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The paper focuses on the compression tests implemented to study one-dimensional deformation in dry and water- 
saturated state and pressure filtration in samples of dispersed materials developed as a construction material for 
waterproof barriers. These materials are made of kaolin, polymineral and bentonite clays and their mixtures. For the 
studied samples, the paper presents the plotted dependences between deformation, swelling pressure, capillary suc-
tion, permeability coefficients and the skeleton density (dry density). The study has confirmed that kaolinite containing 
materials tend to compaction and the montmorillonite – to swelling. The compression characteristics of a polymin-
eral clay material and mixed materials do not always depend on the mineral composition alone. Swelling pressure 
manifests itself in case of bentonite and polymineral clay-based materials and is practically absent in materials made 
of kaolins and their mixtures with 30 wt.% bentonite. The permeability coefficients increase along with the growing 
ratio of kaolinite and montmorillonite contents, whereas it is the additivity that is characteristic for mixed materials.

Keywords: radioactive waste, waterproof barrier, kaolin, bentonite, effective pressure, skeleton density, odometer, deformation, 
swelling pressure, capillary suction, permeability coefficient.

To limit the spread of radiation contamination 
from radioactive waste disposal facilities (RWDF) 
and to isolate radiation-hazardous facilities, safety 
barriers made of clay materials are installed  These 
barriers perform three functions: provide adequate 
mechanical stability of the facility structure and the 
barrier itself, exclude the possibility of advective 
radionuclide transfer due to low water permeability 
of barrier materials and delay diffusion transfer of 
sorbed and non-sorbed radionuclides  In terms of 
the first two functions, the most important indica-
tors are the characteristics of material deformation 
and pressure filtration.

These are actively studied by international re-
searchers [1, 2]  However, with rare exceptions [3], 
their attention is mainly focused on compacted 

materials based on bentonite clays  National prac-
tice also provides for the use of dispersed mixed ma-
terials based on industrial kaolin clays with some 
addition of bentonites, as well as local polymineral 
clay raw materials [4]  In any case, the properties 
of dispersed materials, even those being considered 
similar in their mineral composition, depend on 
the raw material sources and the processing meth-
ods applied, including mixing, drying, grinding and 
segregation by particle size (categorization) [5]  
Therefore, to demonstrate the safety of each facility, 
the knowledge on the properties of specific materi-
als that can be used in its construction is essential 

This study is focused on the compression and fil-
tration characteristics of some clay materials pro-
duced based on the raw materials from industrial 
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deposits with different mineral clay compositions 
used at the facilities of the State Corporation Ro-
satom and considered potentially suitable for the 
production of safety barriers 

Objects and methods of research

Samples of dispersed materials based on clays of 
various mineral compositions were studied: white 
kaolin (KGPO-23) and black refractory kaolin clay 
(T-2) from the Kampanovsk deposit, polymineral 
clay from the Kantatsk deposit (KK), waxy bentonite 
from the Kamalinsk deposit (VB) (all of the deposits 
are located in the Krasnoyarsk Territory), benton-
ite from the 10th Khutor deposit (KhBGP) (Repub-
lic of Khakassia), as well as 30 : 70 wt %  mixtures 
of Khakass bentonite with kaolin clays  KGPO-23, 
T-2, CBGP materials are industrial products, the 
rest, including mixtures, was manufactured in the 
laboratory  The content of crystalline phases in the 
samples (Table 1) was measured by X-ray quantita-
tive phase analysis (XQPA) on an X-pert Pro X-ray 
diffractometer (PANalytical, Netherlands) 

Table 1. Mineral composition of the studied materials 
according to the XQPA data, wt. %

Materials Montmo-
rillonite Kaolinite Illite Quartz Field 

spars
Carbo-
nates Other*

KGPO-23 5 48 2 27 10 2 6

T-2 8 39 5 36 7 1 4

KK 15 24 5 25 11 2 18

VB 76 4 1 16 3 - -

KhBGP 71 4 1 12 9 3 -

B30К70 33 41 2 12 11 1 -

B30Т70 35 32 2 28 2 1 -

B30КК70 36 35 2 22 4 1 -

*Including amorphous matter.

Virgin compression method according to 
GOST 12248.4-2020 [6] and filtration tests accord-
ing to GOST 25584-2016 [7] were implemented to 
measure deformation and pressure filtration pa-
rameters of samples under load at room tempera-
ture under one-dimensional deformation on an au-
tomated testing complex ASIS (Research and Pro-
duction Enterprise Geotech, Penza) [8] included into 
the State Register of SI FIF OEI under No  61952-15  
The device provides axial static load of up to 50 kN, 
supplies liquid in the amount of up to 250 cm3 to a 
filtration 71.5 × 20.5 mm odometer fitted with a lin-
ear deformation sensor, liquid pressure control in 
the supercharger of up to 2 MPa and measures the 
filtrate volume. All measuring sensors have errors 

specified in the passport and are subject to annual 
verification. The control software provides full con-
trol automation over the course of the experiments 
and records the results obtained 

Experimental techniques and methods used 
to calculate deformation and filtration charac-
teristics were described in [8—10]  The initial 
samples were dispersed materials with a mois-
ture content of 3—8 wt  % measured according to 
GOST 5180-2015 [11]  Directly in the odometer of 
the compression-filtration device the samples were 
saturated with water at a minimum axial load and 
a water pressure in the blower being sufficient to 
stop the sample deformation and to reach station-
ary filtration. Unlike the capillary suction, this 
method provides 100 % water saturation of the 
samples. The compression-filtration device allowed 
to study sample deformation both under increas-
ing (compression) and decreasing (decompression) 
load modes, which facilitates the measurements of 
such an important compression characteristic as 
swelling pressure  Both types of compression tests 
provided for staged changes in the loading  In the 
decision-making on the transition mode to the next 
loading stage, the strain stabilization criterion was 
considered important  For the studied samples, the 
value of 0 01 mm within 30 minutes was estab-
lished as a stopping criterion for the deformation 
by the experimental method 

The measured characteristic, i  e , the linear de-
formation of the sample, was recalculated via the 
dry unit weight determined taking into account the 
initial moisture (mass of solid particles, i  e , the 
mass of the sample minus pore water, or dry mass) 
into a change in the density of the sample’s dry unit 
weight (rt, g/cm)  This parameter shows the volu-
metric material deformation, which can more easily 
describe the properties of clay-based safety barri-
ers than the linear deformation and its derivatives: 
the compressibility coefficient and the deformation 
modulus provided for in GOST 12248 4-2020  It’s 
considered even more challenging to describe the 
properties of barrier materials using these charac-
teristics, since clay material deformation is seen as 
a non-linear dependence between the pressure and 
the matrix [12] 

To provide visual representation of clay mate-
rial deformation, compression curves for the stud-
ied samples can be depicted on straight or invert-
ed graphs showing the dependence between the 
changing density of the matrix (rt) and the pressure 
acting on the matrix (Pt)  In the latter case, com-
pression curves, including those describing such 
important characteristics as swelling pressure and 
capillary suction, can be represented as matrix den-
sity functions [9] (Figure 1) 
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In the absence of pore pressure, the pressure 
acting on the matrix corresponds to the axial pres-
sure acting on the sample (Ро)  In the presence of a 
pore pressure gradient (during filtration tests, the 
pressure of the liquid at the odometer’s outlet is 
equal to the atmospheric pressure), the pressure 
acting on the matrix corresponds to the effective 
pressure (Pe):

 Pt = Pe = Pо – Pl /2,

where Pl is the pressure in the supercharger 
Compression curves for dry (СDM) and water-

saturated (СSM) material (Figure 1a) correspond to 
deformation curves described by power functions 
(Figure 1b). Deformation and filtration in clay ma-
terials are strongly affected by the swelling of smec-
tite minerals (montmorillonite) in the presence of 
water and the interaction of clay mineral surfaces 
with pore water causing capillary absorption  The 
physical basis of these phenomena is well illus-
trated in [2], whereas [13] presents the changes in 
relevant compression-deformation characteristics 

Similar to deformation curves, swelling and cap-
illary absorption are described using swelling and 
capillary pressure dependences on the matrix den-
sity, which can be derived from compression curves 
and approximated by power functions [9] (Figure 1b)  
Swelling pressure (Ps ) corresponds to the decom-
pression curve of a water-saturated material (DSM) 
in the area where the volume increases, i  e , the 
density of the sample matrix decreases (Figure 1a):

 Ps = PDSM 

Capillary pressure (suction) (Psc) is equal to the 
compression curve displacement along the pres-
sure axis when the sample is saturated with water 
taking into account the swelling pressure:

 Psc = PCDM – PCSM + PDSM 

This interpretation reflects the compression in-
fluence caused by different forces acting on the ma-
trix  The load acting on the sample causes compres-
sion, i  e , positive deformation  Capillary forces act 
in the same direction  Swelling, on the contrary, 
leads to expansion, i  e , to a negative deformation 
of the matrix 

The technique providing the filtration tests with 
clay materials and the calculation of relevant char-
acteristics is described in sufficient detail in [8, 10]. 
To calculate the water filtration coefficient consid-
ered as the main indicator, two or three series of 
experiments were implemented involving several 
material samples given different loads and pres-
sures for each sample: these were selected in a way 
to cover the possible variation range of material 
matrix density in the safety barrier. The filtrate 
volume considered sufficient for a reliable assess-
ment of the filtration coefficient should be equal 
to at least one pore volume of the sample, i  e , for 
a standard odometer, 10—20 cm3 for materials of 
different matrix densities  For low-permeability 
materials, depending on the load and pressure lev-
els, one experiment can last from several weeks to 
several months to gain the required filtrate volume. 
Based on the volume of liquid V (cm3) filtered over 
time t (s) and the Darcy model for one-dimension-
al filtration, the filtration coefficient (m/s) was 
calculated:

 Kf = (V·L·rl ) / (t·S·DPl ),

where L is the sample thickness (cm), rl is the den-
sity of the liquid (for water at room temperature, 
1 g/cm3), S is the cross-sectional area of the sam-
ple (cm2), DPl is the pore pressure drop in the sam-
ple  In addition, observance of a stationary mode 
is seen as a must to provide the correctness of the 
data obtained to calculated the filtration coefficient 
according to the Darcy equation 

Figure 1. Compression curves for dry (DM) and water-saturated (SM) samples of materials from Kantatsk polymineral clay KK in           
compression and decompression modes (a) and the dependence of compression characteristics on the matrix density (b)

а	 b
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Graphical representation of the filtration coef-
ficients was obtained based on the dependences 
between the material matrix densities, which were 
approximated by exponential functions  This rep-
resentation allows to predict filtration coefficients 
for barriers based on the expected density of the 
barrier material 

In addition to actual filtration characteristics, 
these tests resulted in data on the deformation of 
water-saturated materials: these were presented as 
dependences between the matrix density and the 
effective pressure (pressure on the sample matrix)  
Since filtration experiments usually take much 
more time compared to the compression tests, the 
strain curves obtained by these methods are some-
what different, and the results for samples in fil-
tration experiments tend to be much closer to the 
equilibrium state 

Results and discussion

Figure 2 presents the deformation characteristics 
for the studied materials according to the compres-
sion tests, whereas Table 2 shows the equations for 
curves approximating these characteristics  The 
dependences of the compression characteristics 
were approximated by power functions 

For all materials, water saturation causes notice-
able volumetric deformation: at an equal load, ma-
trix density increased by about 0 1 g/cm3 for ben-
tonite materials and by 0 2 g/cm3 for kaolin materi-
als and mixtures (Figures 2a and 2b) 

Both in dry and water-saturated state under pres-
sure kaolin materials (KGPO-23, T-2) with a pre-
dominance of kaolinite over other clay minerals, 
are compacted better than bentonite materials (VB, 
KhBGP), in which montmorillonite is seen as the 
main mineral  Compression curves (deformation 
and swelling) for materials composed of bentonite 

and kaolin clay mixtures (B30K70, B30T70) practi-
cally match with the curves of their kaolin compo-
nent  Thus, bentonite added to the studied kaolin 
clays in the amount of up to 30 wt  % practically 
does not change their deformation characteristics, 
even though the montmorillonite content in mix-
tures is practically comparable with the kaolinite 
one 

At the same time, in terms of compression charac-
teristics, Kantatsk kaolin (KK), which is a polymin-
eral clay with a ratio of montmorillonite and the 
sum of kaolinite and illite being equal to 1: 2 dif-
fers remarkably from the kaolin materials KGPO-23 
and T-2  Its compression curves are intermediate 
between kaolin and bentonite materials  The com-
pression curves for a mixture of Kantatsk kaolin 
with Khakass bentonite (B30KK70) shift even more 
towards bentonite materials, demonstrating the 
additivity of its compression characteristics  In this 
mixture, as in others, montmorillonite and kaolin-
ite are present in approximately equal amounts  
Thus, the compression characteristics of mixed ma-
terials depend not only on their mineral composi-
tion and cannot always be calculated as weighted 
average values 

In a clay barrier, swelling pressure may occur af-
ter water saturation if, under this process, either 
the materials were compacted to levels exceeding 
the bulk density or pre-compacted materials were 
used  Based on the comparison of deformation 
characteristics in the dry state (Figure 2a), one can 
see that different matrix densities can be obtained 
at the same pressure of preliminary dry compaction 
for bentonite and kaolin materials  At a compaction 
pressure of 10 MPa, they correspond to approxi-
mately 1 5 g/cm3 for VB and KhBGP bentonite ma-
terials and 1 7 g/cm3 for KGPO-23 and T-2 kaolin 
materials and their mixtures with bentonite  Under 
water saturation, for bentonite materials such a 

Table 2. Dependences of the compression characteristics of the studied materials on the matrix density (rt , g/cm3) 
according to the compression tests

Material РCDM, MPa РCSM, MPa Рs, MPa Рsc, MPa

KGPO-23 1.05·10–3rt
17.9 1.53·10–6rt

25.1 1.08·10–18rt
67.4 1.08·10–3rt

17.7

Т-2 2.93·10–3rt
15.7 2.97·10–5rt

19.0 3.84·10–12rt
41.5 2.94·10–3rt

15.6

КК 1.01·10–2rt
13.9 9.36·10–4rt

16.0 1.3·10–9rt
37.5 9.33·10–3 rt

13.5

VB 2.03·10–2rt
15.6 5.81·10–3rt

16.4 7.39·10–9rt
43.9 1.39·10–2rt

15.4

KhBGP 7.26·10–2 rt
13.7 2.59·10–2rt

13.6 2.12·10–4rt
22.3 6.29·10–2rt

13.0

B30К70 3.85·10–3rt
14.9 2.17·10–4rt

16.8 6.56·10–10rt
35.2 3.68·10–3rt

14.7

B30Т70 3.34·10–3rt
14.9 6.14·10–4rt

14.6 6.41·10–10rt
34.3 2.72·10–3rt

15.0

B30КК70 3.46·10–2rt
13.2 4.65·10–3rt

15.1 2.5·10–6rt
28.0 2.76·10–2rt

13.2
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matrix density corresponds to a swelling pressure 
of 0 5—1 5 MPa and for kaolin and materials mixed 
with kaolin it is below 0 1 MPa (Figure 2c)  Under 
same conditions, the material made of Kantatsk 
polymineral clay (KK) will have a slightly lower 
swelling pressure than the one of bentonite ma-
terials ~ 0 4 MPa, and in case of its mixture with 
bentonite (B30KK70) it will amount to 0 8 MPa at a 
matrix density of 1 55 g/cm3 

At an equal matrix density, capillary pressure 
(suction) is higher for bentonite materials than the 
one for kaolin materials and mixtures (Figure 2d)  
However, taking into account the differences in the 
material deformation under equal loads resulting 
in different matrix densities, the ratio of capillary 
pressure in materials of different compositions can 
be different: equal or even higher for kaolin ma-
terials  It is important that for all types of materi-
als the capillary pressure exceeds the deformation 
pressure at the same matrix density levels  There-
fore, gas filtration through water-saturated clay 

materials is impossible: under no circumstances, 
gas can squeeze out the pore water  Since in this 
case the capillary pressure level should be exceed-
ed, which is excluded as the material deformation 
always occurs when the pressure acting on a wa-
ter-saturated material is lower than the capillary 
pressure 

Figure 3 presents the filtration coefficients and 
dependences of the matrix density on the effec-
tive pressure for the studied materials based on the 
filtration tests, whereas, Table 3 shows the equa-
tions for the curves approximating these data  The 
dependences of the filtration coefficients are ap-
proximated by exponential functions, the deforma-
tion curves are approximated by the power ones  
Experimental points obtained from the filtration 
experiments are more scattered compared to those 
obtained from the compression experiments since 
in the latter case the data were obtained from a se-
ries of tests involving only one sample, and in the 
former case - from several series involving different 

Figure 2. Dependences between the deformation pressure of clay materials in dry (a) and water-saturated (b) states, swelling 
pressure (c) and capillary suction pressure (d) on the matrix density according to the compression tests: symbols stand for the 

experimental data, curves — for approximations by functions from Table 2

а	 b

c d
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samples  Thus, both sample inhomogeneity and ex-
perimental reproducibility affect the results 

Filtration coefficients for all studied materials 
show dependence on the mineral composition, and 
for mixtures — additivity with respect to the clays 
being mixed  The greater is the ratio of montmo-
rillonite and kaolinite contents in the material, the 
lower are the filtration coefficients. For bentonite 
materials with a matrix density of 1 3 g/cm3, which 
is attainable in case of minimum compaction when 
the barrier is backfilled at the post-saturation 
phase, Kf is below 5·10–12 m/s, for mixtures involv-
ing B30KK70, B30T70 and material from Kantatsk 
clay KK, at a matrix density of 1 7 g/cm3, Kf does 
not exceed 10–11 m/s, and for a mixture of B30K70 
and kaolin materials with similar matrix density 
levels, Kf  falls within the range of (2—6)·10–11 m/s 
(Figure 3a) 

All these values fit within the limits specified in the 
requirements on barrier materials established for 
the FSUE NO RAO’s disposal facility in Novouralsk 
intended for RW Class 3 and 4 (10–10 m/s) and isola-
tion facilities for decommissioned production ura-
nium-graphite reactors (PUGR) at FSUE MCC site 
in Zheleznogorsk (5·10–11 m/s) [14]  With regard to 
deep disposal facilities designed for RW Class 1 and 
2 to be sited at a depth of 500 m in a mountain range 
near the Zheleznogorsk city, the requirements for 
barrier materials have not been specified yet. Ac-
cording to experimental data, pore permeability of 
gneisses and amphibolites similar to the host rocks 
of the above facility is at least 10–18 m2 [15]  Under 
deep disposal conditions, this corresponds to a fil-
tration coefficient for water of 10–11 m/s  Obviously, 
it makes no sense to install any barriers for which 
this indicator would be lower than the one of the 
host rocks themselves, especially since groundwa-
ter in the massif circulates not through the pore 
space of the rocks, but through open cracks and 
the filtration coefficient tends to be in the range of 
10–4—10–2 m/day [16], i  e , at least 10–9 m/s  A safety 
margin of two decimal orders seems quite sufficient 
to provide the safety of the facility  Thus, in terms 
of Kf , given adequate compaction both bentonite 
and B30KK70, B30T70 mixed materials and even 
the material from the Kantatsk polymineral clay KK 
appear to be suitable for the construction of safety 
barriers at deep disposal facilities designed for RW 
Class 1 and 2 disposal 

Based on the filtration tests, the deformation 
curves (Figure 3b) for different materials corre-
spond to the data obtained by direct compression 
method (Figure 2b)  According to the nature of 
deformation, the studied materials can be divided 
into three groups: the densest are kaolin materials 

а	 b

Figure 3. Dependences of filtration coefficients on the matrix densities (a) and the matrix densities on the effective pressures (b) 
for clay materials in a water-saturated state according to the filtration tests: symbols — experimental data,  

curves — approximation by functions from Table 3

Table 3. Dependences between the filtration coefficients 
and the matrix densities (rt, g/cm3); the matrix 

densities and the effective pressures (Pe , MPa) for 
the studied materials according to the filtration tests

Material Кf , m/s rt , g/cm3

KGPO-23 2.34·103e3.55rt 1.81Рe
0.09

Т-2 1.71·104e5.42rt 1.79Рe
0.107

КК 2.25·103e4.41rt 1.49Рe
0.218

VB 7.38·105e11.0rt 1.31Рe
0.097

KhBGP 6.08·104e9.24rt 1.28Рe
0.15

B30К70 5.6·104e5.95rt 1.79Рe
0.101

B30Т70 9.21·104e7.16rt 1.68Рe
0.118

B30КК70 1.3·103e4.8rt 1.48Рe
0.206
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and mixtures with these materials; the least dense 
are bentonite materials; materials from polymin-
eral clay and its mixture with bentonite are char-
acterized by intermediate matrix density  However, 
according to the filtration tests, all deformation 
curves are shifted towards higher matrix densi-
ties, i  e , towards increasing deformation, and have 
a less steep slope relative to the density axis  The 
latter effect is especially pronounced for materials 
from polymineral clay KK: at low loads, their matrix 
density is similar to the one of bentonite materials, 
and at a high pressure acting on the matrix, their 
deformation level approaches the one considered 
characteristic for kaolin materials 

Compression curve shifting and flattening under 
filtration tests was associated with a significantly 
longer duration of these experiments compared to 
the compression tests, i  e , with increased relax-
ation time after the load has been applied  As a re-
sult, the system tends to be closer to the equilibrium 
state. This effect, caused by insufficient stress re-
laxation time during compression tests, manifests 
itself when other compression characteristics are 
identified: swelling pressure from the decompres-
sion curve and capillary pressure from the differ-
ence between deformation and swelling  The higher 
the load is, the longer relaxation time is required  
Therefore, the stopping criterion for the deforma-
tion, which was mentioned in the description of the 
test procedure, is essential for correct results espe-
cially in case of water-saturated samples  However, 
it should be understood that we can only talk about 
minimized systematic error during compression 
tests  Under real experimental conditions, it seems 
infeasible if the time spent on each loading step is 
comparable to the filtration test duration. For dry 
samples, the described effect is most likely insig-
nificant, since relaxation is achieved fairly quickly.

In conclusion, it should be noted that compression 
and filtration characteristics approximated by pow-
er and exponential equations from Tables 2 and 3 
have no physical meaning, but facilitate the calcu-
lations associated with these characteristics given 
the experimentally studied values, that is, their in-
terpolation  Extrapolation of characteristics beyond 
these limits is possible for a very limited range of 
variation in the values both as regards arguments 
and functions  Attempts at long-range extrapola-
tion may turn out to be completely incorrect 

Conclusions

Skeleton densities for bentonite and kaolin ma-
terials differ both in the dry state and even more 
so in the water-saturated state  The maximum 
compression shock occurs at water saturation 

due to water interaction with the clay mineral 
surfaces  Compression characteristics of benton-
ite and kaolin material (B30K70, B30T70) mix-
tures do not show additivity, but shift towards a 
denser kaolin component  However, additivity of 
compression properties is manifested in case of 
mixed material B30KK70 from Khakass bentonite 
and Kantatsk polymineral clay, the mineral com-
position of which appears to be similar to the one 
of bentonite-kaolin materials  This evidences 
that the compression properties depend not only 
on the ratio of kaolinite, montmorillonite and 
detrital minerals in the material, but also on the 
structural features (shape, size, etc ) of the clay 
and non-clay minerals that make up the material, 
i  e , on the genesis (origin) of clay mineral raw 
materials and the method used to fabricate the 
barrier material 

Swelling pressure appears to be quite high in case 
of bentonite materials, materials from Kantatsk 
polymineral clay and its mixture with Khakass ben-
tonite  For Kampanovsk kaolin materials and their 
mixtures with 30 wt % Khakass bentonites, the 
swelling pressure does not manifest itself at actu-
ally achievable matrix densities  For the studied 
clay materials, the capillary pressure exceeds the 
deformation pressure at equal matrix density levels  
Therefore, gas filtration through water-saturated 
clay materials is impossible 

Given minimum compaction at the backfilling 
stage, for all studied materials, filtration coef-
ficients satisfy the requirements established for 
near-surface disposal facilities designed for RW 
Class 3 and 4 and isolation facilities for PUGR (no 
more than 5·10–11 m/s); for materials made of ben-
tonite, polymineral clays and mixtures of Khakass 
bentonite with B30KK70 and B30T70 kaolins, these 
coefficients do not exceed 10–11 m/s, which should 
be sufficient for deep disposal facilities intended 
for RW Class 1 and 2 disposal 

According to the filtration experiments, the de-
formation curves for clay materials are closer to 
the equilibrium state than those resulted from 
the compression tests of water-saturated materi-
als  The difference increases along with an increas-
ing load acting on the sample matrix  To minimize 
the systematic error of the applied compression 
method, it is important to choose correct strain 
stabilization criterion, especially in case of water-
saturated materials 
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