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The article considers geodynamic and seismotectonic aspects of geoenvironmental safety of underground isolation 
of high- level radioactive waste in the Yeniseysky site of the Nizhnekansk massif.  Identification of active tectonic 
disturbances and investigation of their kinematic features is the key task of geomechanical research. Analysis of the 
results of instrumental observations of modern movements of the earth's crust has shown that the limiting average 
annual rates of relative flexural deformations do not exceed 5·10–7 per year.  However, the presence of compressive and 
tensile strains within the site indicates the need for a more detailed study of the geodynamics and seismotectonics of 
the site and adjacent areas in the framework of integrated underground research in the URL. In zones of local stress 
concentration, failure of fragile rocks may occur in process of excavation of URL shafts and tunnels.  This issue also 
requires detailed investigation at the stage of preparatory  operations in process of construction of a deep high-level 
radioactive waste disposal facility.
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Introduction

World practice of deep radioactive waste disposal 
facilities (DRWDF) development projects envisages 
construction of an underground research laborato-
ry (URL) at the first stage. Research in URLs is cur-
rently carried out in 27 countries: in salts (Germany, 
USA), granites (Sweden, Finland, Switzerland, Can-
ada, Russia), clays (France, Switzerland, Belgium), 
sinters (USA), etc. In Russia, URL construction has 
started in 2018 in granite rocks of the Nizhnekansk 
massif. It is assumed that data obtained in URL will 
support decision-making on the suitability of the 
Yeniseysky site for disposal of high-level radioac-
tive waste (HLW).

The Russian safety concept of underground HLW 
disposal is based on geological environment being 
the principle barrier in the path of radionuclide 

migration. Construction of a major underground 
facility with dimensions of 1.5×1.0 km at the depth 
of 500—600 m with the volume of excavated rock 
on the order of 10 mln m3 in active orogenesis re-
gion requires a thorough safety assessment both 
in process of URL construction and in process of 
potential DRWDF operation. Forecast of isolation 
properties of the rock massif in the near and in the 
far field, assessment of acceptable risk, including 
the safety of excavation works is the fundamental 
goal of geodynamic and seismotectonic research of 
this problem.

Fault tectonics, tectonic stress seismicity are the 
main factors behind rock massif failure of various 
scales. Theoretical assessments of HLW heat gen-
eration in the temperature range of 100—150 °С 
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within 300—400 years suggest that thermal stress 
will remain below critical values for the host rock. 
However, even for such temperatures there are 
opinions that the time of engineering barrier sys-
tem (EBS) integrity will not exceed 3—3.5 thous. 
years [21]. As the time of safe engineering barrier 
operation is small compared to the period of HLW 
radiobiological hazard, which exceeds 10 thous. 
years, the structural features and technology of 
DRWDF structures excavation and EBS parameters 
shall be designed in such a way as to have as low as 
possible interference with the isolation properties 
of the geological barrier [9].

In this case structural-tectonic failures (faults, ma-
jor fractures) of the geological environment and its 
mobility (tectonic creep and seismicity) caused by 
time-dependent tectonic stresses at the Yeniseysky 
site and surrounding areas are fundamental factors 
affecting the isolation properties of rocks in the 
near field and in the far field of DRWDF.

 They also determine the safety of excavation 
works (bursting) and stability of excavation dis-
turbed zone of shafts and tunnels.

New data on the modern movement of the earth 
crust (MMEC) in the Northern part of the Nizh-
nekansk massif were recently obtained based on 
space geodesy and relevelling. Therefore, there is 
a possibility to construct more reliable geodynamic 
models of geological environment evolution and 
forecasting of seismotectonic conditions at the 
Yeniseysky site.

Structural and tectonic conditions 
at the Yeniseysky site

Nizhnekansk massif is located in an active oro-
genesys area, i.e. the process of its development as a 
rock structure is not yet finished. It is located in the 
juncture area of three major tectonic structures — 
the Siberian platform, the West Siberian plate 
and Altay-Sayany orogenic region, and its current 
stressed condition is caused by their tectonic in-
teraction. Yeniseysky site is located at the Western 
boundary of the Nizhnekansk granitoid massif and 
its surrounding pre-Cambrian gneisses. Such areas 
of exocontact of magma bodies generally have high 
fracture content and structural heterogeneity.

The rocks are also represented by multiple dykes 
of metamorphized magmatic rocks of the main 
composition [1].

Tectonic position of the Yeniseysky site (Fig. 1) 
is fairly controversial [1]. Its Eastern edge is cut by 
an ancient Pravoberezhny fault rupture. The rup-
ture forms the North-Eastern slope of Atamanovsky 
ridge. Maximum fault amplitude in accordance to 
the data of N.V.Lukina was 400—580 m for the 

length of about 20 km [2]. Amplitude of post-Ju-
rassic shift was assessed at 300 m. The rupture was 
renewed at the contemporary stage — it was active 
in Holocene and recently. This is indicated by re-
levelling data indicating modern movements along 
the rupture of 1 mm/year [2]. The width of dynamic 
impact area of Pravoberezhny fault (also called Tel-
sky) varies from 300 m to 3 km. Shumikhinsky shift 
is located transversely to the rupture and separates 
the depressed structural block from the central part 
of the site. Thus, these two rupture faults divide the 
Yeniseysky site into three structural blocks of vari-
ous depth.

In addition to the above, analysis of morphologi-
cal features of the landscape [1] shows vivid smaller 
ruptures and fractures, while in 2—3 km from the 
site boundary there is an active Muratovsky fault, 
which is considered to be the current boundary of 
the Siberian platform and the West Siberian Plate. 
The plate depresses, while the platform elevates 
slowly. The total amplitude of vertical shifts along 
the rupture exceeds 3 mm/year. This is confirmed 
by the results of observations at a geodynamic site 
using satellite navigation systems [19, 27].

A stable and relatively uniform block was selected 
within the site based on results of geophysical in-
vestigations (Fig. 1) [7]. It is located in the central 
part of Baykal-Shumikha area (North of the bend of 
Baykal River) with dimensions 2.0×2.5 km and ver-
tical thickness of more than 4 km, which is planned 
for DRWDF construction. The geological structure 
of the site was studied in detail in 2001—2011 by 
drilling boreholes up to 700 m deep, and by geo-
physical methods.

Data are available [10] that there are local fields 
of tectonic stresses in the upper part of the earth 
crust caused by deformation of sedimentary layers 
over differentially moving blocks of the crystal-
line foundation under the impact of global tectonic 
stress fields. Area of its dynamic impact is formed 
over the rupture of the foundation similar to the 
areas in rupture sides. Along the axis of this area 
maximum concentration of rock stress causes dy-
namic compaction (over transpressional fault) or 
decompaction (over transtensional fault), leading 
to potential significant changes in massif perme-
ability [12].

Such an evolution can also take place at the 
Yeniseysky site. In spite of the weakly developed 
sedimentary cover in its upper part, generation of 
similar stretching areas in the zone of DRWDF is 
probable taking into account the recent positive 
vertical movements within this part of Yeniseysky 
Ridge [27].

In [1] we have underscored that the “long-term 
underground storage of HLW is possible only 
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outside the volumes of dynamic impact of active 
ruptures”. This clause has been adopted by the in-
force codes and standards regulating the assess-
ment of initial seismicity in process of siting the 
nuclear facilities [22]. At the same time, realization 
of the presence of indeterminacy with regards to 
the impact area of tectonic ruptures requires fur-
ther investigations in the geological conditions of 
potential DRWDF site.

It is known that dimensions of rupture impact 
area depend on their length. The youngest ruptures 
have the highest width of dynamic impact areas 
within the Nizhnekansk massif. For example, for  
Maly Itatsky rupture the width of dynamic impact 
area  is 1.3 km on the elevated side, and 1.15 km 
on the depressed side [9]. Width of impact areas 
dependent on the length (L) is governed by the fol-
lowing equation:

	 H = k L.	 (1)

The value of factor k is 0.05 in average, but may 
reach 0.08—0.1 in some cases [1]. Thus, based on 
this ratio, the underground excavations of URL and 
DRWDF may be affected by tectonic creep of Ata-
manovsky fault in the West and Pravoberezhny rup-
ture in the East (Fig. 2).

According to instrumental observations data (see 
the following section), relative movement of block 
structures (Fig. 2) lead to inter-block destruction 
and increase of the areas of dynamic impact of the 
ruptures.

Thus, identification of active tectonic disturbanc-
es and investigation of their kinematic features 
within the boundaries of Yeniseysky site is one of 
the key tasks of geomechanical investigations in 
the URL. At the same time, it needs to be stressed 
that investigations in the URL will be effective if 
they will be carried out simultaneously and in close 
contact with geodynamic observations of MMEC 
on the surface, which shall cover all nearby tectonic 

Fig. 1. Tectonic diagram (based on geological mapping, results of geophysical investigations, 2004) [7]  
and geological structure (map by O. A. Morozov, 2018) of Yeniseysky site
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disturbances, and be complemented by systematic 
analysis of the available geological and geophysical 
data [3, 4].

Results of instrumental observations 
of kinematics in the North-West 
part of Nizhnekansk massif

Observations of vertical and horizontal compo-
nents of MMEC play a key role in support of fore-
cast of reliability of rock isolation properties in the 
near and far field of DRWDF.

Several cycles of observations of the vertical 
component of MMEC using precision leveling have 
been performed in the North of Nizhnekansk mas-
sif between 1980 and 2012 by various organizations. 
In 2007—2016 Geophysical Centre of RAS also per-
formed observations of horizontal MMEC compo-
nent using satellite GPS/GLONASS system.

Integral relevelling results reflected in various re-
ports can be summarized in two statements:
•• rate of vertical MMEC on the site does not exceed 
2.5 mm/year;

•• there is a scatter of vertical MMEC rates measured in 
various periods in the range from 0.1 to 2.5 mm/year, 
probably caused by cyclic geodynamic movement.
In 2012—2015 LLC “Geolkom” have restarted ob-

servations using precision leveling in the frame-
work of works on safety assurance for shop No.1 of 
ICP of FSUE “MCC”. 4 observation cycles were car-
ried out. Fig. 3 shows the map with indicated space 
geodesy MMEC observation posts and high preci-
sion leveling profile No. 1. 

Let us first consider data on vertical component 
of MMEC.  Geodynamic profile No. 1 is a high preci-
sion leveling line crossing the site from the West, 
from the Eastern side of Minzhul-Sidelnikovsky 
fault, to the East — to the Eastern side of Bolshet-
elsky fault [2].

 The overall length of the leveling line is 45 km.  
The profile includes 34 pickets, including 16 ground 
reference marks, 11 deep reference marks, 2 wall 
reference marks, 3 geological borehole heads, 
2 geological borehole casings.

 The beginning and the end of leveling line are 
anchored by batches of three references and one 
gravimetric post.

The most interesting results were obtained for the 
section of profile No. 1 (Fig. 4) in between the Pra-
voberezhny and Muratovsky faults.  The measure-
ments along the profile were carried out 7 times: 
zero cycle in 2002 and 6 more cycles from 2006 to 
2015. Elevations between the observation locations 
for 1 precision class leveling were identified with 
error not more than ± 0.7 mm/km. Vertical MMEC 
were evaluated by comparing elevations between 
the initial reference mark Rp 24 of the profile near 
Pravoberezhny fault and reference marks along the 
profile (Fig. 5). Posts Rp 26 and Rp 0197 are located 
on the Western side of Pravoberezhny tectonic fault 
within the block limited by Pravoberezhny and Ata-
manovsky tectonic faults and in the peripheral sec-
tions of the block: Rp 26 — in the eastern edge of 
the block in immediate vicinity of Pravoberezhny 
fault, and Rp 0197 — in the western edge close to 
Atamanovsky fault.

Values of vertical movements of structural blocks 
measured in process of leveling had generally dif-
ferent directions. There had been no single direc-
tion movements above the measurement accuracy 
over the observation period of 1990—2015. With 
regards to a number of tectonic disturbances and 
tectonic blocks, there can be identified a number of 
trends manifested by vertical movement of blocks 
in vertical cross-section, but with amplitudes below 
than the measurement accuracy [2].

It can be seen from Fig. 5 that observation posts 
Rp 26 and Rp 0197 and, hence, the whole structural 
block, have experienced vertical movements of op-
posite directions with respect to post Rp 24 located 
on the Eastern side of Pravoberezhny fault.

 In both cases depressive periods dominated, in-
tersected by elevation periods of various duration. 
However, the vivid trend over the period of 2002—
2015 indicates depression of the West side of Pravo-
berezhny fault with respect to the Eastern side with 
a total amplitude of 5 mm over thirteen years, i. e. 
average for the block of 0.4 mm/year. Further to the 
West along profile No. 1, insignificant depression 

Fig. 2. Transverse profile of Nizhnekansk massif (vertical scale 
increased significantly). Active ruptures shown in red, black 

dash line shows the dynamic rupture impact area
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was recorded in 2002—2006  for the west side of 
the block (Rp 0197) limited by Pravoberezhny fault 
on the East and Atamanovsky on the West, with re-
spect to the Eastern side of the unit. In 2006—2011 
elevation was recorded following by return to de-
pression of the western side in 2011—2015.

It should also be noted the general match of am-
plitude and directions of movements recorded for 
relevant reference marks. 

 Thus, two periods may be distinguished for 
time between 2002 and 2015. The elevation period 
lasted for nine years, from 2002 to 2011, the total 

Fig. 3. Map of investigated area. West Siberian Platform on the left, Siberian Plate on the left. Black dashed rectangle represents 
Yeniseysky site. Black dotted line shows the profile of high precision relevelling, triangles show posts of GNSS observations.  

Red lines represent main tectonic disturbances

Fig. 4. Graph of the elevations of reference marks according to data of 1 class leveling in 2002-2015 along profile No. 1 [2, 17]
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amplitude of elevation was 6—7 mm. After 2011 
there was a period of multidirectional movement 
manifested by depression of the block by 7—8 mm 
over three years followed by subsequent elevation 
by 1—3 mm.

Conclusions based on the results of high preci-
sion leveling correlate with dilatation of the surface 
using GPS/GLONASS data (Fig. 6) over 2012—2016 

[20]. It can be observed that the right part of leve
ling profile 1 (posts 1208, 1209 of GPS network) in 
the vicinity of Pravoberezhny fault experienced 
maximum positive dilatation, and, hence, vertical 
elevation. Further to the West, the dilatation value 
gradually drops, but rises again in the area of Ata-
manovsky fault, sharply switching to negative val-
ues in its western side.  The block located between 
Atamanovsky fault in the East and Muratovsky in 
the West experienced positive dilatation (eleva-
tion), Further to the West the structural block of 
Western Siberian platform experienced depression 
throughout the indicated period of time.

Thus, convergence of the direction of horizontal 
and vertical MMEC components measured by two 
different methods lead to a conclusion that the re-
sults are qualitatively reliable and there is a pos-
sibility to assess deformation processes in nearby 
areas, including at Yeniseysky site.

Fig. 6 shows that positive dilatation was recorded 
in its western part and negative in the eastern part. 
The change of signs occurs at the western side of 
the site, approximately in the area of Meridional 
rupture.

Earth surface dilatation D (deformation rate) 
calculation for the period from 2012 to 2016 has 
shown the presence of four relatively anomalous 
sites (Fig. 6):

a) site in the vicinity of posts 1204, 1205, 1206 
(D = 5·10–7 per year) located in the zone of Ata-
manovsky fault, which is a contact line between the 
Siberian platform and West Siberian plate;

Fig. 5. Graphs of vertical movement of reference mark Rp 26 (a) 
and Rp 0197 (b) with respect to reference mark Rp 24 [17]

Fig. 6. Map of Earth surface dilatation in accordance with GPS/GLONASS data in accordance with observations of 2012—2016
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b) site in the eastern bank of the Yenisei River — 
post 1213 (D = –1.3·10–7 per year);

c) compressive and tensile zones in the Yenisysky 
site (D = 8·10–8 , D = –3·10–8 per year);

d) site in Pravoberezhny fault with posts 1207, 
1208, 1209 (D = –7·10–8 per year).

There is an equation for calculation of limiting 
values of flexure strain [11]:

	 ,	

where Q — average annual flexure rate; en — limiting 
flexure strain; Т — time; C — empiric coefficient 
which, in accordance with geodesic observations, 
lies in the range of  3—5 [11].

In this case, the limiting average annual rates of 
relative deformations should not exceed the val-
ue of 5·10–5 per year. The measured deformations 
(Fig. 7) are two orders of magnitude lower. Taking 
into account the cyclical alternating sign deforma-
tion process, the total deformation proves to be 
even less.

Seismotectonic conditions of the territory

Superposition of the global tectonic stress field 
over the structural disturbances of the lithosphere 
determines the local seismotectonic conditions 
at the site. Analysis of seismotectonic aspects in 

the vicinity of Nizhnekansk massif was given in 
[1]. In [7] the seismicity of DRWDF site was as-
sessed at 6.0 points (1 000 years map B), 7.0 points 
(5 000 years map C) and 8.0 points (10 000 map D). 
It was assumed that the intensity of possible earth-
quake would be M ~ 4.5 [1]. Fig. 7 shows a fragment 
of DYKES-model of earthquake focus origination 
(EFO) used in development of maps OSR-97 for the 
region of Krasnoyarsk-Zheleznogorsk-Divnogorsky 
agglomeration (according to V. I. Ulomov) [2].

The studied site on the map is located in the 
5.5 point domain, at the closure of lineament L580. 
Maximum magnitude for lineament L580 was in-
creased by the researchers of KRDIGMR up to 7.0 
to take into account Malinovskaya paleoseismic 
dislocation (the potential of indicated lineament 
was increased to M = 6.0). Establishment of several 
seismic stations to the North of the studied sites 
(to the North of parallel 56 °N) and conduct of full-
scale works on seismic zoning are required in order 
to obtain convincing assessments of the seismic 
hazard in the studied territory. 

Statistical processing of data in seismically active 
areas of the globe linking the possible earthquake 
magnitude to the average block size in the region 
has the form of

	 М = 0.003 Lbl + 4.76,	 (2)

where Lbl — average size of structural block.

Fig. 7. Fragment of LDF-model of earthquake focus origination (EFO) used in development of maps OSR-97 for the region  
of Krasnoyarsk-Zheleznogorsk-Divnogorsky agglomeration (according to V. I. Ulomov). Black square — Yeniseysky site
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Results of aeromagnetic data interpretation (Eul-
er deconvolution method) coupled with “Roden” 
algorithm have given the average size of structural 
foundation block within Nizhnekansk massif at the 
level of 7 km [3, 28]. Substituting this value to (2) we 
will obtain the value of the most probable magni-
tude of the earthquake for average sized structural 
block at M = 4.78. The result corresponds to maxi-
mum calculated earthquake of 8 points. It should 
be noted that according to N. V. Shebalin, historic 
earthquake in Krasnoyarsk had a magnitude of 4.8.

Experimental data suggest that using the known 
maximum earthquake magnitude there can be calcu-
lated the width of the rupture initiating the seismic 
event, which is important for “buried ruptures” [18].

Earthquake energy M = 4.5 corresponds to

	 М = 2/3 (lg E – 4,8),  
	 lg E – 6,75 +4,8 = 11,5 S,  
	 K = 12.	 (3)

Then the approximate width of the rupture would 
be 2.9 km. 

Presuming negative variant of tectonic evolution 
of the site, with Atamanovsky and Muratovsky faults 
becoming seismic-generating (in the long-term out-
look), the value 2.9 km corresponds to its maximum 
impact area of 4.1 km. For an earthquake of 1013 J the 
rupture width becomes already equal to 6.2 km.

Lack of reliable data on the actual width of the 
impact area, i.e. the area of tectonic dispergation 
of rock, and, hence, anomalous groundwater per-
meability, calls for the next task of investigation at 
the Yeniseysky site to be detailed study of the areas 
of dynamic impact of tectonic ruptures in immedi-
ate vicinity of URL. It should be underscored that 
the rupture and its impact are are the areas of in-
creased groundwater filtration from the upper hy-
drogeological level to the lower layers [9].

Instrumental studies of SDS in the excavations of 
the Mining and Chemical Combine [13—25] suggest 
that the main stress values lie within smax > 20—
30 MPa. For example, in the northeast Ural [6] smax 
reaches considerably higher values — up to 40—
50 MPa in the areas of local stress concentrations 
at closings, bends and joints of tectonic ruptures. 
This also applies to Yeniseysky site.

 There can be assumed a possibility of forma-
tion of a rupture crossing the operational zone of 
DRWDF [5], then the seismic effect of such a micro-
earthquake with a hypocentre in the near field will 
lead to loss of isolation properties not only for EBS, 
but for the structural-tectonic block on the whole.

Structural and tectonic heterogeneity of the rock 
massif including “metastable” areas substantially 
interferes with forecasting of dynamic forms of 

rock stress manifestation. To this end, microseis-
mic monitoring in a wide frequency range within 
the DRWDF is a required measure at all stages of 
mining — from excavation of URL shafts and tun-
nels to loading of RW containers. This is confirmed 
by experience of microseismic studies and forecast-
ing of the future blasting locations based on these 
studies performed by Canadian scientists at AECL 
URL, and by seismic monitoring in process of nickel 
mining at large depth [23, 25].

Thus, the engineering assessment of seismic and 
tectonic conditions of the site requires detailed 
investigation of rupture tectonics, external stress 
field, and monitoring of local microseismicity with-
in the Yeniseysky site, as well as assessment of the 
probability of underground tunnels destruction in 
a dynamic form.

Problems of mathematical modeling 
of SDS and impact of heat fields

Disturbance of isolation properties of rock, and 
rock failure in dynamic form may also be causeed 
by a number of man-caused factors. These include: 
a) geometry and dimensions of the underground 
part of DRWDF determining concentration of lo-
cal stress fields in the excavation disturbed zone; 
b) development of shift processes in overlaying 
strata; c) heat impact of RW containers, especially 
in the first decades of DRWDF operation.

The DRWDF underground part is a system of tun-
nels located at two depth levels and has dimen-
sions of 1500×1000×80 meters. Fig. 8a shows the 
top-down view of the level with DRWDF tunnels 
where vertical deposition holes for RW disposal will 
be drilled (+ 5 m level). Fig 8b shows the cross-sec-
tion of the levels of horizontal tunnels and vertical 
RW deposition hole (75 m long) (dimensions taken 
from DRWDF design).

Vitrified packed RW would be emplaced in verti-
cal deposition holes 75 m deep, whilst conditioned 
RW with weak heat generation packed in single use 
metal containers would be located in horizontal 
tunnels at two levels (one of layout options under 
consideration).

According to various assessments, RW containers 
with temperature of 120—200 °C will heat the host 
rock for more than 500 years. Thus, there would ac-
tually exist three mutually interacting sources that 
may cause geological environment failure. This is 
lithostatic pressure, which reaches 14 MPa at the 
depth of 500 m, tectonic stress, which may exceed 
lithostatic pressure by two times, and temperature 
fields generated by RW. It is evident that these fac-
tors need to be taken into account in mathematical 
models.
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Calculation of SDS for deposition holes contain-
ing heat-generating RW as a function of time was 
performed earlier [15]. Modeling was performed 
using finite element method and FEMAX NX NAS-
TRAN software. Test calculations have shown that 
Comsol Multiphysics software based on state-of-
the-art numerical methods of computer solution of 
physical problems is more convenient for the task. 

Tectonic field of main stresses was assigned to 
model boundaries in calculations [15]. Stresses pro-
duced by temperature field of RW-filled containers 
are manifested inside the layer. At the same time, 
it was assumed that the axis of the main tectonic 
stress s33 is directed along OY axis. Lateral repulse 
stress equal to about 1/3 of s33 acts along OX axis.

Main tectonic stresses were assigned as follows: 
syу = 30 MPa, and sxх = 10 MPa. Tm(x,y) — coordinate-
dependent rock temperature.

Fig. 9 shows distribution of stress intensities close 
to the deposition hole in 20, 100, and 400 years af-
ter emplacement of HLW containers respectively. 
The areas of highest stress (~ 45 MPa) are located 
along the X axis on both sides of the deposition 
hole (Fig. 9b).

Overall concentration of elevated stress values in 
20 years after disposal (Fig. 9b) is greater than in 
the remaining two cases (Fig. 9c, d).

Fig. 10 shows the graph of change of stress in-
tensity in point A located at the distance of 120 cm 
from the centre of RW deposition hole along OX axis. 
Bailey integral was used as the failure criterion:

	 	 (4)

where t0 — period of atomic thermal oscillations; 
U0 — destruction activation energy; g — struc-
tural coefficient; si(t) — stress intensity; T(t) — 
temperature; R — universal gas constant; tk — time 
of start of dispergation of excavation disturbed 
zone from the time of start of heating.

Time interval of dispergation of deposition hole 
near shaft zone is approximately 8000 years. Prop-
agation of dispergation area into the massif is in-
evitable, at the same time, dimensions of this zone 
do not exceed  initial radius of the deposition hole. 
Rock dispergation in the near field of the deposition 
hole leads to considerable change of rock physical, 

Fig. 8. Diagram of location of RW in DRWDF: a) top view of +5 m level; 
b) cross-section of two levels of horizontal tunnels and a vertical deposition hole for RW containers
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mechanical, and heat properties, therefore in-situ 
studies at URL are required for model correction.

Conclusions

Structural-tectonic disturbance (ruptures and 
major fractures) and kinematics of structural and 
tectonic blocks (tectonic creep and seismicity) 
are the fundamental properties of the geological 
environment affecting the integrity of rock iso-
lation properties in the DRWDF near field and 
far field.  These parameters are connected to the 
stress-deformed state of structural-tectonic block 

hosting the DRWDF underground structures. The 
seismotectonic and geodynamic aspects of the 
Yeniseysky site considered above  allow identifying 
the range of primary studies at URL in accordance 
with the “Strategy for development of deep radio-
active waste disposal facility” approved by the Di-
rector General of SC “Rosatom” in March of 2018.

Geodynamic monitoring of vertical and hori-
zontal MMEC based on GNSS-observation and 
high-precision leveling needs to be started already 
before the start of shaft excavations in 2019. This 
is because stable detection of modern movement 
trend against error background requires at least 
5—7 years of observations. The existing network of 
geodynamic observations at Yeniseysky site needs 
to be corrected and new posts in the southern sec-
tion of the site need to be installed.

The results of these studies shall include 
boundary stress and kinematic conditions at 
the boundaries of structural and tectonic block 
hosting the DRWDF and in excavation disturbed 
zone for subsequent 3D-modeling of the stress-
deformed state.

Safety of underground disposal of HLW can be as-
sured  only outside the volumes of dynamic impact 
of active ruptures. Therefore, geologic investiga-
tions are also required in order to specify the areas 
of dynamic impact of Atamanovsky and Pravober-
ezhny faults and smaller faults in the immediate 

Fig. 9. Stress intensity si(t) at the deposition hole in MPa: а) no thermal load; b) 20 years; c) 100 years;  
d) 400 years after RW emplacement

Fig. 10. Change of stress intensity in point A located at the 
distance of 120 cm from the centre of RW deposition hole

а)

d)c)

b)
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vicinity of URL. The results shall include a detailed 
geodynamic zoning map of Yeniseysky site.

Results of SDS observations in the excavations 
of the Mining and Chemical Combine suggest that 
stress may reach considerable values, thus poten-
tially causing dynamic failure of brittle rocks in 
process of URL shafts excavation. Therefore, assess-
ment of rock blast safety, which evidently has not 
been studied in sufficient detail in environmental 
impact assessment, requires additional consider-
ation at the stage of drilling preparation before the 
start of URL shaft excavation.

Forecasting of long-term geological environment 
stability shall be based on systematic analysis of in-
terconnected components of two natural and tech-
nogenic systems — host environment and DRWDF 
underground structures. Mathematical models of 
stress-deformed state with account for tectonic 
stresses and RW heat generation will play an im-
portant role at the initial stage of organization of 
works at URL. Mathematical modeling methods 
(COMSOLM software) in conjunction with experi-
ments on impact of heat field on the integrity of the 
excavation disturbed zone shall allow strict justifi-
cation of design parameters of deposition holes for 
HLW containers.

URL research program, in addition to purely geo-
mechanical investigations, shall include seismic 
and seismoacoustic monitoring in a wide frequency 
range with a capability of failure foci, as they result 
from tectonic activity and rock failure in the impact 
areas of tectonic ruptures.

The work has been conducted in the framework of 
RD program: “Investigation of  kinematics of block 
massif in process of geodynamic zoning of radia-
tion-hazardous facilities sites” State Registration 
No. AAAA-A17-117012610082-9.
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