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The article presents research data visually demonstrating the behavior of barrier clay materials with different min-
eral compositions when interacting with water. It shows that bentonite clays have higher waterproofing capacity: 
increased portion of kaolin in the mixture (decreased portion of montmorillonite) yields in a decreased waterproofing 
capacity of clay materials. It can be concluded that the addition of kaolinite to bentonite has negative effect on the 
waterproofing capacity of clay materials used in the engineered safety barriers construction.
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The defense-in-depth (multiple safety barriers) 
principle applied in the designs of disposal facili-
ties for radioactive waste (RW), including the waste 
referred to the category of non-removable waste 
subject to in-situ disposal (for example, PUGR, etc.) 
provides for a combination of natural and engi-
neered safety barriers (EBS) [1]. Clay buffer mate-
rial is seen as an essential component of the en-
gineered barrier system designed to limit and to 
retard radionuclide releases into the environment.

Evolution scenarios considered in the long-term 
safety assessments do not exclude water inflows 
inside the containment zone due to changes in 
hydrological conditions, geological, technogenic 
or other processes. To forecast the EBS state that 
may result from such water inflow, barrier mixture 
properties and their behavior under various water 
inflow scenarios should be studied.

This paper evaluates clay barrier mixtures of vari-
ous compositions and their behavior when inter-
acting with water under laboratory conditions.

Two most probable water inflow options have 
been considered for this purpose:

1. Facility flooding due to water inflow from above;
2. Water inflow through side pores/cracks.
The studies were implemented in the New Mate-

rials Research Laboratory run by LLC Bentonite of 
Khakassia in 2022.

Materials and research methods

Under the study, the samples have been manufac-
tured based on the following clay barrier materials 
(CBM):
•• bentonite clay from the 10th Khutor deposit (Rus-
sia, Republic of Khakassia);
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•• kaolin clay from the Kantatsk deposit (Russia, 
Krasnoyarsk Territory);

•• KVT-1 brand vermiculite produced by Magnezit 
Group LLC.
Vermiculite-like products available on the Rus-

sian market, including the one from the Kovdorsk 
deposit operated by the Magnezit Group, and stud-
ied earlier cannot be considered as genuine vermic-
ulite, since their phase, i. e., over 75 %, constitutes 
of a mixed-layer mineral of the mica-smectite-
vermiculite series with certain swelling component 
content (smectite and vermiculite layers) [2]. Their 
ratio, which is rather difficult to evaluate, will most 
probably vary within a fairly wide range at the de-
posit site. Further in the article, vermiculite is indi-
cated with an account taken of this reservation.

The samples intended for the research were fab-
ricated from the above materials. Table 1 overviews 
their composition measured by the X-ray diffrac-
tion method.

To prepare the source materials for testing, kaolin 
and bentonite clays previously dried to a moisture 
level of 10.0—12.0 % were rubbed off until the ma-
terial could fully pass through a sieve with a screen 
size of 0.1 mm. Then, for the experimental pur-
poses, the clay powders were brought to the same 
moisture content level ranging from 5.2 to 5.5 %. To 
maintain the desired moisture content level before 
the experiment was launched, the samples were 
stored in a sealed package. 

To prepare the samples for testing, the source 
materials were mixed according to certain propor-
tions seeking to obtain the ratios of the main min-
erals indicated in Table 1.

Two water inflow options were modeled in the 
studies:
•• flooding from above;
•• lateral pore/crack.

Drinking water from centralized water supply 
system complying with the SanPiN 1.2.3685-21 re-
quirements was used in the tests.

The cylinders (500 cm3) applied met the require-
ments of the GOST 18481-81, plastic tanks used to 
test the lateral liquid impact (700 cm3) complied with 
the requirements set forth in TR CU 005/2011 [7].

Waterproofing capacity of clay materials 
preventing the liquid flows from above

To compare the studied samples in terms of their 
waterproofing capacities, samples with a volume of 
400 cm3 were placed into measuring cylinders with 
a volume of 500 cm3 provided no additional com-
paction (Figure 1). Thus, matrix density of the bulk 
samples accounted for: 0.83, 0.87, 0.90, 0.94 g/cm3 

for samples № 1, 2, 3, 4, respectively.

250 cm3 of water were added to the measuring 
cylinders atop of the samples. Figure 2 shows the 
dynamics of its absorption by MAB samples ob-
served during 15 days.

Figure 3 shows the appearance of the systems at 
different times of the experiment.

The data obtained revealed an inverse relation-
ship between the content of montmorillonite in the 
samples and the water saturation rate. Increased 
kaolinite content, on the contrary, accelerated wa-
ter saturation by the samples. Changing color of the 
watered material provided certain visual evidence 
of water ingress into samples.

Table 1. Composition of the test specimens

№ of the 
sample Material

Composition

Blend Mineral

Sample 
№ 1 Kaolin clay 100 % 

66.6 % — kaolinite; 
19.4 % — smectite*; 
9.8 % — quartz; 
3.0 % — illite; 
0.9 % — albite; 
0.3 % — microcline

Sample 
№ 2 

Mechanically 
activated 
composite 
barrier 
mixture 

(MACB) [3]

69.5 % — sample № 1
27.0 % — sample № 4
3.5 % — vermiculite

47.7 % — kaolinite; 
30.5 % — smectite;  
3.2 % — vermiculite; 
9.9 % — quartz; 
3.0 % — illite; 
2.3 % — albite; 
2.9 % — microcline; 
0.5 % — siderite

Sample 
№ 3 

Mechanically 
activated 
barrier 
mixture 
(MAB) [4] 

20.0 % — sample № 1 
80.0 % — sample № 4

12.0 % — kaolinite; 
52.8 % — smectite; 
17.4 % — quartz; 
3.7 % — illite; 
1.6 % — chlorite; 
0.7 % — gypsum; 
2.7 % — albite; 
4.9 % — microcline; 
1.3 % — calcite; 
1.9 % — siderite; 
1.0 % — anatase;

Sample 
№ 4 

Bentonite 
clay 100 % 

62.9 % — smectite; 
1.1 % — kaolinite; 
11.4 % — quartz; 
3.5 % — illite; 
1.2 % — chlorite; 
0.2 % — gypsum; 
6.1 % — albite; 
9.9 % — microcline; 
1.0 % — calcite; 
1.7 % — siderite; 
0.7 % — anatase; 
0.3 % — hematite

*Notes: smectite is a group of clay minerals with a 2 : 1 structure 
type, which includes dio-octahedral (i. e., montmorillonite, 
beidelite) and tri-octahedral (i. e., saponite, hectorite) varieties. 
In industrial bentonite clay deposits, smectites due to the specific 
features of their genesis are usually represented by montmoril-
lonites and beidelite montmorillonites [5], [6].
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15 days after, water saturation level in samples 
№ 1—3 did reach 100 %. Moreover, sample № 1 
(kaolin clay) got completely saturated with water in 
the first 2 days.

In pure bentonite (sample № 4), plug forma-
tion could be observed: the swelling area ex-
posed to water prevented further liquid ingress 
into the sample keeping the underlying par-
ticles in their original state. It is worth noting 
that not the water absorption level was evalu-
ated in this experiment but only the dynamics 
of this process.

Figure 1. Appearance of the model systems (1) to simulate 
flooding from above before testing

Figure 2. The rate of front advance indicating water 
absorption by the samples during the tests

a) 5 minutes after water inflow, b) 5 days after water inflow, 
c) 15 days after water inflow

Figure 3. Appearance of model systems (1) 
during the experiment
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Waterproofing capacity of clay materials 
preventing lateral liquid flows

Plastic containers with a volume of 700 cm3 
were used to measure the waterproofing capacity 
of MAB samples, namely, the one preventing wa-
ter ingress in case of lateral wall damage (lateral 
water absorption) at a given filling volume. Four 
holes for the lateral water inflow were penetrat-
ed along the circumference at a height of 40 mm 
from the lower edge. To penetrate an even hole of 
a given diameter, a hot needle with a diameter of 
1 mm was used.

Test specimens with a volume of 500 cm3 were 
emplaced into the prepared containers with no 
prior compaction (Figure 4) given the above matrix 
density levels.

During the experiments, the samples were em-
placed in a container filled with water. To prevent 
moisture ingress from above, the beakers were 
sealed tightly with lids with some weighting agents 
fitted on the top. The water level in the container 
was set and maintained so that the spots of water 
inflow into the model systems (holes in the side 
wall) were at an equal distance from the bottom 
and the upper water edge (Figure 5).

The initial appearance of each system and the 
subsequent changes in it were recorded:
•• weight of the samples in the beakers,
•• initial color and structure of the samples due to 
water absorption.
Changes were recorded after 5, 10, 30, 60 minutes, 

and then every two hours during the first day. In 
the following days, these were recorded twice a day. 
The study was carried out for 15 days.

Figure 6 shows the dynamics of changes in the 
sample weight due to water saturation depend-
ing on the water exposure time and their mineral 
composition.

These tests showed that sample № 1 (100 % kaolin 
clay) got completely saturated with water through 
a side interface with a total area of ≈ 3.14 mm2 just 
in 2 hours.

Minimal mass changes due to water absorp-
tion (limited to the spots of sample exposure 
to water) were identified for sample № 4 (100 % 
bentonite clay). Moisture saturation dynamics 
was almost completely absent all through the 
15 days of the experiment. Therefore, one may 
argue that bentonite material exposed to water 
got moistened with a local waterproofing area 
that has emerged due to swelling. This area 
practically impeded any further water flows into 
the sample in the studied time interval. Thus, 
the system got stabilized.

Figure 7c presents the appearance of the model 
systems simulating a side pore/crack after the ex-
periment was completed.

Figure 4. Appearance of model systems (2)  
used to simulate a lateral pore/crack

Figure 5. Type of model systems (2)  
used to simulate lateral pore/crack during the experiment

Figure 6. Dependency between the changes  
in the sample weight and the water exposure time
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Discussion

According to its mineral composition, kaolin clay 
mainly involves kaolinite with an admixture of smec-
tite (up to 20 %). It is known that only smectite has 
water-retaining properties [8]—[12], and in case of 
kaolin clay, its main component, which is kaolinite, 
acts as a permeable matrix (similar to most of non-
clay minerals — quartz, feldspars, etc.). As was shown 
in this paper, specific features of the mineral compo-
sition are quite clearly reflected in the water satura-
tion process. It can be argued that kaolin clays will be 
largely permeable, which is also the case of kaolin-
based mixtures, i. e., bentonite high in kaolinite.

Moreover, under the second experiment, the ka-
olin clay systems were found to contain some wa-
ter above the surface of the samples. Liquid found 

on the top of the sample indicates its high-water 
flow capacity and, accordingly, low water-retaining 
properties.

Thus, the experiments have demonstrated how 
the mineral composition of clay materials can con-
tribute to the water absorption capacity in relation 
to aqueous solutions. They have also confirmed 
the assumption that bentonite clays have good wa-
terproofing properties, whereas kaolin clays have 
demonstrated high flow properties.

Conclusion

1. The experiments showed that bentonite clays 
had the highest waterproofing properties, whereas 
by increasing the kaolin ratio in the mixture (by de-
creasing the smectite ratio), one could reduce the 
waterproofing capacity of clay materials. Therefore, 
kaolinite addition to bentonite would negatively 
affect the waterproofing properties of clay materi-
als during EBS construction.

2. The method applied to supply water to the 
sample (from above or through lateral breaches) 
did not affect water absorption capacity. In both 
cases, it was the kaolin clay that showed maximum 
water absorption rate. Lower water absorption rate 
is associated with an increased content of the ben-
tonite component (smectite content).

3. Addition of up to 3.5% vermiculite-like mate-
rial to the clay material did not contribute in any 
way to the waterproofing properties.

4. The above results support the assumption that 
kaolin clay should no longer be considered as a ma-
terial constituting to the buffer zone of disposal 
facilities for RW, including non-removable RW, and 
promote wider application of bentonite clays as 
EBS materials.

5. Further research focused on the waterproofing 
properties of barrier clay materials is expected to 
involve similar experimental studies under repeat-
ability conditions and benches to obtain and evalu-
ate the statistical information.
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