably colloidal), 
cristobalite and some type of feldspars are still observed.

Figure 5-7 presents the FTIR spectra obtained from the raw MX-80 and pre-treated clay fraction. 
Going into details, the FTIR spectra showed a band at 3 627 cm–1 which corresponds to the typical 
OH stretching region of structural hydroxyl groups of di-octahedral smectites, with Al-rich octahedral 
sheets. These are inner hydroxyl groups lying between the tetrahedral and octahedral sheets.

The broad band near 3 426 cm–1 is usually attributed to stretching H-O-H vibrations of adsorbed water, 
while the band at 1 642 cm–1 corresponds to the OH deformation or bending adsorption of water.

If the Si–O absorptions and OH bending bands in the 1 300–400 cm–1 range are examined, at around 
1 030 cm–1, a single broad complex Si–O stretching vibration band is seen, again typical of a di-
octahedral smectite.

Figure 5‑5. Average radial expansion (in cm) of different clays, Nanocor®, MX-80, Ibeco and MCA-C, 
compacted at 1.4 g·cm–3, within an 0.2 mm smooth fracture placed horizontally and filled with NaCl 10–3 M. 
Lines are included to guide the eye.
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The occupancy of the octahedral sheet strongly influences the position of the OH bending bands, 
which arise from vibrations of the inner and surface OH groups. In these samples, the presence of 
peaks at 915 cm–1 (δAlAlOH), at 885 cm–1 (δAlFeOH),) and at 840 cm–1 (δAlMgOH) indicates a 
partial substitution of octahedral Al by Fe and Mg, again usual for di-octahedral smectites.

The adsorption band at 622 cm–1 can be attributed to an R-O-Si vibration (R = Al, Fe, Mg) and indi-
cates a perpendicular vibration of the octahedral cations and their connection to the tetrahedral sheet. 
The bands at 524 cm–1 and 465 cm–1 correspond to Si–O–Al vibration of aluminium in the tetrahedral 
sheet and Si-O-Si bending vibrations, respectively. The weak band at 798 cm–1 or doublet (798 and 
775 cm–1) is caused by the Si–O stretching of quartz.

In the three cases, FTIR spectra are equivalent and the main typical bands of a di-octahedral smectite, 
and bands related to quartz presence are also identified. The main difference that can be extracted 
from the FTIR spectra measured for the raw and pre-treated samples is the presence of calcite (band 
at 1 452 cm–1), which is no longer observed in the purified samples.

Figure 5‑6. Comparison of XRD patterns of the raw MX-80 bentonite and salt-free and minerals&salt-free 
MX-80 fractions.

Figure 5‑7. FTIR spectra of the initial clayey materials: raw, salt-free and minerals&salt-free MX-80 samples.
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Figure 5-8 presents the TG-DSC curve measured for the raw MX-80 bentonite, which is typical of 
 di-octahedral smectites, with most of the OH– groups at cis-vacant positions (peak at 702 °C). The 
single dehydration peak at 123 °C in the raw MX-80 bentonite is characteristic of smectites with 
monovalent cations at exchange sites (in this case Na+).

Figure 5-9 shows the TG-DSC comparison between raw MX-80 and salt-free and minerals&salt-free 
clay samples. The main difference that can be seen is that, in the treated samples, apart from the main 
peak at 120 °C, a shoulder between 166° and 186 °C is observed, which is usually related to divalent 
cations inside interlayer sites, what suggest that the treatment to extract soluble salts and accessory 
minerals favoured the incorporation of divalent cations, upon calcite dissolution.

Figure 5‑8. TG-DTG-DSC curves from the raw MX-80 bentonite.

Figure 5‑9. Comparison of TG-DTG-DSC curves measured for raw MX-80 bentonite and pre-treated 
samples (salt-free and minerals&salt-free samples).
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Cation at interlayer sites and total cation exchange capacity (CEC) of raw, salt-free and minerals&salt-
free MX-80 were measured (Table 5-5). In the three cases, the main cations at interlayer sites are 
sodium and calcium. It is interesting to note the increase of calcium content when the bentonite is 
treated (minerals&salt-free and salt-free) due to the dissolution of calcite and gypsum present in the 
raw sample. These analyses indicate that during the pre-treatment, the soluble minerals were dissolved, 
modifying the cation composition at interlayer sites, because divalent cations have higher selectivity 
to enter at interlayer sites. This was detected in the XRD patterns (Figure 5-6), since the 001 reflexion 
increased from 11.4 Å to 13–14 Å and, as mentioned, also in the TG-DSC curves (Figure 5-9).

Table 5-5. Cation presence at interlayer sites and total CEC of raw, salt-free and 
minerals&salt-free MX-80.

Clay material Na K Mg Ca Sr Ba Sum cations CEC*

Raw MX-80 58.49 4.18 6.86 15.63 0.44 0.01 85.61 83.6
Salt-free MX-80 37.39 1.43 8.74 33.79 0.51 0.12 81.97 78.9
Minerals&salt-free MX-80 42.39 1.71 7.47 31.85 0.53 0.04 84.00 76.0

* Determined by Cu-Trien complex.

5.2.2 Expansion tests of salt-free and minerals&salt-free MX-80 in 
smooth fractures

Figure 5-10 shows selected temporal images taken during expansion of raw MX-80, salt-free MX-80 
and minerals&salt-free MX-80 clay fraction, in artificial smooth fractures filled with NaCl 10–3 M. 

At first sight, the extrusion of raw MX-80 is different to that of salt free- or minerals&salt-free fractions. 

The small black spots, appreciated in the figures corresponding to raw MX-80 are probably coarse 
ac cessory minerals. However, the extrusion patterns of the treated samples are very similar. At first sight, 
it is striking that the clay that shows an expansion pattern in which a darker outer ring can be appreci-
ated, is that of the minerals&salt-free MX-80, in which most accessory minerals have been removed.

Figure 5-11 shows the average radial expansion (in cm) measured as a function of time for raw MX-80, 
salt-free MX-80 and minerals&salt-free MX-80. Results are presented in triplicate.

Figure 5‑10. Comparative expansion evolution of raw MX-80 clay, salt-free MX-80 and minerals&salt-free 
MX-80 in artificial smooth fractures of 0.2 mm aperture, placed at horizontal slope, filled with NaCl 10–3 M.
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First of all, the expansion of raw MX-80 in the smooth fracture is clearly more restricted (2 cm) than 
that of the salt-free or minerals-free fractions (expanded up to ≈ 3 cm). It is also noteworthy that the 
salt-free fraction experienced mostly the same expansion that the minerals&salt-free clay, in which 
both the accessory minerals and the soluble salts were removed. This indicates that accessory minerals 
are not responsible for slowing down clay expansion in the fractures (even though it is evident that, in 
a real case, coarse minerals would be efficiently filtered in small rock micro-fractures). Soluble salts 
seem to have greater effect restricting clay expansion than the accessory minerals.

5.2.3 Post mortem analysis
Water chemistry 
Table 5-6 presents the chemical conditions of the equilibrium waters sampled in the tests carried out 
with raw MX-80, salt-free MX-80 and minerals&salt-free MX-80. Geochemical calculations were 
carried out considering MX-80 characteristics and the available anion inventory.

The chemical conditions exhibited by the equilibrium water measured in Test 50, indicate the pref-
erential dissolution of Na-sulphates, what lead to an equilibrium water with high ionic strength. This 
is not applicable to the salt-free and minerals&salt-free MX-80 tests, because the soluble salts are 
in both cases removed, and in fact the equilibrium waters have lower ionic strengths but, in the tests 
carried out with “clean” MX-80 fractions, clay expansion reached as well a steady state. This is an 
interesting finding, because a major role was attributed to the high ionic strength conditions  exhi bited 
by the equilibrium waters measured in most tests (Table 5-3 and Table 5-4). High ionic strength condi-
tions most probably affect the development of the expansion, but additional mechanisms hinder clay 
expansion in these cases.

Figure 5‑11. Average radial expansion in cm) of raw MX-80, salt-free MX-80 and minerals&salt-free MX-80) 
compacted at 1.4 g·cm–3, within smooth artificial fractures of 0.2 mm aperture, placed horizontally (slope 0°) 
and filled with NaCl 10–3 M. Lines are included to guide the eye.
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Table 5-6. Chemistry of equilibrium water (filtered 0.2 mm).

Ion concentration 
(M)

Raw MX-80 
Tests 50

Minerals&salt-free MX-80 
Tests 51 

Salt-free MX-80 
Tests 55

Ca2+ 2.40 × 10–4 2.02 × 10–5 3.51 × 10–5

Mg2+ 1.03 × 10–4 1.61 × 10–5 2.80 × 10–5

Na+ 1.63 × 10–2 3.70 × 10–3 5.50 × 10–3

K+ 2.56 × 10–4 7.16 × 10–5 7.32 × 10–5

Al3+ 5.93 × 10–6 - -
HCO3

2– 2.07 × 10–3 1.69 × 10–3 1.69 × 10–3

SO4
2– 6.99 × 10–3 5.21 × 10–4 6.25 × 10–4

Cl– 1.92 × 10–3 1.38 × 10–3 2.92 × 10–3

Fe < 5 × 10–9 4.30 × 10–6 4.30 × 10–6

pH 7.9 7.9 7.8
E.C. (µS·cm–1) 1 580 390 590
Ionic strength (M) 2.36 × 10–2 4.44 × 10–3 4.63 × 10–3

Mineralogical analyses of expanded clay
Figure 5-12 presents the final state of test carried out with MX-80 and minerals&salt-free MX-80, 
to illustrate that the expanded clay was sampled in different rings. The clay amount on each ring was 
weigh and considered to calculate the expanded mass fraction.

The expanded mass recovered was higher from the minerals&salt-free fractions: 1.8 % from the 
raw clay, 7.5 % from salt-free and 16.1 % of the initial mass from minerals&salt-free MX-80. These 
differences can be attributed to their different nature, but also to their different water chemistry 
(Table 5-6).

To clarify observed differences, complete mineralogical measurements carried out on the extruded 
samples were compared to that of raw MX-80 bentonite and of the pre-treated fractions, as described 
in Section 3.7.2. It has to be noted that the quantity of clay sampled in all cases was limited.

Granulometry analyses were carried out to verify if the clay extruded in the fracture from MX-80, 
with and without accessory minerals, showed different particle size distributions at different distances. 
Results are expressed as relative amount measured for each size interval (Relative % Chan vs size). 
All essays were carried out within 0.2 mm aperture smooth fractures.

Figure 5-13 shows the particle distributions measured in expanded clay of Test 50A carried out with 
MX-80. The particle distributions measured at different distances from the pellet were quite similar, 
with particle sizes equitably distributed in size regions form clay particles (< 2 mm) to bigger minerals. 
No significant particle size increase is detected in the outer ring.

Figure 5‑12. Final state , after 30 days of expansion within artificial fracture placed horizontally (slope 
0°) of fixed aperture (0.2 mm), filled with NaCl 10–3 M of (left) raw MX-80 and (right) Minerals&salt-free 
MX-80. The extruded clay was radially sampled in selected regions, as indicates in the figures.

I
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Table 5-7 presents the CEC analyses carried out on sampled fractions: values are generally higher 
in experiment carried out with raw MX-80 since, as mentioned before, previous characterisation of 
starting material revealed that due to soluble mineral dissolution, the cation composition at interlayer 
sites was slightly modified (Table 5-5). In any case, looking to CEC values measured in the expanded 
clay, not very big differences were measured at different distances from the pellet surface, suggesting 
that the percentage of smectite is basically maintained overall the expanded ring of each single test.

Table 5-7. Total CEC determined on sampled regions, by Cu-Trien method.

Experiment Sample CEC (meq·100 g–1)

Raw MX-80 Reference Raw MX-80 86.3
Test 50C pellet 82.8
Test 50C 0–0.5 mm 87.0
Test 50C 0.5–1.5 mm 83.1
Test 50C >1.5 mm 84.4

Salt-free MX-80 Reference Salt free MX-80 76.0
Test 55B pellet 76.9
Test 55B 0–0.5 mm 82.4
Test 55B 0.5–1.5 mm 80.1
Test 55B >1.5 mm 62.6*

Minerals&salt free MX-80 Test 51A pellet 78.0
Test 51A 0–0.5 mm 80.0
Test 51B 0.5–1.5 mm 80.5
Test 51A 1.5–2.5 79.0

* Possible error in the determination due to low amount of sample available.
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Figure 5‑13. Particle size distribution measured on the expanded clay form Test 50A carried out with raw 
MX-80, from the pellet to the out at different radial distances (0–0.5 cm and 0.5 to 1.5 cm).
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Figure 5-14a and b present measured particle distributions measured on the expanded clay from two 
replica tests carried out with minerals&salt-free MX-80 (Tests 51A and 51C). In these cases, the 
particle size distributed thorough the expanded ring mainly corresponds to smaller particles (clays), 
reasonable considering that the accessory minerals were previously removed. Only in the outer ring 
of Test 51A (Figure 5-14b) the presence of some larger mineral was detected, which may be some 
residual mineral or aggregated phase. The heterogeneity due to teh small quantity of sampled materila 
has be taken into account.

FTIR, TG-DSC and XRD analyses were carried out on the expanded clay of tests carried out with raw, 
salt-free and minerals&salt-free MX-80 clays. The aim of these analyses is to verify if a significant 
accumulation of accessory minerals is appreciated in the outer part of the expanded rings.In the case 
of raw MX-80, the analyses are presented for two different tests carried out within smooth fractures 
at two different apertures: 0.2 mm (Test 50C) and 1.7 mm (Test 56A). Results are respectively shown 
in Figure 5-15 (0.2 mm) and Figure 5-16 (1.7 mm). According to analyses the expanded ring, mainly 
composed by a di-octahedral montmorillonite, with Al, Mg and Fe at octahedral sites and it is homo-
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geneously distributed from the pellet source and along. No significant mineralogical differences were 
neither observed on the extruded clay within different fracture apertures (0.2 mm compared to 1.7 mm), 
despite more amount of clay was extruded at wider aperture (36 % of expanded mass in 1.7 mm and 
2 % in 0.2 mm, Table 5-2) and despite the equilibrium chemistry was different (Table 5-4).

Figure 5‑15. Mineralogical analyses of expanded clay, at different distances, of Test 50C with raw MX-80 
in smooth fracture of 0.2 mm aperture: a) FTIR spectra, b) TG/DSC curves, c) XRD patterns.
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The measured FTIR spectra, TG/DSC curves and XRD patterns measured on the expanded clay 
sampled at different rings are respectively presented in Figure 5-15 (raw MX-80 0.2 mm aperture), 
Figure 5-16 (raw MX-80, 1.7 mm aperture), Figure 5-17 (salt-free MX-80, 0.2 mm aperture) and 
Figure 5-18 (minerals &salt-free MX-80).

Figure 5‑16. Mineralogical analyses of expanded clay, at different distances, of Test 57A with raw MX-80 
in smooth fracture of 1.7 mm aperture: (a) FTIR spectra, (b) TG/DSC curves, (c) XRD patterns.
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Figure 5‑17. Mineralogical analyses of expanded clay, at different distances, of Test 55A with salt-free 
MX-80 in smooth fracture of 0.2 mm aperture: a) FTIR spectra, b) TG/DSC curves, c) XRD patterns.

The main characteristics that can be extracted form FTIR spectra, TG/DSC curves and XRD patterns 
were previously described for the starting materials (Section 5.2.1). For not describing again all analy-
ses, focus was paid only on the main features. The characteristics of all spectra and curves obtained for 
each single test are basically the same than those observed for each corresponding starting material. 
Slight differences are sometimes appreciated, like for example in the tests carried out with salt-free 
material (Figure 5-17) zeolite presence was detected at 379 °C, at intermediate distance, but the general 
conclusion is not varied. 
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Increased presence of accessory minerals was not preferentially appreciated in the outer ring of the 
expanded clay, in any case, since both accessory minerals and smectite were identified. The similarities 
of mineralogical analyses carried out at different distances indicate that the clay expands as a whole.

In fact, the darker outer region that was observed at sight in the experiment with minerals&salt-free 
clay Figure 5-10 was basically composed by smectite (Figure 5-18). Therefore, results indicate that the 
outer part of the extruded fraction the smectite particles themselves form a coherent filter, restricting 
further expansion.

Figure 5‑18. Mineralogical analyses of expanded clay, at different distances, of Test 55A with salt-free 
MX-80 in smooth fracture of 0.2 mm aperture: a) FTIR spectra, b) TG/DSC curves, c) XRD patterns.
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5.3 Expansion tests in rough fractures at horizontal slope
5.3.1 Fracture dimensions
In Appendix 1, the extrusion evolution of Nanocor® and MX-80 clays within artificial fractures of 
different roughness (Roughness 1 and Roughness 2) placed at horizontal slope (0°) can be examined. 
Test 31A (page 108) (and replica Test 41A, page 113) and Test 33A (page 109) corresponds to Nanocor® 
clay, while Tests 37A (page 111) and 39A (page 112) were those carried out with MX-80 clay. Fracture 
with type 1 roughness has one flat surface and one rough surface while in the fractures with type 2 
roughness, both surfaces are rough (Figure 3-3). Expanded clay rings still presented a radial geometry 
but following the rough patterns and, in all cases, a steady state was reached.

As mentioned before, these rough surfaces have high fracture volumes (Table 3-1) and test comparison 
with smooth fractures must be done with equivalent volumes. The fracture with Roughness 1 can be 
compared to an smooth fracture with 1 mm aperture (Test 52A), while the fracture with Roughness 2 
is comparable to an smooth fracture with 1.7 mm, where it was observed that expansion was clearly 
higher than that observed in narrow fractures (Figure 5-1 and Figure 5-2).

Figure 5-19 presents the average radial expansion experienced by Nanocor® within fractures with dif-
ferent roughness. Figure 5-20 shows the same expansion tests, but carried out with MX-80 clay. Again, 
the expansion of Nanocor® clay is enhanced compared to that of MX-80. For both clays, clay expanded 
longer within smooth fractures than within rough ones. In the case of Nanocor®, expansion was shorter 
in fractures with higher roughness and accordingly expanded masses were smaller: 24.5 % of the initial 
mass in the case of roughness 2, and 31.6 % within fractures with less roughness. However, in the case 
of MX-80, almost the same expansion distances and masses (≈ 10 %) where measured at the two rough-
ness analysed. Nevertheless, once again, equilibrium chemistry may be playing a role, since measured 
E.C. in rough fractures were all in the range of 1 200–1 500 µS·cm–1, not as high as those measured on 
fractures with smaller volumes (up to 6 000 µS·cm–1), but still one order of magnitude higher than the 
initial values.

Figure 5‑19. Average radial expansion (in cm) of Nanocor® clay in fractures with different roughness 
(Roughness 1 and Roughness 2). The tests carried out in smooth fractures with equivalent fracture volumes 
are included for comparison. Fractures were placed horizontally (slope 0°) and filled with NaCl 10–3 M.
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5.3.2 Clay type effect in rough fractures at horizontal slope
The expansion behaviour of raw MX-80 and of homoionic clay fractions (Na-MX-80 and Ca-MX-80) 
was analysed within rough fracture, placed at horizontal slope: Tests 41A, 44A and 47A.

Their expansion evolution can be followed in Appendix 1 (41A page 113, 44A page 116 and 47A 
page 119) and in Figure 5-22. The final state after 30 days of expansion is shown in Figure 5-22. The 
relevance of clay main exchange cation can be appreciated at sight. In all experiments clay extrusion 
was stopped as some time.

In all cases, and in spite of the fracture roughness, the pattern of extrusion continues to be radial and 
rather homogenous in all directions.

It is evident that the clay that undergoes the greatest extrusion in the fracture is the Na-homoionic 
MX-80, followed by raw MX-80. In general, the expansion of the Ca-rich clays is limited. In the 
same way, the expanded mass was higher with Na-MX-80 (37.9 %) than with raw MX-80 (11.5 %) or 
Ca-MX-80 (only a 0.2 %). Once again, their equilibrium chemistry is different. In the experiments with 
Na- or Ca-homoionic bentonites lower E.C. values were measured (respectively 387 and 603 µS·cm–1), 
because in the homoionisation procedure the soluble salts are removed, but the final water of the 
fracture with raw MX-80 had a final E.C of 1 317 µS·cm–1.

Figure 5‑20. Average radial expansion (in cm) of MX-80 clay in fractures with different roughness 
(Roughness 1 and Roughness 2). The tests carried out in smooth fractures with equivalent fracture volumes 
are included for comparison. Fractures were placed horizontally (slope 0°) and filled with NaCl 10–3 M.
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5.4 Sedimentation tests in smooth sloped fractures
5.4.1 Sedimentation tests on sloped smooth narrow fractures with 

0.2 mm aperture
Six sedimentation tests were carried out in narrow fractures, placed at different slopes (0°, 45° and 90°) 
with Nanocor® (Tests 1A, 2A and 3A) and MX-80 clay (Tests 16A, 17A and 18A) at fixed aperture 
(0.2 mm) with NaCl 10–3 M.

Figure 5-23 presents the average radial expansion measured for Nanocor® clay, under the above-
mentioned conditions and Figure 5-24 the images of the final states.

Figure 5‑22. Average radial expansion (in cm) of different clay fractions: raw MX-80, Na-MX-80 and 
Ca-MX-8, in fractures with roughness type 1.
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Figure 5‑23. Average radial expansion (in cm) measured for Nanocor® compacted at 1.4 g·cm–3, within 
artificial fractures (0.2 mm) filled with NaCl 10–3 M, placed at different slope: 0°, 45° and 90°.
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In the photographs presented in Appendix 1 (1A, 2A and 3A, pages 82–84; 16A, 17A and 18A, pages 
94–96), it can be appreciated that, in spite of the fracture slope, clay extrusion was rather homog-
enous and values measured in different directions were not very different, not even at vertical slope.

With Nanocor® clay, only at 45° slope (Test 2A, page 83), higher clay sedimentation was measured 
along slope direction. In this test, after around 25 days of experiment some particle detachment was 
detected and the average values of average radial expansion presented larger errors (Figure 5-23). 
This test carried out at 45° slope showed at sight the “clearest” expansion ring.

The extruded distances were not very different at different slopes, and eroded mass was an 18 % (at 
0°), 23 % at 45 ° and 14 % at 90 °, indicating the little influence of slope at this narrow aperture.

These results contrast with sedimentation experiments carried out by B+Tech (Schatz et al. 2013), 
where higher sedimentation along the slope direction was clearly evidenced. Our experiments were 
carried out at thinner fracture apertures, 0.2 mm, than B+Tech (1 mm), and smaller apertures may 
inhibit clay fall down.

Figure 5-25 presents the average radial expansion measured for MX-80 within an smooth narrow 
fracture (0.2 mm) placed at different slopes (0°, 45° and 90°), corresponding to sedimentation tests 
numbered 16A, 17a and 18A.

Figure 5‑24. Final diameter measured after 30 days for Nanocor® pellets 1.4 g·cm–3, in fractures of 0.2 mm 
aperture filled with NaCl 10–3 M, placed horizontally (0°), at 45° or vertically (90° slope). Particle sedimenta-
tion was only observed at 45° slope (indicated by a red arrow).
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Figure 5‑25. Average radial expansion (in cm) measured for MX-80 compacted at 1.4 g·cm–3, within smooth 
fractures (0.2 mm) filled with NaCl 10–3 M, placed at different slopes: 0°, 45° and 90°. Test with Nanocor® 
clay at 0° slope is also included.
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In Appendix 1 (16A, 17a and 18A, pages 94–96)., it can be seen that clay extrusion was fairly 
homogenous along all directions. Sedimentation tests carried out with MX-80 showed significant 
smaller distances than those with Nanocor®. In contrast to the Nanocor® tests (Figure 5-23), in this 
case, extrusion was lower at horizontal slope.

Post-mortem analyses revealed that eroded mass in sedimentation tests carried out with raw MX-80 was 
generally low, in all cases lower than a 2 % of the initial mass installed, indicating that sticking on wall 
fractures is significant. Again, values measured for MX-80 are lower than for Nanocor® (Table 5-1).

In Schatz and Akhanoba (2016), sedimentation experiments were carried out with Na-montmorillonite 
in fractures with wider apertures (1 mm) and sedimentation was observed. The fact that we do not 
observe particle sedimentation in narrower fractures can be therefore attributed to different experi-
mental conditions.

Sedimentation tests are carried out with Nanocor® and MX-80 clays, and not with purified Na- 
montmorillonite. In general, when clays are homoionised in the lab, the soluble salts are removed, 
as well all the residues of salts used for homoionisation.

The fact that the clays are used “as received” induces chemical changes which are not negligible. 
Initial NaCl 10–3 M has a pH 6 and an electric conductivity around 100 µS·cm–1. Final conditions 
were: 16A, pH 8.29, EC = 2.36 mS·cm–1, 17A, pH 8.36 and EC = 2.23 mS·cm–1, 18A: pH 7.96, 
EC = 2.60 mS·cm–1. 

Comparing the erosion results with different set-ups (Alonso et al. 2018, Missana et al. 2011) it is clear 
that the chemical conditions at equilibrium play a major role on erosion, especially at high solid to 
liquid ratios and under stagnant conditions.

5.4.2 Water ionic strength effect in smooth narrow fractures at 45° slope
Figure 5-26 presents three sedimentation tests carried out Nanocor® in narrow fractures, placed at 45° 
slope, with at fixed aperture (0.2 mm) filled with NaCl at different ionic strength: tests 2A, 26A and 27A.

Clay expansion in the fracture was higher at lower ionic strengths, as previously measured at horizontal 
slope (Figure 5-4). Again, non-negligible extrusion distances were measured at highest ionic strength 
(10–1 M). However, in this case, no very big differences are appreciated amongst different ionic strengths.

Figure 5‑26. Average radial expansion measured for Nanocor® compacted at 1.4 g·cm–3, within smooth 
fractures with fixed aperture (0.2 mm), placed at 45° slope and filled with NaCl at different ionic strength: 
10–3, 10–2 and 10–1 M.
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In Appendix 1, the tests evolution can be seen (2A page 83, 26A and 27A, pages 104–105). In the 
experiment performed at lower ionic strength (Test 2A, page 83), la more extensive extrusion was 
measured along slope direction. And moreover, after 26 days of experiment, particle detachment and 
sedimentation streams were detected only in the test carried out at lower ionic strength (Test 2A), 
which was not detected at higher ionic strengths.

Eroded mass measured for Nanocor® at 45° slope was around 23 % at 10–3 M, 10 % at 10–2 M and 
8.5 % at 10–1 M, fairly the same values measured at horizontal slope (Table 5-1), even though extrusion 
distances were smaller.

In these sedimentation tests carried out in narrow fractures, sedimentation streams were not appreci-
ated. As indicated in the previous section, not only the narrow aperture (0.2 mm) but also the high ionic 
strength of the equilibrium water (Table 5-3) are restricting clay extrusion and sedimentation.

5.4.3 Sedimentation of Ca-clay in smooth narrow fractures at vertical slope
Three sedimentation tests were carried out at vertical slope (90°) with Ca-exchanged MX-80 in 
narrow fractures with different fracture apertures (0.1, 0.2 and 0.4 mm) with NaCl 10–3 M.

In the photographs of their expansion evolution (in Appendix 1, Tests 23A, 24A and 25A, pages 
101–103) it is noticeable that clay expansion took place, despite the Ca-nature of the clay, and expan-
sion pattern was again rather homogenous in the three cases.

It is noteworthy that in these tests carried out at vertical slope, clay sedimentation was not observed 
along slope direction (90°) and clay fall down was not detected, in contrast to previous sedimentation 
experiments carried out by B+Tech, where higher sedimentation along the slope direction was clearly 
evidenced, but within wider fracture apertures (1 mm) (Schatz et al. 2013).

Figure 5-27 shows the average radial expansion experienced by Ca-exchanged MX-80 within different 
fracture apertures. It can be seen that the values reached within 0.2 mm and 0.4 mm fracture apertures 
were the same but, unexpectedly; they were slightly higher at 0.1 mm aperture. In the figure, the 
expansion evolution experienced by Nanocor clay within 0.2 mm aperture, under the same conditions 
is plotted for comparison. It is evident that the extruded distances measured for Ca-MX-80 at vertical 
90° slope were lower than those measured for raw MX-80, but not negligible. This may be caused by 
ionic exchange mechanism with Na electrolyte, which is diminishing the Ca content in the clay.

In these experiments, measured expanded mass was around 5 to 6 % of initial mass, for the three 
studied cases.

Figure 5‑27. Average radial expansion (in cm) measured for Ca-MX-80 compacted at 1.4 g·cm–3, within 
smooth narrow fractures filled with NaCl 10–3 M at vertical slope (90°). Fracture apertures were 0.1, 0.2 and 
0.4 mm. Test carried out with raw MX-80 at vertical slope within a smooth fracture of 0.2 mm is included 
for comparison.
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5.4.4 Sedimentation tests on sloped smooth fractures with 1 mm aperture
Sedimentation tests were carried out with Nanocor clay compacted at 1.4 g·cm–3 in smooth fractures 
of 1 mm aperture, filled with NaCl 10–3 M, respectively placed at different slopes: 0° (Test 52A), 45° 
(Test 53A) and 90° (Test 54A).

As mentioned, these tests were proposed to be compared with previous studies carried out by Schatz 
and Akhanoba (2016), which were carried out as well erosion experiments in sloped fractures. In those 
tests, which were mainly carried out in fractures with apertures of 1 mm, and applying different flow 
rates (mainly 6 × 10–6 m·s–1 and going up to around 2 × 10–4 m·s–1).

In Appendix 1, the extrusion and sedimentation behaviour of Tests Test 52A, 53A and 54A (pages 
128–130) can be followed. It has to be noted that, when appreciable particle sedimentation was 
appreciated, the photographs were taken including a black sheet, placed underneath the fracture 
methacrylate. In those cases were particle sedimentation was observed, not only the extruded are is 
shown, the shown regions are extended to the fracture limit, to appreciate sedimentation streams 
and particle accumulation at the bottom of the sloped fracture.

Extrusion in the sloped fractures was fairly similar than in the horizontal experiments: clay starts to 
gradually extrude in the fracture, exhibiting a homogenous circular pattern. However, in the experi-
ments carried out at 45° and 90° slope, particle fall along fracture slope was appreciated almost form 
the beginning (after 1 day in the 45° slope) and particles started to be accumulated in the bottom of 
the fracture.

Figure 5-28 shows the final state of Nanocor® clay after sedimentation in smooth fractures of 1 mm 
aperture placed at different slope: 0° (Test 52A), 45° (Test 53A) and 90° (Test 54A).

Figure 5-29 shows the average radial expansions experienced by Nanocor® clay in sloped smooth 
fractures of 1 mm. The average values presented considered the average length of the circular extruded 
pattern, and do not considered that along fracture slope; the particles fall down, and therefore travelled 
a longer distance (up to 4.2 cm).

The extrusion distances measured in 1 mm fractures were, in all cases, longer than those previously 
measured within smaller apertures.

Moreover, and according to wider fracture volume, the mass of clay extruded in the fracture is as 
well higher than within narrow apertures: 0.6 grams in 0.2 mm (15 % of the initial mass) and up to 
1.3 grams (30 % of initial mass), within 1 mm aperture.

The fraction of clay deposited in this test was a 3.4 % of the initial mass at 45° and it was doubled (75 
of the initial mass) at 90°. However, despite the evident particle sedimentation stream along fracture 
direction, the extrusion pattern continues being rather homogenous (Figure 5-28).

Figure 5‑28. Final state of sedimentation experiments carried out with Nanocor® clay in smooth fractures of 
1 mm aperture filled with NaCl 10–3 M. Fractures were placed at different slope: 0° (Test 52A), 45° (Test 53A) 
and 90° (Test 54A). Clay pellet diameter is 19 mm.
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5.5 Sedimentation tests in sloped rough fractures
Sedimentation tests were carried out in fractures with roughness 1, placed at different slope (0°, 45° 
and 90°). In these rough fractures one surface is smooth and the other surface is rough.

For these experiments, sedimentation behaviour of raw MX-80 was compared to that of homoionic 
Na-MX-80 and Ca-MX-80.

5.5.1 Sedimentation of raw MX-80 in rough sloped fractures
Figure 5-30 shows the final state of the sedimentation experiments carried out with MX-80 clay in 
rough fractures at different slope: 0° (Test 37A), 45° (Test 42A) and 90° (Test 43A) and 

Figure 5-31 shows the average radial expansions experienced. In the figure, open symbols refers to 
test where sedimentation was appreciated and, in these tests, the average values do not considered that 
along fracture slope, because the particles fall down.

It can be seen that the expanded ring was very similar at the three slopes analysed, and measured aver-
age distances were equivalent. In the test carried out at horizontal slope, the formation of a darker outer 
ring can be appreciated, which is not so noticeable in the experiments carried out at 45 or 90°.

In fact, at 45° and 90° slope, after 1 day of expansion the clay started to fall down and to sediment along 
the rough fracture slope (Figure 5-30). Sedimentation was as well observed within smooth fractures of 
1 mm aperture, which have equivalent fracture volume than rough fractures (Table 3-1).

All experiments were stopped after 30 days for comparison and the sediment mass was lower than a 
7 % of the initial mass, in the worst situation. Higher sedimentation at longer times cannot be discarded.

Figure 5‑29. Average radial expansion (in cm) measured for Nanocor® compacted at 1.4 g·cm–3, within 
smooth fractures of 1 mm aperture filled with NaCl 10–3 M, placed at different slope: Test 52 (0°), 53 (45°) 
and 54 (90°).
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Figure 5‑30. Final state of sedimentation experiments carried out with MX-80 clay in rough fractures filled 
with NaCl 10–3 M. Fractures were placed at different slope: 0° (Test 37A), 45° (Test 42A) and 90° (Test 43A). 
Clay pellet diameter is 19 mm.

Slope 90º

MX-80 - 1.4 g∙cm–3 - Rough fracture - NaCl 10–3 M
Slope 0º Slope 45º

Figure 5‑31. Average radial expansion (in cm) measured for raw MX-80 compacted at 1.4 g·cm–3, within 
fractures with Roughness 1, filled with NaCl 10–3 M. The fractures were placed at different slope: Test 41A 
(0°), Test 42A (45°) and Test43A (90°). *Open symbols refers to tests where sedimentation along fracture 
sloped was appreciated, where the average values are calculated excluding the slope direction.
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Total eroded mass fraction was 13 % at 0° or 45° slope and up to a 17 % of the initial clay mass at 
vertical slope (90°), as can be seen in Table 5-8.

Table 5-8. Total eroded mass and deposited mass experienced by different clays (MX-80, Na-MX-80 
and Ca-MX-80) within rough artificial fractures placed at different slopes (0°, 45° and 90°).

Test Clay Slope Initial dry mass 
(g)

Pellet final mass 
(g)

Deposited 
(g)

Eroded mass Eroded mass 
(%)

41A MX-80 0° 3.9778 3.4623 0 0.5155 13.0
42A MX-80 45° 3.9778 3.4601 0.2715 0.5177 13.0
43A MX-80 90° 3.9778 3.2801 0.0570 0.6977 17.5
44A Na-MX-80 0° 4.0053 2.4861 0 1.5192 37.9
45A Na-MX-80 45° 4.0053 2.4673 0.1255 1.5380 38.4
46A Na-MX-80 90° 4.0053 2.3551 0.1369 1.6502 41.2
47A Ca-MX-80 0° 3.9533 3.8558 0 0.0975 2.5
48A Ca-MX-80 45° 3.9533 3.8120 0 0.1413 3.6
49A Ca-MX-80 90° 3.9533 3.6204 0 0.3329 8.4

5.5.2 Sedimentation of Na-MX-80 in rough sloped fractures
Figure 5-32 shows the images of the final state of the sedimentation experiments carried out with 
Na-MX-80 clay in rough at different slope: 0° (Test 44A), 45° (Test 45A) and 90° (Test 46A) and 
Figure 5-33 includes the average radial expansions experienced. It is evident that Na-MX-80 extru-
sion is higher than that of raw MX-80, in all conditions analysed.

Looking to the behaviour at different slopes, Na-MX-80 extrusion is significantly higher at horizontal 
slope, as well as the eroded mass (Table 5-8), in comparison to the case of sloped fractures. This is 
probably due to the fact that within these sloped fractures, clay particles continuously fall down and 
sediment. Comparatively, at the end of the experiment the amount of clay that remains extruded in 
the fracture was smaller in sloped fractures than in horizontal ones. In fact, in these experiments with 
Na-exchanged clay, the eroded mass fraction was around a 40 % of the initial mass (Table 5-1 and 
Table 5-2), which is comparatively the highest erosion measured in these experiments. In these sloped 
experiments sediment mass was lower than a 4 % of the initial clay mass.

Figure 5‑32. Final state of sedimentation experiments carried out with Na-MX-80 clay in rough fractures 
filled with NaCl 10–3 M. Fractures were placed at different slope: 0° (Test 44A), 45° (Test 45A) and 90° 
(Test 46A). Clay pellet diameter is 19 mm.
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5.5.3 Sedimentation of Ca-MX-80 in rough sloped fractures
Figure 5-34 shows the photographs taken at the end of sedimentation experiments carried out with 
Ca-MX-80 clay in rough at different slope: 0° (Test 47A), 45° (Test 48A) and 90° (Test 49A) and 
Figure 5-35 shows the average diameters.

Figure 5‑33. Average radial expansion (in cm) measured for Na-MX-80 compacted at 1.4 g·cm–3, within 
fractures with Roughness 1, filled with NaCl 10–3 M, placed at different slopes: Test 44A (0)°, Test 45A (45°) 
and Test 46A (90°). Open symbols refers to tests where sedimentation along fracture sloped was appreciated, 
where the average values are calculated excluding the slope direction.
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By comparison with experiments performed with raw MX-80 and Na-exchanged MX-80, three main 
conclusions are drawn: 1. Extrusion distances of Ca-rich clays within fractures are clearly shorter than 
that of Na-rich clays; 2. No particle fall down, or sedimentation, was observed in experiments carried 
out with Ca-clay; 3. Erosion experienced by Ca-clays is not negligible, and measured expanded masses 
were around an 8–9 % of the initial installed masses (Table 5-1 and Table 5-2).

5.6 Erosion by flow tests in smooth narrow fractures
Flow experiments were always carried out after previous expansion period, during 30 days, under 
stagnant conditions, (results presented in Section 5.1). Continuing, water flow was applied to the 
six tests carried out in narrow fractures with 0.2 mm aperture, placed at horizontal slope (0°) with 
Nanocor® clay (Test 4–5A, 6–7B and 8–9B) and MX-80 clay (Test 10–11A, 12–13A and 14–15A). 
All tests were carried out with NaCl at 10–3 M.

Experimental conditions are presented in Table 5-9. Flow velocities were calculated considering the 
flow rate (2 mL/day = 2.08 × 10–11 m3·s–1) and the cross-section (S), which depends on the fracture aper-
ture (0.1 mm: S = 1.7 × 10–5 m2; 0.2 mm: S = 3.4 × 10–5 m2; 0.4 mm: S = 6.8 × 10–5 m2). Flow velocities 
are inversely proportional to the aperture (0.1 mm: v = 1.36 × 10–6 m·s–1; 0.2 mm: v = 6.1 × 10–7 m·s–1; 
0.4 mm: v = 3.4 × 10–7 m·s–1).

Figure 5‑35. Average radial expansion (in cm) measured for Ca-MX-80 compacted at 1.4 g·cm–3, within 
fractures with Roughness 1, filled with NaCl 10–3 M, placed at different slopes: Test 47A (0°), Test 48A (45°) 
and Test49A (90°). Open symbols refers to tests where sedimentation along fracture sloped was appreciated, 
where the average values are calculated excluding the slope direction.
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Table 5-9. Erosion by flow experiments. Experimental conditions, aperture, flow rate (mL/day) and flow velocity, average radial expansion at the end of 
 expansion test (beginning of flow experiment) and final expansion (in cm) at the end of flow experiment, eluted mass and total eroded mass (in g and %).

Reference Clay Fracture aperture 
(mm) 

Flow 
(mL/day)

Flow velocity 
(m·s–1)

Average radial 
expansion 
(cm)

Average radial 
expansion at the end 
of flow experiment 
(cm)

Eluted mass 
(g)

Eroded mass 
(g)

Eroded mass 
(%)

Test 4B–5B Nanocor® 0.1 2.1 ± 0.5 1.5 × 10–6 1.43 ± 0.12 1.81 ± 0.04 6.2 × 10–4 0.3379 8.5
Test 6B–7B Nanocor® 0.2 1.8 ± 0.2 6.1 × 10–7 2.48 ± 0.12 3.97 ± 0.08 6 × 10–3 0.7137 18.0
Test 8A–9A Nanocor® 0.4 2.0 ± 0.2 1.4 × 10–7 2.26 ± 0.17 2.59 ± 0.12 9.9 × 10–3 0.9307 23.5
Test 29A–30A Nanocor® 0.2 2.0 ± 0.6 1.35 × 10–6 1.35 ± 0.20 2.24 ± 0.15 2 × 10–4 0.0205 2.0
Test 31A–32A Nanocor® Rough 1//1 mm 0.9 ± 0.3 5.6 × 10–8 2.26 ± 0.10 3.16 ± 0.17 4.5 × 10–4 1.2509 31.6
Test 33A–34A Nanocor® Rough 2 // 1.7 mm 1.6 ± 1 6.3 × 10–8 1.60 ± 0.20 2.91 ± 0.20 1.5 × 10–3 0.9700 24.5
Test 10A–11A MX-80 0.1 2.0 ± 0.6 1.35 × 10–6 0.49 ± 0.05 0.51 ± 0.07 2 × 10–4 0.0205 0.5
Test 12A–13A MX-80 0.2 2.0 ± 0.4 6.7 × 10–7 0.82 ± 0.08 0.88 ± 0.07 5 × 10–4 0.0662 1.7
Test 14A–15A MX-80 0.4 2.0 ± 0.2 3.6 × 10–7 0.85 ± 0.07 1.80 ± 0.11 5 × 10–3 0.1700 4.3
Test 35A–36A MX-80 0.4 1.6 ± 0.2 5.53 × 10–7 1.14 ± 0.05 2.29 ± 0.06 1.3 × 10–4 0.0810 2.0
Test 37A–38A MX-80 Rough 1//1 mm 1.44 ± 0.6 9.8 × 10–8 1.56 ± 0.8 1.19 ± 0.12 3.8 × 10–4 0.6929 17.4
Test 39A–40A MX-80 Rough 2 // 1.7 mm 1.48 ± 0.7 5.92 × 10–8 1.48 ± 0.12 2.43 ± 0.09 1.18 × 10–3 0.4062 10.2
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During flow period, a gradual diameter increase was measured as well, but the expansion was fairly 
homogeneous along all directions, Figure 5-36 presents the additional clay extrusion experienced by 
Nanocor® (Test 4–5A, 6–7B and 8–9B) during flow period within different fracture apertures.

Figure 5‑36. Average radial expansion experienced by Nanocor® clay compacted at 1.4 g·cm–3 during 
expansion (30 days) and subsequent flow period, in an artificial fracture placed horizontally, with different 
fracture apertures: Tests Test 4B–5B (0.1 mm), Test 6B–7B (0.2 mm) and Test 8B–9B (0.4 mm). Flow direc-
tion is indicated.
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Figure 5-37 presents the results for MX-80 (Test 10–11A, 12–13A and 14–15A). In Table 5-9 , the 
values of average radial expansion at the end of expansion test (beginning of flow experiment) and 
average radial expansion at the end of flow experiment.

Figure 5‑37. Average radial expansion experienced by MX-80 clay compacted at 1.4 g·cm–3 during expansion 
(30 days) and subsequent flow period, in an artificial fracture placed horizontally, with different fracture aper-
tures: Tests Test 10–11 (0.1 mm), Test 12–13 (0.2 mm) and Test 14–15 (0.4 mm). Flow direction is indicated.
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It is noteworthy that in these flow experiments solid swept away along flow direction was not observed 
at sight. This may be due to the flow conditions used (v = 10–6 m·s–1), which are lower than previous 
cases. This contrast with the results of the former Benchmark Experiment carried out in EC-BELBAR 
project (shown in Figure 5-38), which would be comparable to tests Test 6 (Nanocor clay, 0° slope and 
0.1 mm aperture). In the BELBAR benchmark, two flows were subsequently applied for 15 days. At 
the lower flow (comparable to Test velocity of 1.2 × 10–6 m·s–1), no solid movement along flow direc-
tion was observed. However, solid movement was clearly observed at higher flow (v = 9.5 × 10–5 m·s–1), 
as can be seen in Figure 5-38. To remove lower clay masses at lower flow rates seems reasonable.

Some tests carried out under flow conditions were replicated, to be compared to flow experiments 
within rough fractures, both with Nanocor® (tests Test 29–30A) and MX-80 clays (Test 35–36A) and, 
as can be seen results were fully comparable (Figure 5-39).

Figure 5‑38. Benchmark test experiment: (Left) Average radial expansion experienced by a Nanocor® 
pellet 1.4 g·cm–3 against NaCl 10–3 M: stagnant (30 days) and at two different flows (flow 1 v1 = 1.2 × 10–6 
m·s–1; flow 2 v2 = 9.5 × 10–5 m·s–1. (Right) Final picture of benchmark test performed in the EC-BELBAR, 
project, where solid movement along flow direction can be appreciated.

Figure 5‑39. Average radial expansion experienced by Nanocor® clay (Test 30A) and MX-80 clay (Test 36A 
compacted at 1.4 g·cm–3, during expansion (30 days) and subsequent flow period, in an artificial fracture 
placed horizontally. Flow direction is indicated.
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In all cases, the average diameter extruded within the fracture increases during flow period. The greatest 
effect was observed for test Test 9B, carried out with Nanocor® clay, within 0.2 mm fracture aperture.

In all cases the average radial expansion was fairly homogeneous, and not significant differences are 
at sight measured along flow direction. This is probably due to the fact that flow velocities are not 
very high.

In these erosion by flow tests, eluted fractions are collected (Figure 3-1) and samples are analysed 
by PCS.

Figure 5-40 and Figure 5-41 present the particle concentration (in mg) measured in eluted fractions, 
as a function of time, respectively for Nanocor® and MX-80 clay, within different fracture apertures. 
Water flow was around 2 mL/day in all cases (Table 5-9). Water supply was equivalent in all tests, 
but flow velocities differ because of the different fracture aperture.

Figure 5‑40. Mass eluted (accumulated) as a function of time from Nanocor® clay compacted at 1.4 g·cm–3, 
subjected to a water flow of NaCl 10–3 M of 2 mL/day, within different fracture apertures (0.1 , 0.2, 0.4 mm).
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Figure 5‑41. Mass eluted (accumulated) as a function of time from MX-80 clay compacted at 1.4 g·cm–3, 
subjected to a water flow of NaCl 10–3 M of 2 mL/day, within different fracture apertures (0.1, 0.2, 0.4 mm).
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Results showed that eluted fraction depended on fracture aperture, being lower at smaller apertures, 
and lower for Mx80 (Figure 5-41) than for Nanocor® (Figure 5-40), in agreement to its highest Na 
content (Table 3-3).

Figure 5-42 presents the particle diameter measured by PCS on eluted samples from Nanocor® 
(Figure 5-42a) and MX-80 clay (Figure 5-42b) flow tests within different apertures. In the case of 
Nanocor, eluted particles are in the colloid range, with diameters < 1 mm. Eluted particles form 
MX-80 are in general bigger, and only within the west fracture (0.4 mm) eluted particles are in the 
colloidal range. In general, smaller particles are eluted within wider apertures (0.4 mm).

Figure 5-43 presents the evolution of the pH on eluted samples from Nanocor® and MX-80 flow tests 
within different apertures. Figure 5-44 presents the electrical conductivity measured on the same 
samples. The initial values of NaCl 10–3 M are pH = 5.3 ± 0.5 and electrical conductivity (EC) of 
125 ± 2 µS·cm–1.

At the beginning of “erosion by flow” experiment, the fracture was already filled with water in 
equili brium with the clay during 30 days of previous expansion test (initiated with NaCl 10–3 M). 
According to fracture aperture dimensions, the fracture volumes were respectively 2.89 × 10–6 m3 
(0.1 mm), 5.78 × 10–6 m3 (0.2 mm) and 1.16 × 10–5 m3 (0.4 mm).

It was shown that eluted particles from the 0.1 mm fracture are much larger, about 2 times, than from 
the 0.2 and 0.4 mm fractures. This could be caused by a faster flocculation in the narrower fracture 
induced by the larger velocity gradient. However, concerning the size, two other factors can also 
explain the differences. On one side, at the beginning of the flow period initial water conductivities 
were higher at lower apertures, as can be seen in Figure 5-44. On the other hand, the drag forces 
required to remove smaller particles are higher at lower flow rates, so we can expect to remove 
bigger particles first. Pusch (1999) concluded that the critical flow rate to remove particles smaller 
than 0.5 µm is 10–4 m·s–1.

These small volumes lead to high solid to liquid ratios, which induced chemical changes (pH, conduc-
tivity and composition evolution), which may affect erosion process.

In fact, at the beginning of flow experiments, water conductivities were high (Figure 5-44), up to 
6 000 µS/cm in the case of Nanocor® in the thinner aperture and 4 000 µS·cm–1 for MX-80. Once addi-
tional NaCl is continuously provided to the experiment, water conductivity started to decrease. The 
high conductivities measured at the beginning indicate that dissolution of soluble salts present in the 
clay, halite (NaCl), gypsum (CaSO4·2H2O) and calcite (CaCO3), occurred. Moreover, cation exchange 
processes most probably took place, varying the initial content of cations in exchangeable positions.

The rather high conductivities measured, explain low mobilisation of eroded masses (Table 5-1 and 
Table 5-2), because the lower the ionic strength the higher the erosion.

Figure 5‑42. Average hydrodynamic diameter (nm) measured by PCS, as a function of time, on samples 
eluted from a) Nanocor® or b) MX-80 clay, compacted at 1.4 g·cm–3, subjected to a water flow of NaCl 10–3 M 
of 2 mL/day, within different fracture apertures (0.1 , 0.2, 0.4 mm).
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5.7 Erosion by flow tests in rough fractures
Flow experiments within rough fractures were performed after a previous expansion period, during 
30 days under stagnant conditions.

Flow conditions were applied to Nanocor® clay, considering two different roughness: Test 31–32 
(Roughness 1) and Test 33–34 (Roughness 2). Equivalent flow tests were carried out with MX-80 
clay: Tests Test 37–38 (Roughness 1) and Test 39–40 (Roughness 2). In all cases the fractures were 
horizontal and their corresponding volumes were indicated in Table 3-1.

All tests were carried out with NaCl at 10–3 M and the water caudal and flow velocities applied are 
indicated in Table 5-9. In the rough fractures, the flow velocities were estimated from the measured 
caudal and considering the fracture volume and assuming the equivalent cross-sections of a smooth 
fracture with the same volume. The water supplied per day was the same as in flow experiments carried 
out in smooth fractures (around 2 mL/day) but flow velocities are slower in this case, because fracture 
volumes are higher.

During flow period, a gradual diameter increase was measured as well as within smooth fractures. 
In Table 5-9 , the values of average radial expansion at the end of expansion test (beginning of flow 
experiment) and average radial expansion at the end of flow experiment.

Figure 5‑43. pH measured as a function of time on samples eluted from a) Nanocor® or b) MX-80 clay, 
compacted at 1.4 g·cm–3, subjected to a water flow of NaCl 10–3 M of 2 mL/day, within different fracture 
apertures (0.1 , 0.2, 0.4 mm).

Figure 5‑44. Electrical conductivity (µS·cm–1) measured as a function of time on samples eluted from 
a) Nanocor® or b) Raw MX-80 clay, compacted at 1.4 g·cm–3, subjected to a water flow of NaCl 10–3 M 
of 2 mL/day, within different fracture apertures (0.1 , 0.2, 0.4 mm).
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Figure 5-45 shows the additional clay extrusion experienced by Nanocor® (Test 32–33 and 33–34 
during flow period within fractures with different roughness. In the figure, the shown area is enlarged, 
but scale is maintained to facilitate comparison. Diameter increased upon flow, but following the same 
shape acquired by the extruded fraction during the previous expansion period. Despite their different 
shape, clay expansion was quite similar within the two roughness analysed. The same behaviour was 
observed for the MX-80 clay. Solid swept away along flow direction was neither observed at sight, 
which is again attributed to the low flow velocities applied (v = 10–7 m·s–1). However, preferential 
expansion along roughness pattern is appreciated.

Figure 5-46 presents the particle concentration (in mg) measured in eluted fractions, as a function of 
time, respectively for Nanocor® and MX-80 clay, within rough fractures. Eluted fraction measured 
within smooth fractures with 0.4, 0.2 and 0.1 mm apertures, are included. It can be seen that eluted 
fractions in rough fractures was always very low, and similar to those measured within smooth frac-
tures with 0.1 mm, what actually have clear smaller volumes (Table 3-1). This indicates that fracture 
roughness hindered particle mobilisation.

Figure 5-47 presents the particle diameter measured by PCS on eluted samples from flow tests within 
rough fractures. It is noteworthy that eluted particles were as well in the colloid range, with diameters 
< 1 mm. Released particles diameters where slightly bigger in fracture with higher roughness, but for 
Nanocor® and MX-80, most probably because the fracture volume is higher as well.

Figure 5-48 presents the electrical conductivity measured on the same samples. Figure 5-49 presents 
the evolution of the pH on eluted samples from Nanocor® and MX-80 flow tests within different 
fractures.

Figure 5‑45. Average radial expansion experienced by Nanocor® clay compacted at 1.4 g·cm–3 during 
expansion (30 days) and subsequent flow period, in fractures placed horizontally, with different roughness. 
Test 31–32A (Rougness 1), Test 33–34A (Roughness 2).
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At the beginning of “erosion by flow” experiment, the fracture was already filled with water in equi-
librium with the clay during 30 days of previous expansion test (initiated with NaCl 10–3 M with 
pH = 5.3 ± 0.5 and electrical conductivity (EC) of 125 ± 2 µS·cm–1.). The electrical conductivities 
at the beginning of flow phases where in general smaller in the rough fractures than in the smooth 
ones, because of their bigger volumes. During flow period, electrical conductivity and pH measured 
on eluted fractions form rough fractures did not change significantly, while the arrival of fresh water 
had a significant dilution effect within smooth fractures.

Figure 5‑46. Mass eluted (accumulated) as a function of time from Nanocor® and raw MX-80 clay compacted 
at 1.4 g·cm–3, subjected to a water flow of NaCl 10–3 M of 2 mL/day, within fractures with different roughness 
(Rough 1 and Rough 2). The eluted fractions measured within smooth fractures of 0.1, 0.2 and 0.4 mm are 
included for comparison.

Figure 5‑47. Average hydrodynamic diameter (measured by PCS, as a function of time, on samples eluted 
from raw Nanocor® and raw MX-80 clays, compacted at 1.4 g·cm–3, subjected to a water flow of NaCl 10–3 M 
of 2 mL/day, within different rough fractures.
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Figure 5‑48. Electrical conductivity (E.C.) measured as a function of time on samples eluted from 
a) Nanocor® or b) RawMX-80 clay, compacted at 1.4 g·cm–3, subjected to a water flow of NaCl 10–3 M 
of 2 mL/day, within different rough or smooth fractures.

Figure 5‑49. pH measured as a function of time on samples eluted from from a) Nanocor® or b) MX-80 
clay, compacted at 1.4 g·cm–3, subjected to a water flow of NaCl 10–3 M of 2 mL/day, within different rough 
or smooth fractures.
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6 Discussion

Clay erosion tests were carried out in artificial fractures under different experimental conditions. The 
aims were to analyse clay expansion in horizontal fractures, erosion promoted by water flow and 
sedimentation in sloped fractures.

All experiments were carried out in artificial fractures with clay pellets compacted at 1.4 g·cm–3. 
Different clays were analysed: Nanocor®, MX-80, Ibeco, MCA-C saponite and homoionic Na- and 
Ca-clays. Different fracture conditions were analysed: smooth or rough surfaces, fracture apertures 
from 0.1 to 1.7 mm and fracture slopes (0°, 45° and 90°). The reference electrolyte was NaCl at 10–3 M 
ionic strength, but higher initial ionic strengths were also analysed (10–2 M or 10–1 M).

In all experiments, the clay was allowed to freely expand in the fracture without any inference. Some 
tests were carried out in duplicate or under experimental conditions previously analysed to verify 
reproducibility, as shown in Figure 5-3.

All tests have been carried out with compacted samples; therefore, initial expansion is promoted by 
clay swelling (Norrish 1954). The evolution of expansion within the fracture was followed during 
30 days, as shown in Appendix 1 (pages 81–135).

Many factors have been observed to control the clay expansion.

The chemistry of the equilibrium water in the fractures has been identifies as first relevant actor. In 
all experiments, the chemical conditions evolved during the experiment, as indicated the significant 
increase of electrical conductivities. This increase is attributed to the dissolution of the soluble salts 
present in the clay. As chemical conditions were not really fixed in any experiment and they acted as 
an additional variable. This affects experiment comparison, somehow masks the relevance of one para-
meter with respect to another and difficult quantitative parameterization. In spite of this, a great amount 
of results are available and the comparison of experiments allowed extracting sound conclusions. In 
future, the fixation of the chemical conditions from the beginning would be of special interest.

Expansion behaviour in all tests was equivalent, in the sense that once the fracture was filled, the 
clay gradually (linearly) extruded in the fracture, until stopping after a certain time.

Expansion stopped in all experiments, with the only exception of tests 56A and 57A, carried out with 
Nanocor® and MX-80 clays in smooth fractures with the widest aperture (1.7 mm). The duration of 
experiments was 30 days, to facilitate test comparison. At this time, clay expansion was clearly slowed 
down (Figure 5-1 and Figure 5-2) but not stopped. Longer experimental times are needed to verify if 
they will stop as well. Erosion steady state was observed as well in other erosion experiments (Alonso 
et al. 2018). Therefore, some mechanisms are hindering continuous clay expansion in fractures.

In smooth fractures, wall friction is not a dominant mechanism slowing down or restricting particle 
expansion. The fracture aperture was demonstrated to be a relevant parameter on clay expansion, as 
revealed from the comparison of the expansion behaviour of Nanocor®, MX-80 and Ca-MX-80 within 
smooth fractures of different apertures.

Figure 6-1 shows the average radial expansion, the expanded mass experienced and the final electric 
conductivity (E.C.) of the equilibrium water measured on different tests, as a function of the fracture 
aperture . Initial water solution was in all cases NaCl 10–3 M (E.C. ≈ 100 µS·cm–1). It can be seen 
that both the distance and the expanded mass increased fairly linearly with the fracture aperture. In 
this case, measured E.C. were higher at smaller apertures, as expected considering a higher solid to 
liquid ratio (s:l). It is also noteworthy that the expansion experienced by Nanocor® clay was higher 
(in distance and in expanded mass) at all apertures analysed.

In rough fractures, the aperture concept does not apply and comparison must be done with equivalent 
fracture volumes. In these experiments the analysed roughness compared to smooth fractures with wider 
apertures (1 mm and 1.7 mm). It was again verified that Nanocor® experienced higher expansion than 
raw MX-80, most probably due to the fact that it is Na-rich clay (Table 3-3). Expansion was hindered 
within the fracture with tow rough surfaces compared to the case in which only one surface was rough, 
but the differences were not very pronounced, especially for MX-80 (Figure 5-19 and Figure 5-20).
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Figure 6‑1. a) Average radial expansion and b) expanded mass (in %) experienced by Nanocor® and 
MX-80 clays within smooth fractures of different apertures. The red square indicates the two tests where 
steady state was not fully reached in 30 days.
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Sedimentation experiments were carried out within smooth and rough fractures with different 
bentonites. Under the experimental conditions analysed, expanded patterns and expanded masses did 
not vary at different slopes (Figure 5-23 and Figure 5-29), but only in certain cases particle fall down 
streams along fracture slope were observed.
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Sedimentation along fracture slope was only observed within wider fracture apertures (smooth 
fractures > 0.4 mm) or wider fracture volumes, i.e. in rough fractures.

Fracture aperture was demonstrated to be a relevant parameter on sedimentation process. In experi-
ments carried out within smooth fractures with small apertures (0.2 mm) with MX-80, Nanocor®, 
at different initial ionic strengths, sediment along fracture slope was not observed.

However, clay sedimentation along fracture slope was clearly observed in the tests carried out with 
Nanocor® within fractures of 1 mm aperture (Figure 5-28 and Figure 5-29).

In previous sedimentation experiments reported in Schatz and Akhanoba (2016), carried out within 
an sloped fracture of 0.1 mm aperture under flow conditions (Test 48 in Schatz and Akhanoba 2016), 
some solid material lost along slope direction was observed. It was pointed out that “the released mass” 
seemingly begins to adhere/deposit and spread/collect along the fracture surfaces, without producing 
significant clay deposition at the bottom of the fractures”. However, in experiments carried out with 
Na-montmorillonite, within fractures of 1 mm aperture (Schatz and Akhanoba 2016), particle sedimen-
tation along fracture sloped was always observed, as well as in our case. Differences can be attributed 
to diverse experimental conditions.

In our experiments, even when significant deposition was appreciated, the fraction of clay deposited 
during 30 days was only a 3.4 % of the initial mass at 45° slope and 7.5 % at 90 °. In fact, despite the 
particle sedimentation stream along fracture direction, the extrusion pattern continued being rather 
homogenous (Figure 5-28).

Present sedimentation tests were carried out at lower compaction density than in Schatz and Akhanoba 
(2016), so that lower swelling pressures may be expected. This comparison suggests that applied condi-
tions favour the cohesion of clay particles and their resistance to fall down.

Sedimentation was not observed with Ca-MX-80 within narrow fracture apertures (0.1, 0.2 and 
0.4 mm) (Figure 5-27). In Schatz and Akhanoba (2016) Ca-rich clays sediment within wider apertures 
(1 mm). Overall results indicate that the fracture aperture is a very relevant parameter on sedimentation.

In rough fractures, sedimentation along fracture slope was clearly appreciated for MX-80 and 
Na-MX-80 both at 45° and at 90° slope. However, no sedimentation as appreciated for Ca-MX-80 
(Figure 5-34). With MX-80 deposited fraction varied, being a 1.4 % at 90° to 6.8 % at 45 %. 
However, with Na-MX-80 clay deposited fraction was, at both slopes analysed, around a 3 % of the 
initial mass installed (Table 5-8). In general, clay sedimentation behaviour was equivalent at 45° or 
90° fracture slope. However, results showed that the clay nature is also playing a role in sedimentation 
behaviour.

The effect of clay type on erosion process was analysed in detail within smooth horizontal fractures 
of 0.2 mm aperture (Figure 5-5) with different raw clays (Nanocor, MX-80, Ibeco, MCA-C saponite 
and Ca-MX-80), which all have an smectite content higher than a 75 %. Figure 6-2 presents the aver-
age expansion experienced by the different clays, as a function of their Na+ content in exchangeable 
positions. It is noteworthy that a clear relationship between the expansion and the Na+ content is 
not a appreciated, and it is most probably related to the different water conditions. The final electric 
conductivity (E.C. in µS·cm–1) measured on each test is indicated in the figure.

In Missana et al. (2018b), free dispersion of different natural bentonites was analysed in deionised 
water (solid to liquid ratio, s:L = 1 g·L–1), quantification of their colloidal fraction (particles with 
diameters < 1 mm) as an indication of their maximum erodibility. Colloid releases were higher from 
those clays with higher smectite and higher Na+ content. Maximum colloid release was measured 
for Nanocor® clay, followed by MX-80 and, by far, for Ibeco or MCA-C clay, being ordered by their 
smectite content and by their Na concentration in exchangeable positions.

In contrast, under confined conditions (Alonso et al. 2018), where the solid to liquid ratio was higher 
(s:l ~ 20 g·L–1) than under dispersed conditions, comparable erosion was measured for Nanocor®, 
MX-80 or Ibeco, but it was negligible for MCA-C. This behaviour was related to the chemical condi-
tions stablished at equilibrium. In the present experiments solid to liquid ratio is higher than 700 g·L–1 
(considering an aperture of 0.2 mm) so that salt dissolution causes an effect on water chemistry, more 
pronounced than in previous studied cases.
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The relevance of accessory minerals and of soluble salts on erosion process was also pointed out 
by the comparison of the erosion behaviour of raw MX-80, salt-free and minerals-salt free-MX-80 
fractions (Figure 5-10 and Figure 5-12). In previous experiments (Reid et al. 2015) the presence of 
this dark outer ring was attributed to the accumulation of accessory minerals, acting as clay filters 
which could stop clay expansion. In our studies, an enriched region of accessory minerals at the edge 
of expanded clay was not appreciated in any case (Section 5.2.3) and results suggested that the outer 
ring is formed by a clay cake. When particles are far enough from the pellet surface, the compaction 
density is reduced contributing to slow down or stop the expansion. Moreover, considering that ben-
tonite is a plastic material, at some point, inter-particle forces may be favoured promoting the particles 
growing and increasing the resistance to movement. The fact that chemical conditions established at 
equilibrium, were generally of high ionic strength, can definitely additionally contribute to favour 
particle aggregation (Missana et al. 2018a).
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Figure 6‑2. Average radial expansion experienced by different clays within smooth fractures of 0.2 mm, as a 
function of the exchangeable Na+ content (%). The final electric conductivity of each test is indicated in the 
figure (in µS·cm–1). Line is plotted to guide the eye.
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Results showed that, not only the equilibrium water, but also the initial water chemical conditions 
were playing a role. Figure 6-3a shows the average expansion experienced by Nanocor®, as a function 
of the initial ionic strength (NaCl in M), within smooth fractures of 0.2 mm aperture at two different 
slopes 0° and 45° slope, corresponding to tests shown in Figure 5-4.

Figure 6-3b presents the expanded masses. In can be seen that, at both fracture slopes, results are com-
parable and that both the average extrusion distance and the expanded masses decreased exponentially 
(logarithmic scale) with the initial ionic strength, pointing out the relevance of initial water conditions 
on erosion process. it has to be noted that final ionic strength increased in comparison to initial values, 
so that soluble salts dissolution took place in any case.

Results obtained from several erosion experiments carried out under different experimental conditions 
led to the conclusion that a salinity higher than 1–2 × 10–2 M (in Na) inhibits the erosion process 
(Missana 2016, Schatz and Akhanoba 2016).

According to (Birgersson et al. 2009), montmorillonites do not suffer erosion when the external ionic 
strength is higher than 4 × 10–3 M, for Na-bentonites, or higher than 2.5 × 10–3 M for mixed Na/Ca 
montmorillonites (Ca2+ > 20 %).

Figure 6‑3. Erosion experienced by Nanocor® within smooth fractures of 0.2 mm aperture at 0° and 45° 
slope: a) Average radial expansion and b) expanded mass as a function of the initial water ionic strength.
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The possibility that initial water conditions evolved, from higher to lower ionic strengths, was 
impli citly analysed in flow experiments carried out both in smooth (Section 5.6) and rough frac-
tures (Section 5.7). In all cases, flow conditions were applied after a previous expansion period under 
stagnant conditions. This implied that at the beginning of flow experiments ionic strength were in all 
cases high (Figure 5-44 and Figure 5-48). In all cases the arrival of fresh water, and the subsequent 
decrease in ionic strength, promoted longer clay expansion. However, the mobilisation of particles 
with the water flow was very limited, and clay eluted fraction was in all cases very low (lower than 
a 0.02 % of the initial mass installed.



SKB TR-19-08 75

7 Conclusions

The erosion behaviour of compacted bentonite was experimentally studied under different physico-
chemical conditions.

The main physical variables analysed were: fracture roughness (smooth or rough), aperture (from 0.1 
to 1.7 mm) and slope (horizontal to vertical). The erosion behaviour of Na-rich bentonites (Nanocor® 
and Wyoming MX-80) was mainly analysed, and compared to that of Na- or Ca-exchanged MX-80. 
Some experiments were also carried out with a Ca–Mg bentonite (Ibeco) and a Spanish saponite 
(MCA-C). Most of the experiments were carried out with 1 mM NaCl as initial electrolyte, but 
higher onic strengths were analysed as well.

In the experiments, the clay extrusion in the fracture was followed during 30 days, periodical photo-
graphs were taken to measure extrusion distances. Eroded masses and physico-chemical evolution 
were evaluated by post-mortem analyses.

All erosion experiments carried out within narrow fractures with apertures smaller than 1 mm, 
showed that clay extrusion in the facture was stopped at some time. Clay expansion was favoured 
within fractures of wider apertures.

In general, Na-rich bentonites (Nanocor® or Na-exchanged MX-80) exhibited longer extrusion distances 
than raw MX-80 or Ibeco. Extrusion distances measured for Ca- exchanged bentonites, or other clays as 
saponite, were clearly shorter, but not null. As suggested by previous studies, which related clay erosion 
capability to its intrinsic characteristics, the relevance of clay properties is again pointed out.

Each clay established particular chemical conditions, mainly induced by soluble salt dissolution, which 
generally led to significant increases of water ionic strengths. The water chemistry established at equi-
librium plays a major role on erosion.

Particle sedimentation along fracture slope was not detected in smooth fractures with apertures 
thinner than 0.4 mm, but particle sedimentation streams were observed within smooth fractures of 
1 mm aperture and within rough sloped fractures, whose equivalent apertures were wider than 1 mm. 
Sedimentation behaviour within smooth and rough fractures was dependent on the clay nature: Na- 
rich bentonites sediment along fracture slope almost from the beginning. In contrast, sedimentation 
of Ca-rich bentonites was not detected under experimental conditions. In any case, the deposited 
fraction, under experimental conditions, was always lower than a 6 % of the initial mass.

The effect that accessory minerals and soluble salts have on clay erosion processes was analysed in 
detail by comparing the expansion behaviour of raw MX-80, salt-free MX-80 and minerals&salt-
free MX-80,. Physico-chemical analyses of their corresponding extruded rings within the fracture 
was conclusive. Coarse mineral fractions can effectively restrict clay extrusion in narrow fractures; 
however, an enriched region with accessory minerals was not identified in the edge of the extruded 
clay. Instead, the smectite particles themselves accumulate and form a filter, which is able to stop 
further particle expansion.

Erosion by flow was analysed after a previous expansion period of 30 days under stagnant conditions, 
so that the clay had previously extruded in the fractures. Applying flow velocities in the range of 
10–7–10–6 m·s–1, fresh water is provided and the ionic strength decreased, an additional clay expansion 
was measured. The mass of eluted particles was lower than a 0.02 % of the initial mass, indicating that 
particle mobilization in the water flow, under studied conditions, was clearly restricted, even though 
additional expansion was measured.

In all the tests, the major role of water chemistry established at the equilibrium was evidenced.
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Appendix 1

Periodical photographs of all erosion tests (Table 4-1 and Table 4-2) 
during expansion period

To facilitate the comparison of different tests, the following criteria were generally followed for the 
presentation of the expansion photographs,

1. A fracture region that covers an area of 7.4 x 7.4 cm2 is shown when no sedimentation was 
observed. With this selection it is intended to show a sufficient number of periodic photographs 
to adequately follow the expansion over time (from 0 to 30 days). The pellet diameter is 1.9 cm 
in all cases and the scale is indicated with a small ruler.

2. In those cases where the expansion surpassed the region of above mentioned region, the photos 
are shown expanded to enlarge the area (9.6 x 9.6 cm2), and the corresponding scale is indicated. 
In those tests fewer periodic photographs are presented.

3. In those experiments where clay sedimentation was observed, in any direction (i.e. along fracture 
slope), the photographs were taken including a black sheet, placed underneath the fracture meth-
acrylate. In those cases, not only the extruded area is shown, but the shown regions are extended 
to the fracture limit, to appreciate sedimentation streams and particle accumulation at the bottom 
of the sloped fracture.
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0.3 d
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1 d0 d

3270 33753311 3432
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Test 1A: Nanocor® 1.4 g∙cm–3 - Slope 0 - Aperture 0.2 mm - NaCl 10–3 M
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0.34 d 1 d0 d
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2 d

5 d3 d 7 d

4138 4227 4331 4519

10 d

20 d

26 d

15 d

4682 4850 5029 5093
30 d
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Test 2A: Nanocor® 1.4 g∙cm–3 - Slope 45º - Aperture 0.2 mm - NaCl 10–3 M
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2 d
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5 d3 d 7 d
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10 d

20 d 25 d15 d
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Test 3A: Nanocor 1.4 g∙cm–3 - Slope 90º - Aperture 0.2 mm - NaCl 10–3 M
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Test 4A: Nanocor® 1.4 g∙cm–3 - Slope 0º - Aperture 0.1 mm - NaCl 10–3 M
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2 d
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20 d15 d 26 d

4697 4864 5041 5100

30 d

cm

Test 4B: Nanocor® 1.4 g∙cm–3 - Slope 0º - Aperture 0.1 mm - NaCl 10–3 M 
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20 d15 d 25 d
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Test 6A: Nanocor® 1.4 g∙cm–3 - Slope 0º - Aperture 0.2 mm - NaCl 10–3 M
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Test 6B: Nanocor® 1.4 g∙cm–3 - Slope 0º - Aperture 0.2 mm - NaCl 10–3 M 
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Test 8A: Nanocor® 1.4 g∙cm–3 - Slope 0º - Aperture 0.4 mm - NaCl 10–3 M
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Test 8B: Nanocor® 1.4 g∙cm–3 - Slope 0º - Aperture 0.4 mm - NaCl 10–3 M 
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Test 10A: Raw MX-80 1.4 g∙cm–3 - Slope 0º - Aperture 0.1 mm - NaCl 10–3 M
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Test 12A: Raw MX-80 1.4 g∙cm–3 - Slope 0º - Aperture 0.2 mm - NaCl 10–3 M



SKB TR
-19-08 

93

0.2 d 1 d0 d

5320 54055364
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5 d4 d 7 d
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20 d15 d 24 d
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Test 14A: Raw MX-80 1.4 g∙cm–3 - Slope 0º - Aperture 0.4 mm - NaCl 10–3 M
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19 d15 d 25 d
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cm

Test 16A: Raw MX-80 1.4 g∙cm–3 - Slope 0º - Aperture 0.2 mm - NaCl 10–3 M
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Test 17A: Raw MX-80 1.4 g∙cm–3 - Slope 45º - Aperture 0.2 mm - NaCl 10–3 M
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Test 18A: Raw MX-80 1.4 g∙cm–3 - Slope 90º - Aperture 0.2 mm - NaCl 10–3 M
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20 d15 d 25 d
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Test 19A: Nanocor® 1.4 g∙cm–3 - Slope 0º - Aperture 0.2 mm - NaCl 10–2 M
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10 d

20 d15 d 25 d
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30 d
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Test 20A: Nanocor® 1.4 g∙cm–3 - Slope 0º - Aperture 0.2 mm - NaCl 10–1 M
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0.3 d 1 d0 d

6211 62776257

2 d

6322

5 d3 d 7 d

6346 6381 6427 6502

10 d

21 d15 d 26 d

6606 6688 6752 6798

30 d

cm

Test 21A: MCA-C 1.4 g∙cm–3 - Slope 0º - Aperture 0.2 mm - NaCl 10–3 M
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0.3 d 1 d0 d
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2 d

6600

5 d3 d 7 d

6632 6644 6675 6727

10 d

20 d14 d 25 d

6776 6807 6837 6854

30 d

cm

Test 22A: Ibeco1.4 g∙cm–3 - Slope 0º - Aperture 0.2 mm - NaCl 10–3 M
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0.3 d 1 d0 d

6205 62866266

2 d

6318

5 d3 d 7 d

6340 6379 6435 6521

10 d

21 d15 d 26 d

6612 6699 6759 6805

30 d
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Test 23A: Ca-MX-80 1.4 g∙cm–3 - Slope 90º - Aperture 0.1 mm - NaCl 10–3 M
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0.3 d 1 d0 d
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2 d

5 d3 d 7 d

6338 6377 6433 6519

10 d

21 d16 d 26 d

6628 6697 6757

30 d
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cm

Test 24A: Ca-MX-80 1.4 g∙cm–3 - Slope 90º - Aperture 0.2 mm - NaCl 10–3 M
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6314

5 d3 d 7 d
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21 d15 d 26 d
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Test 25A: Ca-MX-80 1.4 g∙cm–3 - Slope 90º - Aperture 0.4 mm - NaCl 10–3 M
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2 d

5 d3 d 7 d

5594 5611 5665 5788

10 d

20 d16 d 24 d

5895 5935 6027 6122

30 d
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Test 26A: Nanocor® 1.4 g∙cm–3 - Slope 45º - Aperture 0.2 mm - NaCl 10–2 M
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5 d4 d 7 d
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20 d16 d 24 d

5895 5935 6027 6122
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Test 27A: Nanocor® 1.4 g∙cm–3 - Slope 45º - Aperture 0.2 mm - NaCl 10–1 M
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2 d

5 d3 d 7 d

4138 4227 4331 4519

10 d

20 d

26 d

15 d

4682 4850 5029 5093
30 d
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Test 28A: Nanocor® 1.4 g∙cm–3 - Slope 45º - Aperture 0.2 mm - NaCl 10–3 M
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0.3 d0 d 1 d

9687 9734 9751 9770

2 d

5.4 d3.3 d 7 d

9790 9818 9843 9874

10 d

20 d15 d 24 d

9917 9937 0221 0608

34 d
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Test 29A: Nanocor® 1.4 g∙cm–3 - Slope 0 – smooth 0.1 mm - NaCl 10–3 M
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20 d15 d 24 d
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Test 31A: Nanocor® 1.4 g∙cm–3 - Slope 0 – Roughness 1 - NaCl 10–3 M
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20 d15 d 24 d

9531 9560 9600 9627
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Test 33A: Nanocor® 1.4 g∙cm–3 - Slope 0º – Roughness 2 - NaCl 10–3 M
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7118 7280 7304 7346

2 d

5.2 d3 d 7 d

7364 7377 7402 7426

10 d

20 d16 d 25 d

7461 7473 7715 7817
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Test 35A: Raw MX-80 1.4 g∙cm–3 - Slope 0 - smooth 0.2 mm - NaCl 10–3 M
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8771 8817 8819 8855

2 d

5.2 d3 d 7 d

8902 8963 9011 9090

10 d

20 d16 d 24 d

9182 9432 9467 9552

30 d

cm

Test 37A: Raw MX-80 1.4 g∙cm–3 - Slope 0 – Roughness 1 - NaCl 10–3 M
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9186 9290 9298 9344

2 d

5 d3 d 7 d

9366 9382 9437 9474

10 d

20 d16 d 24 d

9536 9570 9602 9641

30 d

cm

Test 39A: Raw MX-80 1.4 g∙cm–3 - Slope 0 – Roughness 2 - NaCl 10–3 M
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0.3 d0 d 1 d

2127 2199 2265 2313

2 d

5 d3 d 7 d

2323 2493 2615 2832

10 d

20 d16 d 24 d

3051 3062 3106 3270

30 d
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Test 41A: Raw MX-80 1.4 g∙cm–3 - Slope 0º – Roughness 1 - NaCl 10–3 M
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30 d

0.2 d

1 d

0 d

649 739 763 952
2 d

5 d

1238

15 d

1603 2271

Test 42A: Raw MX-80 1.4 g∙cm–3 - Slope 45º – Roughness 1 - NaCl 10–3 M
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30 d

0.2 d

1 d

0 d

637 735 775 957
2 d

5 d

1230

15 d

1649 2208

Test 43A: Raw MX-80 1.4 g∙cm–3 - Slope 90º – Roughness 1 - NaCl 10–3 M
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1 d0 d 5 d

0001 0110 0219 0473

10 d

30 d

1641

15 d

0632

Test 44A: Na-MX-80 1.4 g∙cm–3 - Slope 0º – Roughness 1 - NaCl 10–3 M
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30 d

0.2 d

1 d

0 d

014 106 157 159
2 d

5 d

226

15 d

626 1627

Test 45A: Na-MX-80 1.4 g∙cm–3 - Slope 45º – Roughness 1 - NaCl 10–3 M
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30 d

0.15 d

1 d

0 d

1769 1797 1830 1893

2 d

5 d

2027

15 d

2631 1627

Test 46A: Na-MX-80 1.4 g∙cm–3 - Slope 90º – Roughness 1 - NaCl 10–3 M
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0.3 d0 d 1 d

0254 0380 0465 0475

2 d

5 d3 d 7 d

0517 0589 0630 1097

10 d

20 d16 d 24 d

1370 1532 1672 1846

30 d
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Test 47A: Ca-MX-80 1.4 g∙cm–3 - Slope 0º – Roughness 1 - NaCl 10–3 M
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0255 0376 0394 0477

2 d

5 d3 d 7 d

0524 0580 0623 1104

10 d

20 d16 d 24 d

1355 1550 1662 1971

30 d
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Test 48A: Ca-MX-80 1.4 g∙cm–3 - Slope 45º – Roughness 1 - NaCl 10–3 M
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30 d

0.15 d

1 d

0 d

642 737 772 967
2 d

4 d

1203

15 d

1587 2212

Test 49A: Ca-MX-80 1.4 g∙cm–3 - Slope 90º – Roughness 1 - NaCl 10–3 M
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7364 7377 7402 7426
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20 d16 d 25 d

7461 7473 7715 7817
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Test 50A: Raw MX-80 1.4 g∙cm–3 - Slope 0º - 0.2 mm - NaCl 10–3 M
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0.3 d0 d 1 d

7117 7282 7306 7348

2 d

5.2 d3 d 7 d

7366 7379 7404 7428

10 d

20 d16 d 25 d

7469 7475 7712 7819
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Test 50B: Raw MX-80 1.4 g∙cm–3 - Slope 0º - 0.2 mm - NaCl 10–3 M 
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7119 7284 7302 7350
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7368 7381 7406 7430

10 d

20 d16 d 25 d

7465 7477 7716 7821
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Test 50C: Raw MX-80 1.4 g∙cm–3 - Slope 0º - 0.2 mm - NaCl 10–3 M 
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1 d0 d 3 d

7491 77057630 7734

5 d

15 d10 d

7823 7890

25 d21 d

7919 7944

30 d
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Test 51A: Minerals&salt-free MX-80 1.4 g∙cm–3 - Slope 0º - 0.2 mm - NaCl 10–3 M 
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0.3 d0 d 1.2 d
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10 d

20 d 26 d16 d

7892 7925 8121 8308

30 d
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Test 51B: Minerals&salt-free MX-80 1.4 g∙cm–3 - Slope 0º - 0.2 mm - NaCl 10–3 M 
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1 d0 d 3 d

7546 77097665 7738

5 d

15 d10 d

7827 7894

25 d21 d

7923 7948

30 d
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Test 51C: Minerals&salt-free MX-80 1.4 g∙cm–3 - Slope 0º - 0.2 mm - NaCl 10–3 M 



128 
SKB TR

-19-08
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7950 8091 8099 8172

2 d

5.2 d3 d 7 d

8225 8297 8358 8434
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20 d 25 d15 d

8504 8716 8906 9068
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Test 52A: Nanocor® 1.4 g∙cm–3 - Slope 0º – Aperture 1 mm - NaCl 10–3 M
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30 d

0.3 d

1 d

0 d

7956 8087 8104 8182
2 d

5 d

8291

15 d

8523 9108

Test 53A: Nanocor® 1.4 g∙cm–3 - Slope 45º – Aperture 1 mm - NaCl 10–3 M
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0 d
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2 d

7 d
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15 d
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Test 54A: Nanocor® 1.4 g∙cm–3 - Slope 90º – Aperture 1 mm - NaCl 10–3 M
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1 d0 d 3 d

2123 23192201 2371

5 d
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3362

Test 55A: Salt-free MX-80 1.4 g∙cm–3 - Slope 0º - 0.2 mm - NaCl 10–3 M 
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Test 55B: Salt-free MX-80 1.4 g∙cm–3 - Slope 0º - 0.2 mm - NaCl 10–3 M 
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1 d 3 d0 d

3124 3164 3262 3276

5 d

15 d11 d

3360 3376D

25 d20 d

3107D 3284D

30 d
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Test 55C: Salt-free MX-80 1.4 g∙cm–3 - Slope 0º - 0.2 mm - NaCl 10–3 M 
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2400 2501 2834 3049

10 d
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cm
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3100

Test 56A: Nanocor® 1.4 g∙cm–3 - Slope 0º – Aperture 1.7 mm - NaCl 10–3 M
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1 d0 d 5 d

2397 28362503 3048

10 d
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Test 57A: Raw MX-80 1.4 g∙cm–3 - Slope 0º – Aperture 1.7 mm - NaCl 10–3 M
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