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ABSTRACT 

Smectite-rich clay is a major engineered barrier (buffer) in repositories for heat-producing highly 

radioactive waste. It has the form of densely compacted blocks of clay granules and is only partly water 

saturated from start. The initial porewater is redistributed by the thermal gradient acting in the buffer and 

additional water is taken up to give ultimately complete saturation. The compaction of blocks gives a 

stochastic distribution of dense and less dense clay grains of different size and the initially heterogeneous 

microstructure is partly preserved in the fully hydrated buffer. Thus, local softer zones combine to create 

channel flow under hydraulic gradients and they can be permanent by precipitation of cementing agents 

caused by salt in the porewater and by partial dissolution of the smectite particles. A fundamental 

question is how one can characterize the channels and quantify their hydraulic performance. This has 

been answered by using different techniques in the present study, including optical and electron-optical 

microscopy and gas adsorption. Interpretation of  oedometer tests with freshly prepared and 

hydrothermally treated smectite samples has revealed that permeation of dense buffer clay primarily takes 

place through a network of channels that represent up a few percent of the entire cross section.  

Hydrothermal treatment in the early period of maturation of the buffer widens flow paths and increase the 

bulk conductivity, and precipitation of cementing silicious compounds causes stiffening and prevents 

expanded voids to close.  

 



Journal of Purity, Utility Reaction and Environment Vol.1 No.6, August 2012, 267-292 

 

268 
 

Keywords: cementation, expandable clay; hydraulic conductivity; hydraulic gradient; 

microstructure 

 

 

1. Introduction 

 

A commonly proposed principle of isolating highly radioactive waste from surrounding 

crystalline rock is to place it in metal containers surrounded by smectitic clay (Figure 1).  

 

Radioactive waste

Heat- and gas-producing

Clay

(a) Serving as mechanical and chemical buffer.

(b) Backfilling of tunnels and other openings.

Host rock

Porous medium 
with discrete 
fracture zones

 

Figure 1 Isolation of HLW. The canisters are embedded in clay in crystalline rock (Pusch & 

Yong, 2010) 

The heat production has several impacts on the “buffer” clay, which is commonly 

proposed to have the form of large blocks of very dense smectite-rich clay with an initial 

degree of water saturation of about 50%. According to the Swedish concept (“KBS-3V”) there 

is initially a 5 cm wide gap between rock and clay blocks and a 1 cm gap between the 

canisters of copper-lined iron and the clay blocks. The latter gap is left open and will contain 

water vapour under considerable pressure while the outer gap is filled with loosely layered 

granules of the same type of clay used for manufacturing the blocks. The present study 

summarizes information on the physical, chemical and mineralogical changes that are 

expected to occur in clay with special respect to the performance of the microstructure. It 

illustrates that the properties required for effective isolation of the canisters can be seriously 

deteriorated by the hydrothermal conditions that will prevail for thousands of years. 
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2. Microstructure of smectite clay  

 

2.1 General   

          Clays as engineered barriers serve to redirect groundwater from the canisters with 

highly radioactive waste because of their tightness. The sealing potential of this type of clay is 

because of their potential to bind water in the form of intracrystalline hydrate films as shown 

in Figure 1, (Ross and Hendricks, 1945; Mooney et al., 1952a; Sposito and Prost, 1982). 

Substitutions in both octa- and tetrahedral sheets give the crystallites a negative charge that is 

compensated by exchangeable cations in the interlamellar space (Thomas et al., 1999; Laird, 

1999) and by pseudocrystalline water films (Ras et al., 2007; Ferrage et al., 2010), improving 

bonds between the lamellea. 

 
Figure 1 Commonly assumed constitution of a stack of two montmorillonite lamellae with 

10 Å thickness in dehydrated form. Cations and water molecules are located in the 

interlamellar space 

 

In practice, the stacking of solid lamellae and hydrates is very complex as illustrated by 

the electron micrographs of soft Na-montmorillonite in Figure 2. They show that in addition 

to the interlamellar space there are “external” voids that contain free water. The interlamellar 

space does not contain anions because of the Donnan effect (Pusch and Yong, 2006). Certain 

cations, like Ca
2+

, are strongly hydrated and bonded to the mineral lattices while others, like 

Na
+
 and Li

+
, can move more easily. For these cations, hydration of initially incompletely 

hydrated smectites proceeds until a maximum number of interlamellar hydrates are formed if 

there is no geometrical restraint.  
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Figure 2 Electron micrographs of expanded montmorillonite clay. Upper: Transmission image 

of 200 m  section of resin-embedded clay showing curly, interwoven stacks of lamellae 

(100000 x magnification). Lower: Scanning micrograph of freeze-dried clay with the stacks of 

lamellae collapsed. 

 

For montmorillonite the maximum number of interlamellar hydrates is commonly taken as 

three (Mooney et al. 1952b; Johnston et al., 1992) and it can be reduced to zero at  sufficiently 

high effective pressure, about 200 MPa, and high temperature (Colten-Bradley, 1987; Huang 

et al., 1994; Liu and Lin, 2005; Dubacq et al., 2010). The hydrates are strongly bound to the 

crystal lamellae (Fripiat et al, 1965; Sposito and Prost, 1982; Bidadi et al, 1988).This is in 
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excellent agreement with proton spin-spin coherence time T2 data
1
 recorded in systematic 

NMR studies of the mobility of protons in montmorillonite clay (Pusch, 1993; Akitt & Mann, 

2000). The diagram in Figure 3 shows that the proton mobility increases significantly with 

temperature, indicating that the pseudo-crystalline structure of interlamellar water in Na 

montmorillonite becomes less stable when the temperature is raised. The same tendency is 

seen for Ca montmorillonite in which the water structure is more stable and therefore less 

affected. The fact that the average coherence time is not dramatically changed with the bulk 

density means that the energy and strength of the water structure are not significantly different 

for one-, two- and three hydrates. For the present study it has the significant practical meaning 

that the contribution to the bulk hydraulic conductivity of interlamellar water flow is 

negligible at both low and high bulk densities at room temperature. The conductivity at this 

temperature is hence related to flow through extralamellar void systems. At higher 

temperature the water structure tends to collapse.  
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Figure 3 The proton spin-spin coherence time T2 evaluated from NMR investigations (Pusch, 

1993) 

 

In very dense natural layers of smectite clays, like those sampled at some thousand meters 

depth in the North Sea or the Mexican Gulf (Bruce, 1984; Lard et al., 1997; Ziegler, 2006), 

the water content, expressed as the ratio of the mass of water and that of solids after heating to 

105°C, is 10-15 percent by weight. Such layers serve as cap rock of oil-and gas-bearing strata 

and their tightness is explained by the very small fraction of mobile porewater, termed 

                                                           
1
 The spin-spin coherence time is high for strongly bonded protons since they return in microseconds to the original 

state when the magnetic field imposed on the clay sample is switched off, while unbonded, free water molecules 

return to this state after about 2.3 seconds (Forslind & Jacobsson, 1975) 
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“external” water (Tardy et al., 1980; Pusch and Yong, 2006). The tightness of such very dense 

smectite-rich clays is partly because the fraction of interlamellar water is very high, i.e. up to 

95-98 % (Figure 4), and partly because of poor interconnectivity of the minute voids containg 

free water. 
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Figure 4 Fraction W of the water content contained in interlamellar space in percent of the 

total porewater (Pusch & Yong, 2006) 

 

2.2 Microstructural maturation of artificially produced buffer clay  

2.2.1 General 

Smectite-rich clay, mined and processed by crushing, drying, and grinding of raw material 

from the source material, which is often bentonite formed from volcanic ash in nature, 

consists of dense aggregates (Figure 5).  
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Figure 5 SEM micrograph of grain of highly compacted smectite-rich clay (MX-80) illustrating 

the initial granular nature of clay blocks making up buffer 

 

On wetting under confined conditions the grains hydrate by successive migration of water 

molecules from the water-filled voids into the interlamellar space, leading to a successively 

more homogeneous condition. Two processes combine to give this effect, i.e. expansion of 

those stacks of lamellae that find room for growing in the crystallographic c-direction under 

the grain pressure exerted by the confining particle system, and exfoliation of stacks by the 

shear stresses generated by the thermally aided reorganization of the entire particle assembly 

(Pusch & Yong, 2006). These stacks are free to re-couple by which soft clay gels are formed 

that can secondarily undergo some consolidation caused by adjacent expanding stacks of 

lamellae. This has been verified by digital analysis of electron micrographs showing that the 

increase in swelling and reduction of swelling pressure in the saturation phase result in 

appreciable reduction in particle size caused by exfoliation of the initially large clay grains 

(Katti & Shanmugasnadaram, 2001). The same finding, i.e. that swelling of initially dry 

grains of smectite clay results in a breakdown of clay agglomerates into smaller sized 

particles, has been observed by use of “Humid Cell High Voltage Microscopy” (Pusch, 1987, 

2008). These studies showed that the wetting phase initially results in a thin hydrated “shell” 

of the dry aggregates and, by taking micrographs after various periods of time, that the “shell” 

softens and expands, thereby connecting clay aggregates that were initially separated.  
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2.2.2 Microstructural modelling  

         Digital calculations 

         The processes leading to the increased homogeneity can be illustrated by a simple model of 

smectite clay microstructure developed by Börgesson et al (1993) for calculating the expansion 

of equally sized MX-80 grains and coarser particles giving successively improved homogeneity 

of the initially unsaturated clay. The initial state is represented by simple regular stacking in 2D 

(Fig. 6). The time-dependent maturation was calculated by applying the Drucker-Prager 

plasticity concept and porous elastic conditions, assuming also that the grains have a dry density 

of 1980 kg/m
3
 and the clay a bulk dry density of 1560 kg/m

3
.The voids between the grains are 

assumed to be water-filled from start. 

         The material model, incorporated in the ABAQUS code, implied that the water uptake 

and expansion of the grains are driven by the suction of the clay and retarded by internal 

friction. The graph in Figure 7 shows the calculated expansion of the clay element after 100 

000 seconds, representing “infinite time”, with the dry density ranging from 1250 kg/m
3
 in the 

softest parts to 1650 kg/m
3
 in the densest. The central part of the voids ultimately contains 

clay with a density of 1790 kg/m
3
 (dry density 1250 kg/m

3
) while the average density of the 

material is 1980 kg/m
3
 (dry density 1550 kg/m

3
). Since there is initially a variation in grain 

size, hydration will cause heterogeneous distribution of the minerals and voids, which 

suggests that there are continuous and tortuous zones of lower density and higher hydraulic 

conductivity.  

 

                                  

2"
"

 

 

2 Development of 2D model of clay based on F2 
 

2.1 Basic problem  

  

The primary issue is to consider the original dry status of the clay matrix. The dry 

density of the mixture of 10-11 % non-clay particles is taken as 1560 kg/m
3
. It 

consists of dense aggregates of particles (“granules”) with a water content of 10 % 

and a dry density (including voids and 10% water) of 1980 kg/m
3
. These granules are 

assumed to have an initial diameter of 1 mm while the non-clay particles have an 

initial (dry density of 2700 kg/m3 and a diameter of 2.5 mm. The case is shown in 

Figure 2 from the book by Pusch & Yong “Microstructure of smectite clays and 

engineering performance, 2006”. In this book the successive expansion and 

homogenization trend is shown, ending up in a variation in clay density in the space 

between the non-clay particles. This model is in 2D with rod-like particles and this is 

what we should deal with also. 

 

 

 
 

 

Figure 2. Geometrical pattern of clay particles (grey) in regular cubical symmetry. 

They are “rods” and fit in the corresponding pattern of non-clay (“ballast”) particles 

also in cubical symmetry.  

 

The initially dry clay particles take up water and expand but internal friction prevents 

the clay to be homogeneous. Hence, at complete water saturation the density of the 

water saturated central part of the clay grain is 1930 kg/m
3
 while the clay in the most 

narrow space between the big grains is 1420 kg/m
3
 (cf. Figure 3). 

 
Figure 6 Grain pattern and definition of microstructural unit. The triangle in the smaller 

assembly represents the “representative element volume” (REV), (Börgesson, 1993) 
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Figure 7 Digital computation of the expansion and redistribution of dry density of a REV 

(Börgesson, 1993) 

 

         Fig. 7 shows the expansion of the clay granules between coarser grains. The narrow gel 

in the ultimate stage has a density at saturation of 1420 kg/m
3
, while it is 1930 kg/m

3 
for the 

densest part.  T is time in seconds. Notice that the narrow space between coarser particles will 

never be filled with clay. 

 

         Microscopy  

         The history of microscopy in sedimentology and many other soil physical branches for 

vizualising the microstructural constitution of clays counts back to the 19th century and is still 

emerging because of the increased access to qualified tools. The problem has been to prepare 

the required very thin undisturbed specimens for which a number of methods have been 

developed (Pusch & Yong, 2006). Today there is no doubt about the relevance of micrographs 

of clays in which water is replaced by suitable impregnation fluids. A typical micrograph 

obtained by transmission electron microscopy of resin-treated smectite clay with different 

bulk densities is shown in Figure 8. It demonstrates the microstructural heterogeneity 

inherited from the original aggregated state of compacted granular smectite clay, revealing 

that there are zones of lower density forming networks of permeable channels. For very 
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densely compacted smectite clay the softer parts are fewer and more narrow than for the clay 

represented by Figure 8, hence causing lower bulk hydraulic conductivity.  

 

                                        
Figure 8 Example of digitalized micrograph of Wyoming bentonite (MX-80) with a bulk density 

at saturation of 1800 kg/m
3
 (dry density 1270 kg/m

3
). Black=densest parts of the clay matrix. 

Red=relatively dense parts of the matrix. Green= soft, porous parts of the matrix. White 

represents open void. Edge length is 30 m. 

 

 

Tracer experiments 

         Despite the various self-healing mechanisms numerous interconnected fine voids, 

representing permeable channels, remain even after long time. This has been further 

demonstrated by tracer experiments in which water saturated samples of smectite-rich clay 

(MX-80) with different bulk densities were percolated in oedometers for ten days with 

Methylene Blue solution under a hydraulic gradient of 50 m/m (meter water head per meter 

flow length) and then sectioned and dried at 105
o
C.  

Digitalization of photographs of sections representing 1-2 mm distance from the inflow 

end appeared as in Figure 9. The different intensity of the dark spots gives information of the 

frequency and size of percolated channels, which appear a little wider than the true flow 

channels because of the diffusive migration of the dye into the surrounding clay matrix
2
.  The 

sample of MX-80 clay in the figure had a bulk density at water saturation of 1950 kg/m
3
 and 

an area percentage of blue spots of 1.75 %. Other samples gave the data in Figure 10. The true 

percentage of the permeable part is believed to be somewhat smaller than in the graph, while 

the distribution of the permeated spots, and hence flow channels, is representative.   

                                                           
2
 The pictures show desiccation fractures that were caused in the drying process after the termination of 

the tests and have nothing to do with the distribution of percolating water.  
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Figure 9 Distribution of permeated channels in the dried MX-80 sample with density 1950 kg/m

3
 

at water saturation as indicated by the blue spots. The diameter of the sample is about 30 mm. 

The percentage of dark spots of the total cross section is 1.75 %. The white objects are 

desiccation fractures (Pusch et al., 2011). 

 

 

                                   

0

2

4

6

8

10

12

14

16

1500 1600 1700 1800 1900 2000 2100 2200

Density at water saturation. kg/m3

P
e
rc

e
n

ta
g

e

 
Figure 10 Evaluated percentage of channel cross section area of total Relevant Elementary 

Volume (REV) (Pusch et al. 2011). 

 

It should be noted that Na-montmorillonite can form coherent, homogeneous gels with 

densities of less than 1200 kg/m
3
 (dry density 320 kg/m

3
) in low-electrolyte water while they 

undergo coagulation and become heterogeneous in brackish and salt water. Ca-

montmorillonite clay may not be coherent at bulk densities lower than 1600 kg/m
3
 (dry 

density 950 kg/m
3
) in water, which makes them vulnerable to piping and erosion (Pusch & 

Yong, 2006). 
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2.3 Evolution of the buffer under repository conditions 

2.3.1 Physical processes 

          Turning back now to the physical model in Figure 1, showing that the buffer clay will be 

exposed to heat and groundwater in the surrounding rock it is obvious that several coupled 

processes take place in the maturation of the buffer:  

 Pore water in the buffer initially migrates from the hot part of the buffer towards the 

colder walls of the deposition hole. The outer, colder part of the buffer expands and 

exerts a swelling pressure that tends to compress the warmer, less wetted buffer. 

 

 Water enters the deposition holes, which causes additional wetting of the buffer from the 

rock/buffer contact and successive migration of water towards the hot canister. A 

swelling pressure is first built up in the outer part of the blocks
3
 by which the blocks 

expand in the direction towards the canister. Water is successively sorbed also in the 

hotter part of the blocks, which makes them expand and further compress the then fully 

water saturated pellet fill.. 

 

 The wetting involves transport of water in liquid form from the cold towards the hot part 

of the buffer where partial vapourization takes place followed by flow back in vapour 

form towards the colder part where condensation takes place followed by migration of 

water towards the hot side where vapourization takes place etc. 

 

The true behaviour is much more complex and requires that the microstructural constitution 

is considered. The most important feature is the aggregated character of the buffer that is 

inherited from the initial state of clay powder compressed to form the blocks. The smectite 

powder grains have a water content that is related to the relative humidity of the air in which it is 

stored. For pure smectite stored at 50-70 % relative humidity the water content of the grains is 

about 10 %, implying that the interlamellar space holds 1-2 hydration layers. Compaction of the 

grains under 100 MPa pressure welds the grains together leaving only small voids between them. 

The smallest ones are complete filled with capillary water while wider ones contain air. This 

“isothermal” state is shown in the upper part of Figure 11, which also indicates the change of the 

microscopic channels caused by the thermal gradient, yet with no water uptake at the cold side. 

At this stage the drying of the hottest buffer makes stacks of lamellae contract, causing widening 

of the channel voids and formation of steep, radial fractures to several centimetres distance from 

the hot canister (Pusch et al, 1994). The accumulation of water in the cold part of the buffer 

increases the degree of water saturation and causes expansion that compresses the hot part.  

 

                                                           
3
 According to  the Swedish concept KBS-3V the blocks are surrounded by uncompacted smectite pellets that 

become hydrated first 



Journal of Purity, Utility Reaction and Environment Vol.1 No.6, August 2012, 267-292 

 

279 
 

 

 

 

 

 

 

 

 

 

                                            

Figure 11 Schematic picture of microstructural changes in the initial process of pore water 

redistribution under a thermal gradient (Pusch, 2008). 

 

2.4 Proposed microstructural models 

2.4.1 The channel concept 

         The microstructural evolution according to the described theoretical model and the model 

derived from micrographs imply a conceptual model of the type represented by the 3D channel 

model (Neretnieks and Moreno, 1993; Pusch, 2001). Its major features are networks of channels 

(Figure 12), with a statistically normal distribution of the cross section area and with a number 

that is determined by the porosity of the clay. Assuming circular cross section of the channels 

and using the Hagen-Poiseuille law, the flow rate and flux of pore water through the channel 

network can be calculated for given boundary conditions. The channels contain numbers of 

bundles of capillaries with a diameter that match the porosity of the clay.  

 

                      
Node

Channel

Capillaries

 
Figure 12 Schematic view of the 3D conceptual model of continuous channels with parts with 

wider aperture marked with fat lines (Pusch et al, 2001) 
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This model gives flow data and evaluated hydraulic conductivities that agree with 

experimental data for smectite clay using oedometer tests with low hydraulic gradients, while 

experiments with the commonly used very high gradients underestimate the conductivity and 

give much lower conductivities than the model (Pusch, 2008).    

 

2.4.2 Impact of thermal processes  

The principal change in original microstructure caused by temperature effects in a 

repository indicated in Figure 11 has been well examplified by a Czech mock-up test with 

buffer of smectite-rich clay, RMN with 75 % Ca montmorillonite, 10 % quartz and 5 % 

graphite in powder form (Pacovsky et al, 2005). The three year experiment simulated SKB’s 

concept KBS-3V concept, the rock being represented by a steel tube with 80 cm diameter 

with a filter for uniform wetting of the clay, which had the form tightly fitting blocks with a 

dry density of 1800 kg/m3 and a water content of 7%. The radial thickness was 18 cm, 

leaving a 5 cm gap to the steel tube that was filled with RMN granules in loose form. The 

filter was continuously charged with Na-dominated, weakly brackish “granitic” water under 

60 kPa pressure. Samples could be taken through nozzles, the holes being backfilled with 

equally dense clay after each sampling that was made 2 to 3 times per year. The heating, 

wetting and development of swelling pressure was recorded by rich instrumentation and all 

the stages listed in section 2.3.1 were reached. The geotechnical data are summarized in Table 

1 referring to samples extracted at different distances from the heater that was in constant 

operation. The undisturbed samples were trimmed to fit oedometer cells and reconsolidated 

under their respective swelling pressures.  

Table 1 Geotechnical data of samples extracted at the end of the 3 year test period. A 

period of 40 days passed for reaching equilibrium conditions before the hydraulic 

conductivity K and swelling pressure ps were determined by oedometer tetsting. The hydraulic 

gradient was 30 m/m (meter water head/meter sample length). 

 

Sample Distance 

from 

heater, cm 

T, 
o
C Density at 

saturation, 

kg/m
3
 

ps, kPa K, m/s 

M1 16-18 45-47 1800 430 1.6E-11 

M2 12-14 54-56 1945 650 1.9E-11 

M3 6-8 67-69 1910 355 2.3E-10 

M4 0-2 85-90 1925 310 2.1E-10 

 

The table shows that the clay had undergone significant change. Thus, the ratio of the 

swelling pressure of M4 was about 50% of that of M2, which had practically the same 

density. The hydraulic conductivity of the firstmentioned was 10 times higher than the value 

recorded for M2. The coldest 5 cm part, representing the soft fill of granules (M1), had 

consolidated from a very low initial density to 1800 kg/m
3
 but had still not become as dense 
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as the rest of the buffer. It was concluded that the expandability of the initial clay had dropped 

from the heater surface to half the buffer thickness, and that its hydraulic conductivity had 

risen in the same part. Comparison with unheated clay showed that the conductivity of M4 

was in fact about 100 times higher.  

The impact of heat and thermal gradients on smectite clay has been discussed and 

exemplified by various investigators (Fripiat et al, 1965, 1974; Huang et al, 1994; Land et al 

1997; Liu et al 2005; Villar et al, 2005; Karnland et al, 2009; Pusch et al, 2006, 2008, 2010). 

Referring here to the Czech mock-up study mineralogical characterization was made by use of 

TEM with EDZ and CSD (Coherent Scattering Domain) techniques for determining the 

charge distribution of the smectite crystallites. This examination showed very obvious 

differences in the most heated sample M4 compared to the virgin clay (Pusch, 2008). The Fe-

rich RMN clay has intergrowths of illite and kaolinite in unheated form but they completely 

disappeared in M4, indicating some dissolution of the smectite and precititation of released 

elements at different distances from the heater. An important finding was that desiccation 

fractures were frequent and remained after the reconsolidation, hence demonstrating that the 

expandability and self-healing potential had been strongly reduced. XRD spectra showed an 

obvious but not dramatic reduction of the montmorillonite content in M4 compared to M3 and 

an increase in illite particle thickness in M3 and M4 compared to M2. A measure of the 

physical changes in bulk of the heated clay buffer is that the initial Atterberg limit wL=170 % 

dropped to less than 120 % within the hottest half of the buffer and to considerably less than 

that of the clay adjacent to the heater. Since the chemical and mineralogical processes are 

determinants of the long-term performance of buffer clay we will continue to put focus on 

them in this paper.  

 

2.4.3 THM version of the basic microstructural model 

The impact of temperature (T) on the uptake and distribution of porewater (H) in buffer 

clay and the resulting effect on the mechanical performance (M) can be estimated referring to 

the described processes. Thus, the effect of heating in the early phase is drying and growth of 

desiccation fractures and partial collapse of initially expanded stacks of smectite lamellae 

caused by the unstable water lattices as discussed in Section 2.1. The firstmentioned process 

naturally causes a substantial increase in bulk hydraulic conductivity but the impact of heating 

on the individual stacks of lamellae may not be extensive (Figure 13). The lasting effect of 

desiccation of the buffer in the hot part, which is not hydrated until late, depends on the 

expandability of the clay.  If drying clay is exposed to an increased effective pressure it will 

compress and become denser and stronger. If the pressure is not raised, the microstructural 

reorganization leads to wider voids and higher bulk hydraulic conductivity.  
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Figure 13 Schematic picture  of structural reorganization of montmorillonite stacks caused by 

drying (Pusch & Karnland, 1986) 

 

2.4.3 THMC version of the basic microstructural model 

Turning now to the chemical (C) and associated mineralogical changes we will return to 

the text referring to the Czech mock-up experiments that demonstrated that the content of 

montmorillonite remained largely constant in the buffer clay except near the heater. However, 

the significant reduction of the swelling pressure of the inner half of the buffer shows that the 

expandability had decreased which can have been caused by precipitation of cementing 

silicious compounds. This effect has been found in a series of autoclave experiments 

indicating that smectite buffer exposed to hot water or vapour undergoes stiffening by the 

microstructural changes indicated in Figure 14 (Pusch et al, 2010, 2011).  

                  
Figure 14 Schematic illustration of possible hydrothermally generated mechanisms causing 

increased hydraulic conductivity by widening of voids by heating and increased stiffness by 

precipitation of cementing agents (Pusch et al., 2011) 
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3. Experimental testing of microstructural models 

3.1 Clay material 

      The relevance of the channel-type microstructural model and its practical implications 

presented in the previous sections and supported by various different techniques has been 

further tested by investigating three different smectitic clays with the compositions 

summarised in Table 2 according to detailed study by Xiaodong et al. (2011). GMZ is a 

Chinese buffer candidate, MX-80 SKB’s reference clay, and FIM an expandable mixed layer 

clay containing smectite, illite and chlorite. Table 3 summarizes the results from hydrothermal 

experiments with the clays in a preceding study by Xiaodong et al (2010) in which 40 mm 

long, initially air-dry samples were exposed to a thermal gradient for 3 weeks by heating to 

95°C at one end and 50°C at the other and saturated by taking up distilled water from the 

colder end.  

Table 2 Mineralogical compositions of virgin clay samples as determined by XRD. The 

proportion of individual phases is as follows: +++ = content over 50 %, ++ = content in the 

range of 10-20 %, + = content of about 5-10 %, ± = traces. Notes to detected smectite: 1) 

mixture of montmorillonite and beidellite, 2) pure montmorillonite. The silica means both 

well-crystalline low -quartz and less ordered forms like tridymite and/or cristobalite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Evaluated hydraulic conductivity, swelling pressure and density for GMZ, MX-80 

and FIM clays after hydrothermal experiment and subsequent saturation with 3.5% CaCl2 

solution (Xiaodong et al, 2011) 

 

 

 

 

 

Minerals GMZ MX-80 FIM 

Smectite +++ 
1)

 +++ 
2)

 - 

Mixed-layer illite/smectite - - +++ 

Kaolinite - - ± 

Illite - ± ++ 

Chlorite - - + 

Silica ++ + ++ 

Feldspar ± + + 

Calcite - + ± 

Content of particles <2 m (wt. %) 90 80 90 
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Property GMZ MX-80 FIM 

Hot end Cold end Hot end Cold end Hot end Cold 

end 

ρ/ρd (kg/m
3
) 1871/1385 1788/1250 1951/1510 1844/1340 1958/1520 1875/ 

1390 

K, (m/s) 2.6E-11 2.8E-11 1.2E-11 2.0E-11 1.8E-11 4.0E-11 

ps (kPa) 110 530 130 1140 430 280 

 

The most important effect of the hydrothermal treatment is the obvious difference in 

swelling pressure of the cold and hot parts, indicating that cementation had taken place in the 

most heated parts of the samples. The conductivities appear to be nearly the same for all the 

clays but they refer to very different densities, caused by early consolidation of the clay in the 

hotter parts by the pressure exerted by the quickly saturated cold parts, like in the Czech 

mock-up test (Table 1). Comparing the conductivity for unheated clay with that of the hot-end 

samples with the same bulk density shows that the firstmentioned is about 100 times lower for 

MX-80. This can only be explained by changes in size and interconnectivity of permeated 

parts.  

 

3.1 Gas adsorption testing  

Gas adsorption techniques represent the most common analytical approaches to the 

quantification of pore volumes and specific surface area of fine-grained materials like the 

smectite buffer clays. In the precent paper focus is on the evaluation of pore space parameters 

from low-pressure isotherms of CO2 of samples of the virgin clays and of the samples that had 

been hydrothermally treated.  In interpreting CO2 adsorption data for evaluating the character 

of microporous clay minerals (Thomas & Bohor, 1968; Fripiat et al, 1974) one commonly 

defines voids with < 2 nm diameter as micropores (McCusker et al., 2001; McNaught and 

Wilkinson, 1997), to which the interlamellar space in stacks of smectites, and small voids in 

the clay matrix belong. The studied clays were examined after drying, which does not 

significantly alter the nature of pores present in the specimens according to Fripiat et al 

(1974), but which can widen larger pores and create desiccation fractures as demonstrated in 

the present paper. 

The measurements were conducted using the gravimetric method with an IGA 002 

HIDEN (Benham and Ross, 1989) apparatus at 25°C and pressures up to 0.1 MPa. The 

isotherms were interpreted by means of Dubinin’s theory, based on the effect of the 

overlapping adsorption potential in pores of molecular size. The volume filling occurs as 

condensation below critical temperatures in the well-defined adsorption field [Tc (CO2) = 

31.1°C], (Dubinin, 1958). The process is described by the equation: 
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Where  is the degree of micropore filling, w is the volume of gas adsorbed at pressure P, 

w0 is the volume adsorbed at complete micropore filling at the saturation pressure P0. D and n 

are constants. The w0 value recomputed to represent the volume of the adsorptive in the liquid 

state is proportional to the volume of micropores Vmicro. The isotherms were evaluated in the 

linear state of lnw as a function of (lnP0/P)
n
. 

The specific surface area of micropores Smicro was computed according to Medek’s 

equation (Medek, 1977), which is based on Dubinin’s theory: 
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Where E is the characteristic energy, k is the coefficient of the unique interaction for the 

gas used, and  is the gamma function. 

The size distribution of the micropores, into which CO2 molecules can penetrate if their radii 

range from 0.4 nm to 1.6 nm, was computed by applying the equation of the distribution curve 

(Medek, 1977): 
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Where r is the mean equivalent radius. The modus of micropore radii is given by the 

relation: 

3

1

13

3


























n

emod
n

n

E

k
r                     [4] 

 

3.2 Test results  

      The difference in void size between the three studied smectite-rich clays and also between 

the differently heated parts of each sample is very small according to the CO2 measurements 

(Table 4). For GMZ and FIM there is a vague tendency of increasing void size with dropping 

temperature but it is too weak to be certified. Also concerning the specific surface area of the 

micropores there is no obvious trend. The only significant change is the drop in surface area 

for the cold end of the FIM clay but more tests have to be conducted before drawing 

conclusions respecting the impact of hydrothermal conditions. One can hence state that none 

of the clays underwent significant changes on the fine-microstructural level. A tentative 

conclusion from the CO2 adsorption study is that larger voids underwent widening while the 

fine-grained matrix characterized by micropores was not affected.  
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Table 4 Parameters of void space of smectite-rich clays as derived from CO2 adsorption 

isotherms. Virgin represents unheated clay, while cold, middle and hot equal to specimens taken 

from different parts of the cell for hydrothermal treatment (cold ~ 50°C, middle ~ 75°C, and hot 

~ 95°C, respectively). 

Clay  Vmicro (mm
3
/g) Smicro (m

2
/g) E (kJ/mol) rmode (nm) 

MX80 virgin 10.71 30 11.27 0.64 

MX80 hot 14.36 38 9.36 0.68 

MX80 middle 10.05 27 9.16 0.68 

MX80 cold 15.19 42 10.21 0.64 

GMZ virgin 12.33 33 9.79 0.67 

GMZ hot 12.27 35 11.23 0.64 

GMZ middle 21.83 55 7.91 0.72 

GMZ cold 14.53 36 7.37 0.73 

Friedland virgin 9.90 29 11.87 0.63 

Friedland hot 8.87 25 11.29 0.64 

Friedland 

middle 

10.05 28 10.41 0.65 

Friedland cold 5.53 14 7.69 0.72 

 

The average void size is remarkably similar for the three clays (0.63 to 0.72 nm), which is 

in agreement with the similar bulk hydraulic conductivities is very obvious (1.2 to 4.0E-11 

m/s). As these similarities refer to quite different bulk densities one concludes that the 

presence of larger, permeable microstructural features, interpreted here as channel-type zones 

with lower density, including fissures, are determinants of the flow pattern in the clays. As to 

the precipitated silicious compounds that can have caused the reduced expandability and 

swelling pressure, they did not have an impact on the microstructural parameters derived from 

the gas adsorption tests. The reason can be that they were too small and widespread to have an 

impact on the evaluated microstructural parameters.  

 

4    Discussion and conclusions 

 

4.1General 

     The role of the microstructure of smectite-rich buffer clay is fundamental to its hydraulic 

and mechanical performances. The most important waste-isolating property of clay barriers is 

their low hydraulic conductivity, which, in principle, shall be lower than that of the 

surrounding rock. The microstructural constitution is heterogeneous, which causes significant 

variation in the rate and distribution of porewater flow that takes place under prevailing or 

generated hydraulic gradients. While common soil physics and soil mechanics simplify the 

through-flow Darcian process to be that of flow of water through an idealized porous material, 

the actual permeation is controlled by its microstructural constitution. All the microstructural 
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models of artificially prepared smectite-rich clays referred to in the preceding text imply 

considerable variations in density within even small elements. This means that zones with 

lower density than average can form stochastically winding, narrow regions of varying size 

throughout the clays and form primary flow paths under hydraulic gradients. We have called 

them channels and shown that their capacity to transport water is a function of the bulk 

density.  

Hydrothermal treatment of smectite buffer takes place parallel to the internal 

dehydration/hydration of the buffer and after complete water saturation. The impact of heat is 

concluded to be widening of voids, formation of fissures, and precipitation of cementing 

compounds that prevent spontaneous closure of the voids when temperature falls back to 

normal.  Figures 15 and 16 illustrate the processes induced by heating to 90
o
C and higher 

temperature: 1) contraction of stacks of lamellae under a sufficiently high effective (swelling) 

pressure, yielding larger and more interacting voids, and 2) precipitation of silicious matter 

causing cementation. The two processes combine to increase the hydraulic conductivity and 

the shear strength.   

 

  

 

 

 

 

 

 

 

 

Figure 15 Example of contraction of aggregates of smectite stacks by heating at 200
o
C under 

hydrothermal conditions. The dense particles forming a 0.3 m cluster consist of cristobalite and 

amorphous silica. Smaller ones seen in the aggregates can serve as cementing agents. Horizontal 

edge length of the micrograph 3 m. 
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Figure 16 Schematic illustration of hydrothermally generated mechanisms causing increased 

hydraulic conductivity by widening of voids by heating and increased stiffness by precipitation 

of cementing agents like siliceous material. The enframed picture shows the compressed clay 

grains before hydration and expansion with associated growth of clay gels in the voids (Pusch et 

al., 2011) 

 

4.2 Implications 

The variation in density in the clay can have an impact on the accuracy of the hydraulic 

conductivity evaluated from oedometer tests. Thus, the concentrated flow in the channels can 

cause local erosion and the perspectives from physical models and experiments show that this 

can be of significance. A flow rate of E-3 m/s is sufficient to produce dislodgement of 

- -

aggregates, and E-7 for larger aggregates, the order being determined by the number of 

interparticle bonds and particle weight (Pusch and Yong, 2006). The flow pattern in a water-

saturated element of smectite-rich clay has been calculated by numerical techniques (Pusch 

and Weston, 2003), leading to the conclusion that while the flow rate in zones of low density 

at moderate hydraulic gradients may not be sufficient to disrupt the particle network, high 

gradients can cause sufficiently high flow rates to cause migration of small particle 

aggregates. Depending on the porosity and permeability of the filters at the outflow end of an 

oedometer clogging of voids in the outflow end of the clay sample and in the filter can occur 

thereby causing significant underestimation of the hydraulic conductivity in laboratory tests 

(Yong et al, 2012).  
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