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The paper summarizes key focus areas  and tasks for the geomechanical research in the underground research labora-
tory. It proposes a set of geomechanical methods and experiments that can be used as the basis for the development of 
a detailed research program and field experiment profiles. This will help to assess and predict the long-term preserva-
tion of the insulating properties of the rock mass and ensure the safety of mining operations during the construction 
of a deep disposal facility for high-level radioactive waste at the Yeniseiskiy site.
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Introduction

Construction of an underground research labora-
tory in the Nizhnekanskiy rock mass (NKM URL) is 
planned under the Federal Target Program “Nuclear 
and Radiation Safety in 2016–2030” . Earlier a study 
was performed [1] to explore geodynamic and seis-
motectonic features of the Yeniseiskiy site and its 
surrounding . It was emphasized that the kinemat-
ics of earth's crust modern movements (geodynamic 
creep and rapid seismic movements) is a fundamen-
tal factor that, due to its power output, determines 
the insulating properties of the structural-tectonic 
unit (far field) that will incorporate the deep radio-
active waste disposal facility (DRWDF) . At the same 
time, it is obvious that geomechanical processes1 
play an equally important role causing changes in 
the stress-strain state (SSS) of the rock mass result-

1 I. V. Baklashov [2]: "Geomechanical processes in a rock mass 
involve mechanical processes associated with deformation, 
stress redistribution and rock destruction."

ing in its loosening or destruction of the DRWDF’s 
border part (near field). In this regard, studies fo-
cused on the existing stress field, the dynamics of 
its redistribution during DRWDF construction and 
the mechanical deformation processes, as well as 
prediction of structural disturbance of the near 
field, become relevant already at the stage of NKM 
URL shaft sinking .

When demonstrating the adequacy of the pro-
posed set of methods for the geomechanical re-
search to be conducted in the NKM URL, one 
shall rely on the tasks set forth in the provisions 
of “Strategy for the Development of  . . .” [3], “Stra-
tegic Master Plan  . . .” [4], “Program  . . .” [5], as well as 
relevant decisions of the STC No . 10 “Ecology and 
Radiation Safety” run by the State Corporation Ro-
satom . At the same time, one should recognize that 
these are framework documents specifying only 
the general focus areas of the research to be con-
ducted in the URL. Moreover, detailed and specific 
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recommendations on the research program are re-
quired . Such program should set a rationale behind 
the proposed methods and techniques deemed to 
be effective and enabling such research, discuss the 
required observations, the size of excavations and 
wells required for the experiments, relevant equip-
ment and technical tools, show the links between 
various experiments, algorithms enabling to apply 
the results of the field observations in the devel-
opment of forecast models, etc . In this regard, this 
article discusses the geomechanical aspects allow-
ing to arrange relevant research in the NKM URL, 
which can be used in the development of the Ex-
perimental Program .

Research tasks on the study of geomechanical 
processes in the NKM URL

Key areas of research to be conducted in the URL 
are set forth in the Federal Norms and Rules in the 
Field of Atomic Energy Use [6, 7, etc .] In particular, 
the document [7, Appendix No . 3] indicates that the 
research should be focused on:
1) confirming the suitability of the rock mass for the 
safe disposal of radioactive waste;
2) precising the characteristics of the rock mass 
and groundwater in the RW disposal area deemed 
to be important for assessing the long-term 
safety of the DRWDF under field and laboratory 
conditions;
3) to get more in-depth knowledge on the insulat-
ing properties of the engineered barriers system;
4) to perform an experimental study of engineered 
barrier materials (under filed and laboratory 
conditions);
5) to perform refinement, verification and calibra-
tion of mathematical models to assess the long-
term safety of the RW disposal system .

Based on focus areas presented above, the key 
tasks for the geomechanical studies to be performed 
in the NKM URL can be summarized as follows: 

1 . To ensure safety of mining operations during 
shaft sinking and excavation of horizontal tunnels 
pertaining to the URL and DRWDF, including an 
assessment of the possible dynamic destruction of 
rocks .

2 . To study physical and mechanical properties of 
the rocks, tectonic structure, structural disturbance 
and stress-strain state of the rock mass in the bor-
der area of the DRWDF .

3 . To study the impact produced by the excava-
tions on the safety of the insulating properties of 
the rock mass, depending on the development of 
displacement, deformation, decompaction and de-
struction processes in the rock mass within a radius 
of 50 m around the contour of the excavations .

4 . To perform purpose-developed experiments to 
study the anthropogenic impact on the state of the 
indigenous rock mass and the system of engineered 
barriers, including heat release, to adjust the lay-
out-planning solution (geometrical dimensions 
of the excavations and boreholes, pillars) for the 
DRWDF’s underground section, to gain information 
on the rock mass state to plan for and perform other 
experiments focused on the long-term safety of the 
radioactive waste disposal system .

Undoubtedly, the above tasks should be solved in 
conjunction with the results of numerical modeling 
and be adjusted based on relevant discussions held 
by the scientific community and new information 
on the geological environment, including the data 
obtained during mining operations at NKM URL 
site .

Examples of geomechanical studies performed in 
URLs and underground analogue-facilities abroad

The experience gained during the research per-
formed in foreign URLs and in domestic under-
ground facilities constructed for various purposes, 
primarily at an analogue facility, namely, the un-
derground complex of MCC, is considered as a quite 
helpful one when arranging for relevant geome-
chanical studies in NKM URL . Below are discussed 
several examples of such studies . 

In mining practice, core disking method is 
quite widely used for dynamic evaluation of rock 
failure . The method is based on the study of the 
relationship between core fracturing caused by 
drilling and the ratio of magnitudes and orienta-
tions accounting for the main components of the 
stress field. Disk formation is most intensive if the 
wells are oriented perpendicular to the axis of the 
maximum stresses . In hard rocks, core division 
into disks starts when the stress and rock tensile 
strength ratio becomes equal to σ̂  /σcж = 0,1 ÷ 0,3 . 
At a ratio of σ̂  /σcж = 1 ÷ 2, the core simply turns into 
drill cuttings .

This method is widely used in assessing the rock-
bump hazard of rocks in deep mines . Thus, the fol-
lowing drilling characteristics were assumed for 
these purposes: rotation speed 350—450 rpm, feed 
force 1 MPa, drilling speed 1—2 cm/min, core hemi-
spherical crowns with a diameter of 59 mm .

Under the core disking experiment conducted in 
Aspo HRL (Sweden), core disking was studied in 
4 vertical wells [8] . The disking was not system-
atic with relevant measurements evidencing a low 
stress level . The upper limit of the maximum tan-
gential stress in the horizontal direction before 
drilling amounted to 40—55 MPa . A relationship 
was established between the core disking processes 
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and the occurrence of subvertical fractures cross-
ing the wells . It was concluded that increased 
stress in the vicinity of the fracture accompanied 
with the presence of less solid rocks could cause 
the disking [8] .

Given the tasks set for the NKM URL research, it 
seems appropriate to use this method starting from 
a depth of 300 m, especially in locations with rock 
bumping hazard being visually noted, and, if it is 
necessary, to determine the axis of the main stress-
es . Relevant methodology is discussed in detail in 
[9] . The sampled core can be subsequently used to 
determine the physical and mechanical properties 
of the rocks .

An experiment was also performed in Aspo HRL 
(Sweden) to assess preservation of insulating rock 
properties in the vicinity of wells given the ther-
mal impact produced by the containers with radio-
active waste . The Aspo Pillar Stability Experiment 
was carried out at a depth of 450 m between two 
wells with a diameter of 1 .75 m, simulating cells 
for RW container emplacement . 6 .75 m deep wells 
were drilled at a distance of 1 meter from each 
other (Figure 1) .

The experiment was performed in 2002—2006 
with a linear method applied to measure the linear 
displacement of the well contour based on a dif-
ferential transformer (Linear Variable Differential 
Transformer) . Laser method was also used to study 
the walls of the wells, temperature and acoustic 
emission was recorded . Numerical simulations of 
stress field distributions were performed during the 
experiments .

11 wells with a diameter of 76 mm were addition-
ally drilled in the vicinity of large diameter wells to 
install the sensors with relevant core sampling per-
formed along (Figure 1) . In situ stresses were stud-
ied in an adjacent section using hydraulic fractur-
ing . Relevant stresses σ1, σ2, σ3  amounted respec-
tively to 35, 15 and 10 MPa . The pillar between the 
wells was heated by four electric heaters located in 
four wells at a distance of about 2 m from it [8] (see 
Figure 1) . The pillar state was monitored via laser 
scanning of wells walls and seismic-acoustic emis-
sion recording (Figure 2a, b) .

These studies are considered as unique ones in 
terms of their detailed planning and documenta-
tion of the results obtained. Suffice it to say that 
the report on the study of acoustic emission con-
tains 111 pages alone . A similar experiment with 
a small adjustment can be reproduced in the NKM 
URL as it enables in-situ study of the process as-
sociated with heat-driven degradation of inter-
well pillars . Especially as DRWDF safety case [13] 
does not provide any feasibility demonstration 
on choosing the geometric parameters for pillars 

between wells and boreholes designed for RW con-
tainer emplacement . 

The experimental results presented in [10, 11, 12] 
can serve as a reference standard showing the way 
of gaining maximum information in-situ (geologi-
cal study of wells, instrumental geo-mechanical and 
geo-physical methods, a purpose developed heat-
ing experiment, numerical simulation, etc .) at a 

Figure 1. The layout of the wells under the “Pillar Stability 
Experiment” (Aspo HRL): 

1 — wells for temperature measurements, 2 — wells for 
acoustic emission measurements, 3 — heating wells.

Figure 2. The result of the well’s laser scanning (a) (the shape 
of well destruction is shown on the left with the fracture 

depth shown on the right) and the results of seismic-acoustic 
emission observations (b) integrated over the entire length of 

the “Pillar Stability Experiment” in Aspo HRL [10]
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minimum cost (only two wells and a pillar between 
them), if relevant research task is defined correctly  
and the modern hardware systems are available .

Suggestions regarding this experiment to be con-
ducted under NKM URL setting are presented in the 
next section .
“Zone of excavation disturbance experiment” (ZE-

DEX), another experiment performed in Aspo HRL, 
was focused on the degree of rock mass disturbance 
depending on the type of mining operations . Two 
zones are developed around the wells during the 
excavation: a) damage zone located in the close 
proximity of the excavation where changes in rock 
properties are irreversible; b) the disturbance zone, 
where the stress state of the rocks and the mag-
nitude of the hydraulic head changes . The distur-
bance was compared for two horizontal excavations 
with a diameter of 5 m and a length of 35 m (Fig-
ure 3), drilled: a) by common drilling and blasting 
method; b) a low impact method; c) method sug-
gesting no drilling and blasting applied .

[12] provides a detailed discussion of the project 
itself and the results obtained . The main observa-
tion methods involved: visual inspection of excava-
tion and well walls, microseismic method, acoustic 
emission recording method, geophysical methods 
of non-destructive testing, hydraulic method .

The studies performed showed that the interval 
of rocks disturbed due to mining operations does 
not exceed 3 mm for the mechanical method of 
sinking, and 0 .1—1 .0 m for the blasting one . The 
latter one can be reduced by 50 % by choosing ap-
propriate sparing blasting parameters [14] .

MCC’s underground excavations appeared to be 
quite interesting in terms of the accumulated ex-
tensive experimental material on the spatial and 
temporal changes in the marginal part of the rock 
mass under long-term exposure to high tempera-
tures and rock pressure . Analysis of these data 

allows us to: a) gain knowledge on geo-mechanical 
processes under conditions of prolonged exposure 
to rock pressure and temperature at no additional 
cost; b) use the accumulated knowhow on arrang-
ing geo-mechanical studies to develop a program of 
field experiments in the NKM URL [15, 16, 20].

The monitoring system installed in the cells of 
the reactor group — 2a/e, 1e, 2e, and cells contain-
ing steam generators and heat exchangers — P2, P3, 
P4, P6, was fitted in 1965 involving some 800 mea-
suring units and 100 wells equipped with sensors to 
monitor different physical quantities [15] . Observa-
tions were carried out by VNIPIPromtekhnologii and 
MCC employees (Zverev A . B ., Zorokhovich V . Yu ., 
Leonov E . A ., etc .) . Cells were located at a depth of 
250—350 m having an average size of 60 × 25 m in 
the section and a length of up to 100 m . They con-
tained powerful heat sources heating the enclosing 
massif to a temperature of 60—70 °С. According to 
the physical and mechanical properties, the rocks 
are quite similar to those of the Yeniseiskiy site .

Concrete cell lining (monitoring the convergence 
of cell sides along different sections) and the contour 
part of the rock mass within a radius of 20 m from 
the contour were considered as monitoring objects . 
Diagrams demonstrating the displacements of deep 
benchmarks installed inside the wells at a depth of 
up to 20 m jointly with the data on the convergence 
of the cell sides for the given time period, namely, 
from 1980 to 2002, for various rock groups varying 
in the fracturing degree were evaluated .

Table 1 presents the data on the convergence of 
excavations accounting for the time period until 
1995 inclusively .

Table 1. Convergence for the walls of the cell excavations

Cell ID 
number

Total conver-
gence until 

1995, DL, mm 

Maximum rates by years, 
Dv, mm/year

Air tempera-
ture in the 

cells, °С
Р1 15.45 0.70/1983 0.30/1990 34
Р2 18.65 1.69/1983 1.15/1990 39
Р3 7.80 0.70/1983 0.2/1990 29
Р4 10.5 0.65/1983 0.7/1986 41
Р6 5.1 0.10/1989 - 29

180 12.05 0.50/1990 - 35
181 5.00 - - 34
182 3.45 0.30/1990 - 34
1э 5.35 0.60/1984 0.80/1985 24
2э 8.75 0.90/1984 0.80/1985 24

2а/э 7.20 0.40/1984 0.50/1989 27
3 2.25 - - 23

257а 7.50 0.50/1990 - 25
2116 4.85 0.20/1990 - 27

Б 1.50 0.25/1984 0.60/1987 18
227а/234 17.05 0.45/1983 0.65/1990 28

Figure 3. The layout of Aspo HRL tunnels at a depth of 420 m 
used under the ZEDEX experiment. Horizontal shaft sinking 

cycles: 1—4 involved low impact drilling and blasting,  
5—10 involved traditional blasting techniques
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Table 2 shows average annual changes in the 
width of the P2 cell considering different align-
ments . It is necessary to note the presence of peri-
ods characterized by abnormally high displacement 
rates, when the average annual displacements ex-
ceeded 1 .6 mm/year .

Figure 4 shows integrated displacement diagrams 
for deep benchmarks being under different mining 
and geological conditions [15] . The diagrams show 
that in the time interval of 1980—2000, average cell 
displacement rates were as follows:
a) for a heavily disturbed rock mass subject to ther-
mal impacts — 0 .3—0 .45 mm/year;
 b) for undisturbed rock mass subject to thermal im-
pacts — 0 .1—0 .2 mm/year;
c) for a slightly disturbed rock mass with no ther-
mal impacts — 0 .02—0 .04 mm/year .

Based on the observations performed, a model of 
deformation and degradation processes occurring 
in the rock mass was constructed [13] . The given 
example indicates that analytical generalization 
of the available experimental research data gained 
from the studies of MCC excavations can be consid-
ered as a quite feasible activity under the develop-
ment of the Research Program . It also indicates that 
execution of a similar experiment in the NKM URL 
seems to be quite feasible too, in particular to verify 
the model demonstrating rock stability depending 
on the design features of the excavation itself and 
the heat emitted by the RW [39] .

Priority methods to study the geomechanical 
processes in the NKM URL

Excavation of underground workings during URL 
construction leads to redistribution of original 
stress-strain state of the rock mass and develop-
ment of a new equilibrium state . Localized zones of 
stress concentration are formed around the excava-
tions and in the vicinity of large faults . The size of 
such zones depends on regional tectonic stresses 
and gravitational impact of the overlying stra-
tum, rock properties, mining geometry and heat 
release . Displacement processes also occur above 
the upper horizon . These could potentially cause 

Table 2. Average annual changes in the width of the P2 cell according to cross section measurements, mm

Year Тв °С  
I, II

Level I,  
+2.0 m

Level II, 
+17.2 m

Тв °С  
I'

Level I',  
+8.0 m

Тв °С  
III

Level III, 
+2.0 m

Тв °С  
V, VI, VII

Level V,  
+8 m

Level VI, 
+16.5 m

Level VII, 
+25.0 m

1980 26.6 –12.75 –10.70 – – 28.4 –10.50 35.3 –10.90 –7.70 –7.20

1981 27.5 –12.85 –10.15 – – 26.0 – 34.3 –10.50 –9.25 –8.20

1982 28.8 –12.85 –10.90 – – 26.7 – 35.0 –10.50 –9.25 –8.20

1983 29.8 –13.80 –12,15 – – 26.2 – 35.8 –12.15 – –

1984 29.7 –14.10 –12.40 – – 24.2 – 36.3 –12.60 – –9.70

1985 29.2 –15.20 –12.85 – – 23.8 –13.35 33.4 –13.80 –11.35 –11.00

1986 31.9 –15.75 –12.75 – – – – 35.1 –13.25 –10.75 –10.75

1987 33.7 –16.25 –13.20 36.2 –0.45 – – 36.2 –13.25 –10.75 –11.20

1988 34.3 –16.75 –13.90 39.1 -0.55 28.9 –14.00 36.8 –13.80 –11.20 –11.40

1989 34.9 –17.10 –14.05 39.0 -0.70 27.2 –14.45 35.7 –14.30 –11.40 –

1990 33.0 –17.80 –15.20 37.0 -1.50 24.1 –15.55 35.6 –14.95 –11.60 –

1991 33.7 –18.10 –15.25 37.8 -1.50 – – 36.3 –15.25 –11.30 –

1992 32.6 –18.35 –15.35 37.0 -1.75 24.0 – 35.4 –15.45 –11.40 –

1993 31.9 –18.40 –15.70 36.9 -1.75 22.7 – 35.6 –15.40 –11.25 –

1994 31.1 –18.65 –16.20 36.0 -2.15 21.6 – 33.6 –15.65 –11.80 –

1995 31.2 –19.30 –16.30 33.7 -2.75 21.8 –17.25 32.6 –15.70 –12.30 –

1996 33.2 –19.70 –16.80 37.4 -3.25 23.7 –17.45 35.0 –15.55 –12.55 –

1997 35.0 –20.25 –16.45 37.8 -4.20 24.1 –18.65 35.7 –16.20 –12.50 –

Figure 4. Generalized diagrams showing the displacement 
of deep benchmarks under various mining and geological 

conditions and temperatures
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the emergence of new groundwater flow chan-
nels . These processes are known in geomechanics 
and are studied in detail during the exploration of 
mineral deposits . DRWDF is considered as a unique 
facility requiring evaluation of available research 
results over a much longer period . For this reason, 
some uncertainties appear that are to be overcome 
using some novel approach . This is especially im-
portant in terms of data interpretation, develop-
ment of numerical forecast models presenting the 
stress-strain state of the rock mass and predicting 
its rock mass degradation . 

Geomechanical studies are aimed at investigat-
ing physical and mechanical properties of rocks, 
relevant stresses, displacements and deformations 
of the rock mass, its structural fracturing, as well 
as geophysical fields that are indirectly interrelated 
with the former four . Therefore, 5 groups of meth-
ods are considered in addition to the goal and ob-
jectives described above (figure 5):
1 . Methods allowing to study physical and mechan-
ical properties of rocks;
2  . Methods allowing to study rock mass fracturing;
3 . Methods allowing to study rock mass stresses;
4 . Methods allowing to study displacements and 
crack opening in the marginal section;
5 . Methods allowing to study the technogenic im-
pact produced on the insulating properties of the 
rock mass .

Table 3 shows a preliminary list of experiments 
developed to study the geo-mechanical processes in 
the NKM URL, with some approximate indications 
regarding relevant work stages (stage 1 — sinking of 
mine shafts, stage 2 — sinking of horizontal tunnels 
and URL research cells, stage 3 — research performed 
in the URL) . At different stages of URL and DRWDF 
operation, the rate (intensity) associated with the 
application of these methods varies significantly. 
For example, the maximum number of stress and 

strain measurements accounts for the stage of URL 
experiments (approximately after 2024—2025) with 
the intensity of activities associated with the study 
of structural disturbances peaking at the stage when 
drilling of horizontal workings and DRWDF wells 
takes place (Table 4) . In this regard, the time needed 
to perform field scientific experiments, including the 
geomechanical ones should be accounted for in the 
work flow schedule of URL mining operations, other-
wise the very idea of URL development designed for 
a detailed study of the geological environment being 
considered as the main safety barrier is lost .

Study of physical and mechanical rock prop-
erties (BZ-1) is required to solve a wide range of 
different problems, including those associated with 
geo-mechanical processes. A specific list of rock 
properties is specified in the tasks and research 
methods applied in the URL which should be stat-
ed in the Program . First of all, these are density 
and strength properties (compressive and tensile 
strengths, adhesion, elastic modulus, Poisson's ra-
tio, etc .), properties responsible for the permeabil-
ity of rocks (porosity, permeability s, etc .), thermal-
physical properties . Research is carried out in two 
stages: rock sampling (mainly, the core material 
of wells) and laboratory tests . Rock sampling and 
testing is carried out at all stages of the NKM URL 
construction and operation: well drilling from the 
surface, shaft sinking and excavation of URL hori-
zontal tunnels and, if necessary, in purpose de-
signed boreholes drilled from the excavations . Such 
sampling is carried out under the guidance of geol-
ogists with strict geological logging of the sampling 
site, including 3D binding to the sampling site for 
subsequent data entry into the NKM URL’s “digi-
tal twin”. Existing national standard specifications 
and officially approved methods should serve a ba-
sis for all rock sampling operations and laboratory 
tests performed [28—34 and others] .

Fig. 5. Purpose, tasks and solution methods applied to study geomechanical processes in the NKM URL
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The study of the rock mass stresses is aimed at 
determining the magnitudes and lines of the main 
stresses under different mining and geological 
conditions . In situ stresses can be determined us-
ing various methods (Liman method, Hust method, 
strain gauge method, gap discharging method, hy-
draulic fracturing method, VNIMI method, parallel 
well method, etc .) The paper is focused on the four 
methods discussed below .

Determining the magnitudes and orientation of 
stresses via full core discharging method (BZ-2) . The 
study is focused on determining the magnitudes 
and the direction of principal stresses . There are 
several modifications of the method being based on 
the phenomenon resulting in the restoration of a 
drilled core to its original size after pressure relief . 
The full stress tensor is determined based on the 
measurements performed at least in two orthogo-
nal wells . Based on the measured deformations, if 
rock elastic constants (Young's modulus of elastic-
ity and Poisson ratio) are known, the stresses pres-
ent in the rock mass are calculated using the math-
ematical apparatus of the elasticity theory . Figure 6 
shows the most well-known options accounting for 
the full core discharging method [18] .

Relatively large error due to the heterogene-
ity of the geological environment is considered as 
a disadvantage of the method . The experience of 
similar studies showed that stresses in wells drilled 
5—10 meters apart can differ by tens of percent . 
Moreover, in highly fractured rock mass it seems 
almost impossible to apply this method .

Determining the magnitudes and orientation of 
stresses using strainmeters (BZ-3) . Under such 
studies, strainmeters are installed in boreholes to 
monitor and record lateral and longitudinal defor-
mations of the borehole walls or the total effect of 
borehole deformations . Two types of strainmeters 

Table 4. The intensity of geo-mechanical studies at 
various stages of URL and DRWDF construction

Shaft 
sinking

Excavation of  
horizontal work-

ings and URL cells 

Experimen-
tal research 
in the URL

DRWDF 
construc-

tion*

Physical and 
mechanical 
properties

vvv vvvv v –

Structure 
fracturing vvv vvvvv vv vvv

Stresses vv vv vvvvv –

Deformations 
and 

displacements
– v vvvvv vv

Physical fields – vvv vvvvv vv

* if based on URL-based research a decision is made regarding 
the suitability of the medium; the number of v symbols 
demonstrates the research intensity

Table 3. List of geomechanical experiments for the NKM URL

Experiment 
ID Experiment name Stages* of work 

execution 

Physical and mechanical properties of rocks 

BZ-1 Physical and mechanical properties of rocks determined under laboratory conditions Stages 1, 2

Stresses in the rock mass 

BZ-2 Stress intensity and its orientation identified using core discharging method Stage 2

BZ-3 Stress intensity and its orientation identified using strain gauges Stages 2, 3

BZ-4 Study of rock stresses and fracturing using the hydraulic fracturing method Stage 3

BZ-5 Identification of rock stresses by core disking method Stages 1, 2

Displacements and lamination in the marginal part of the rock mass

BZ-6 Convergence of underground excavations determined using the method of deep-seated benchmarks Stage 3

BZ-7 Monitoring the dynamics of large crack opening Stages 2, 3

Rock mass fracturing

BZ-8 Rock mass fracturing determined based on geological and geo-physical methods Stage 1, 2

BZ-9 Seismological and acoustic monitoring in URL excavations to identify active faults and rock degradation Stages 2, 3

Technogenic impact on the rock mass

BZ-10 Rock disturbance caused by mining operations Stages 1, 2

BZ-11 Rock-bumping hazard during rock excavation Stages 1, 2

BZ-12 Rock mass stability and feasibility study on the structural dimensions of pillars and wells Stage 3

BZ-13 Changes in the properties of the rock mass due to its heating Stage 3

* Stage 1 — approximately 2019—2021, Stage 2 — 2023—2025, Stage 3 — from 2024.
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are applied . Compliant strainmeters account for 
the first type of such devices enabling to record 
deformations of the borehole walls practically pro-
ducing no effect on the rock mass . Strainmeters of 
the second type are rigid sensors providing active 
resistance to rock deformations . There is a large 
number of strainmeter designs . Borehole hydrau-
lic sensors are most commonly used and based on 
the differential pressure method . A hydraulic gauge 
having a shape of a cylindrical jack with a rubber 
shell is installed inside the well with pressure being 
built up at the rock interface . Pressure change in 
the hydraulic system, recorded by a manometer, ac-
counts for the initial one enabling to calculate rel-
evant changes in stresses . There are also transverse 
and longitudinal strain gauges designed based on 
strain gauges, induction, capacitive, magnetostric-
tive sensors, photoelastic manufactured from opti-
cally sensitive glass, etc .

Studying stresses using hydraulic fracturing method 
(BZ-4) . The method is based on the principle of ini-
tial stress restoration in the rock mass and further 
pressure buildup up leading to the rock mass frac-
turing [18] . An instrumentation well is drilled from 
the borehole extending along one of the main stress 
lines with two packers being installed at a certain 
depth. A fluid is pumped into the well through an 
opening perforated in one of them . When a certain 
value of the fluid pressure is reached within the en-
closed volume of the well section, a fracture crack 
is initiated along the site in the rock mass with the 
highest tensile tangential stress . In this case, the 
line of fracture development will conform with the 
line corresponding to the maximum compressive 
stress situated in a plane being orthogonal to the 
axis of the well [19] .

The method is considered complicated in terms of 
its technical implementation; therefore, to select it, 
a more detailed feasibility study is required . How-
ever, it is a direct method enabling to determine 
the fracture stresses of rocks in their natural occur-
rence which is considered as an advantage of the 
method. Therefore, in spite of technical difficulties, 

it is advisable to apply it in the URL with the ap-
proximate number of experiments being deter-
mined based on the possibility of wells drilling . 
Experimental sites should be distributed over the 
entire repository site with all main rock types be-
ing covered . It seems feasible to drill vertical wells 
with a length of some 10—15 meters . It is possible 
to combine the experiment with observations using 
other methods, for example, with acoustic emission 
method under various loading and rock degrada-
tion modes, heat impacts on rock strength, etc .

Determining stresses in the rock mass using core 
disking method (BZ-5), as described above, is carried 
out for depths of 300 meters and below in order to 
assess the rock-bump hazard . The experimental lo-
cations are agreed upon during geological surveys 
of the bottom faces .

The importance of in situ stress identification 
seems quite obvious, since these studies have been 
incorporated into a large number of safety dem-
onstration models . This can be illustrated through 
the example of stress studies performed in AECL 
URL (Canada) [27] . The left graph in Figure 7 shows 
the horizontal stresses measured in AECL URL us-
ing various methods for the depth interval from 0 
to 950 meters . An essential feature was recorded, 
namely, the sharp increase in the absolute values of 
stresses in the depth interval from 250 to 300 me-
ters, associated with the FZ-2 fault dipping at an 
angle of 30 ° . Moreover, if compared with the exper-
imental stress-depth dependence having a shape of 
monotonous line identified for the Canadian shield, 
this fracture should be considered as a quite signifi-
cant one. The same feature was identified for the 
line presenting main stresses on the right graph 
of Figure 7 . The recorded stress buildup from 20 
to 55 MPa is considered as a very large one for the 
interval being only 50 meters wide and potentially 
can give rise to a number of negative geomechani-
cal processes .

Canadian scientists once noted that “stress ten-
sor identification is a process that builds on suc-
cessive steps enabling to collect relevant informa-
tion, which should be considered as an important 
lesson learned from stress studies in AECL URL . 
With hydraulic fracturing method being applied in 
the wells drilled from the surface considered as its 
starting point, it ends up with large-scale experi-
ments in underground excavation . Stress measure-
ments can be supplemented by observations over 
rock destruction or micro-seismic processes . New 
stress data are added to the previous ones allow-
ing consistent increase of the confidence level in 
in-situ identification of stress tensors. This does 
not mean that qualitative information cannot be 
obtained under tests conducted in one well alone, 

Figure 6. Options for the full core discharge method: 
a) according to the Hast scheme; b) according to the Lyman 

scheme; c) according to the VNIMI scheme.  
1 — pilot hole; 2 — discharge well; 3 — annular gap;  
4 — borehole deformation gauge; 5 — strain gauges;  

6 — drilled core [18]

а) b) c)
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but it’s the adequate level of confidence that can be 
achieved using various test methods .” [27]

Displacements and stratification of the rock 
mass’s marginal part is investigated to deter-
mine the rock deformation rates, namely, those 
associated with excavation damaged zone for vari-
ous categories of rock mass fracturing, as well as 
to study the behavior of large cracks that will be 
discovered at the excavation stage . These cracks 
can be viewed as some kind of “beacons” reveal-
ing the occurring movements . The main recorded 
value is the displacement of the benchmark rela-
tive to some point with the underground excava-
tion contour usually taken as such . Moreover, the 

coordinates of this point are periodically moni-
tored by the surveying service . [35—38 and others], 
as well as later publications can be used as method-
ological material .

Convergence of underground excavations deter-
mined based on deep benchmark method (BZ-6) . It is 
known that the zone adjacent to the underground 
excavation contour is characterized by reduced 
stresses . Within its limits, the rocks undergo de-
formations . In this case, both elastic and inelastic 
deformations occur, the latter being manifested as 
crack growth . This zone is called the zone of inelas-
tic deformations . Its parameters are determined by 
the integral influence of various factors — tectonic 

Figure 7. Maximum stresses and it's orientation measured in AECL URL using various methods
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stresses, the shape and size of the underground ex-
cavation itself, the method applied for their sinking, 
the elastic properties of the rocks, temperature, etc . 
It is the inelastic deformation zone that is primar-
ily responsible for the insulating properties of the 
rocks .

The dynamics of the inelastic deformation zone 
evolution is studied by instrumental methods, by 
measuring the absolute and relative displacements 
within the contour of the excavation and deep in-
side the rock mass . The latter ones are measured 
using the depth benchmark method . Typically, 
from 3 to 6 deep seated benchmarks are installed 
into a borehole being up to 15 m long .

Figure 8 shows one possible layout of the experi-
mental site designed to study inelastic deforma-
tions . For this purpose, two drill rings composed of 
5 wells each are drilled inside the research chamber 
(~ 5 × 5 m) having a length of 15 m .  Each of them is 
fitted with 3 deep benchmarks installed at a depth 
of 3, 8 and 12 meters, having a rigid connection with 
measuring devices at the wellhead, which auto-
matically transmit information to the control room . 
Benchmark installation is preceded by a visual 

geological survey of the wells (geophysical mea-
surements and laser scanning can be carried out in 
the wells) . In the underground excavation contour, 
contour benchmarks are installed at the sides, roof 
and bottom of the excavation . The experiment can 
last some 4—5 years . At the same time, it is possible 
to increase the information content by installing a 
powerful heat source within the rock mass simulat-
ing a container with radioactive waste, similarly to 
foreign studies presented in [10, 11] . 

Monitoring the dynamics of large crack opening 
(BZ-7) . Such monitoring is carried out at points 
where horizontal excavations intersect some 
large cracks [2, 38] . Sensors are installed on these 
cracks discovered during the excavation with rel-
evant magnitudes of crack opening being record-
ed . According to their design, these are ordinary 
remote-controlled potentiometers . The informa-
tion is transmitted through a network to a central 
point . The experiment is not limited in its dura-
tion (5—6 years) . The experiment itself is easy to 
be performed with up to 20—30 sensors that can be 
installed within relevant horizon . Absence of con-
crete support at the observation site is viewed as 
the only requirement for the experiment . Figure 9a 
shows such a sensor installed on a crack within the 
Gorleben URL (Germany) with Figure 9b presenting 
a possible design of such a sensor .

Figure 8. Experiment layout to study inelastic deformations 
around the excavations (BZ-6): 1 — well; 2 — deep 

benchmark; 3 — recording device; 4 — contour benchmark

Figure 9. An example of a sensor installed on a crack in salts 
of Gorleben URL (Germany) (a) and a possible design  

of crack-meter-potentiometer (b)

(а)

(b)
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Rock mass fracturing is studied mainly using 
geological methods by exploring the outcrops of 
the underground excavations and the core taken 
from the wells . At present, television and laser 
methods are widely introduce into research prac-
tice to study wells walls, as well as non-destructive 
geophysical methods .

Study of rock mass fracturing using geological and 
geophysical methods (BZ-8) . Geophysical methods 
have an advantage over the geological ones as they 
allow us to identify the basic laws for the spatial 
distribution of cracks, porosity, stratification and 
anisotropy, as well as quantify the integral degree 
of structural disturbance of the rocks deep within 
the rock mass without violating its continuity (well 
drilling), which is considered as a very important 
factor in terms of geological disposal safety . How-
ever, this also reveals a weakness of geophysical 
methods: these are indirect methods requiring 
mandatory verification at control points, includ-
ing by means of drilling wells and boreholes, which 
may not always be possible given some particular 
features of the repository itself . Basically, methods 
allowing to record elastic vibrations at various fre-
quencies are applied: seismic — at frequencies from 
30 to 300—500 Hz, acoustic — at frequencies from 
0 .3—0 .5 to 10 kHz, ultrasonic — at frequencies of 
more than 10 kHz . Electrometric method is consid-
ered as an effective one when it comes to studying 
fluid-conducting medium. However, many standard 
methods enabling to perform geophysical obser-
vations exist and these cannot be covered by this 
article .

Seismic-acoustic monitoring in URL excavations 
to detect active disturbances and rock destruction 
(BZ-89) . Seismic-acoustic monitoring is viewed as 
an independent geophysical method widely used 
for mining exploration purposes . Various research-
ers understand seismic-acoustics as a fairly wide 
range of methods . In our case, it deals with a study 
of natural and induced acoustic emission (AE) . AE 
is the emission of elastic waves arising from local 
dynamic reconstruction of the rock structure . In-
elastic deformation of rocks associated with the 
occurrence and development of micro- and macro-
cracks and the friction of rock units along the cracks 
are considered as the main sources of AE . The up-
per limit of the AE sensors (geophones) working 
range usually does not exceed 100 Hz and rarely 
reaches 1 kHz . Studies conducted in seismically ac-
tive regions have shown that sufficiently powerful 
geo-acoustic signals are recorded in the frequency 
range above 1 kHz, including those associated with 
the processes taking place prior to earthquakes .

Under the NKM URL project, this method can be 
applied within a very wide range of experiments . 

Which is also evidenced by the application of this 
method in URLs around the world . It seems advis-
able to use this method to address the following 
three problems .

The first focus area deals with locating active 
cracks and new nascent fracture nucleus inside the 
rock mass . This is considered especially important 
for the upper part of the rock mass located above 
the repository excavations, where displacements 
over the excavated space are evolving . AE also de-
velops actively in local zones of stress field concen-
tration, active zones located in the vicinity of the 
fractures . Seismic-acoustic monitoring measure-
ments will also help to develop various geo-me-
chanical models .

The second focus area is associated with assessing 
the stability of rock mass sections during various 
experiments, for example, the one investigating the 
impact of heat exposure from the radioactive waste 
(experiments BZ-12, BZ-13), Figure 10 .

Figure 10. One of the layout options for the experiment 
focused on the changes in the properties of the rock mass 

due to its heating (B3-12)
1 — well with a heat source; 2 — heat source;  

3 — deep benchmarks; 4 — wells for geophysical and 
temperature measurements; 5 — wells for extensometers; 

6 — seismic acoustic emission sensors; 7 — contour (target) 
benchmarks on the sides of the excavations
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The third focus area refers to the study of AE 
manifestation features under various displacement 
modes along the interfaces between structural rock 
units . This focus area has been addressed recently 
[23], when AE dependences for the entire spectrum 
of deformation modes were identified under labo-
ratory conditions ranging from a dynamic break-
down to a stable sliding .

Study of technogenic impacts produced on the 
rock mass involves some forecast of additional rock 
disturbances caused by the following factors:
a) excavation damaged zone results in the forma-
tion of local stress concentration zones determin-
ing the design features of the excavations and 
wells pertaining to the underground section of 
repository;
b) mining and blasting operations responsible for 
the formation of a disturbance zone around the 
excavations;
c) thermal influence from radioactive waste.

It should be emphasized that each experiment 
requires a detailed three-dimensional description; 
therefore, only some general points are discussed 
below .

Investigation of rock disturbances caused by mining 
operations (BZ-10) . ZEDEX experiment was carried 
out both in Aspo HRL (discussed above) and AECL 
URL . The integrity of the rock mass’s marginal part 
was investigated using a number of natural and 
technogenic properties and processes, most nota-
bly, blast and drilling technology, absolute values 
and action lines of the main and local stresses, the 
concentration degree of which is associated with 
the geometrical parameters of the excavations, 
elastic-strength properties and rock fracture den-
sity, etc .

Two groups of technologies are available if the 
drill and blasting method is applied:
a) the maximum rock crushing via the explosion of 
hole charges (conventional technology);
b) the use of contour charges and charges with a 
reduced explosive power (low impact technology) .

There are three reasons leading to the forma-
tion of a disturbed zone around underground 
excavations:
 • technogenic cracking due to the impact produced 
by the applied explosives;

 • destruction of the rock mass due to a high concen-
tration of stresses around the developed excava-
tions (also associated with the sinking rate);

 • destruction of the rock mass along the tectonic 
faults and newly formed cracks .
According to publications, excavation damaged 

zone thickness at mining enterprises with “conven-
tional” blasting and drilling technology being ap-
plied amounts to some 0 .3—1 .4 m, whereas contour 

blasting results in less than 0 .4 m thick EDZ [24] . As 
an example, one can refer to the results of field tests 
performed by the Mining Institute of the Kola Sci-
entific Center of the Russian Academy of Sciences 
at the Yuksporsky tunnel No . 2 run by OJSC Apatity 
[25] . Mining and geological setting is very similar to 
the repository one: the tunnel is located at a depth 
454 m, compressive strength of the rocks amounts 
to 184 MPa, the rocks belong to the second group 
according to their fracturing, tectonic stresses vary 
in the range of 19—25 MPa . The excavation dam-
aged zone measured via rheometric method dur-
ing the drilling and blasting activities amounted 
to 0 .6 m for rocks with increased fracturing and to 
0 .3—0 .4 m for rocks with average fracturing .

Another example [26] presents the data on gran-
ites and granite gneisses (with the compressive 
strength of the rocks amounting to 160 MPa): ac-
tivities were performed at a depth of 100 m, the 
rocks were characterized as medium-fractured, 
the size of the structural unit amounted to 0 .5—
1.0 m, the stresses were considered as sufficiently 
low — 10 MPa, therefore, the structural factor ap-
peared to be the key one responsible for the dam-
age caused to the rocks . During sinking, common 
drilling and blasting technology was applied . The 
survey showed that after 20—40 years EDZ thick-
ness amounted to 0 .8 m .

Thus, even with the “conventional” technology 
being applied, the size of the excavation damaged 
zone was less than one meter . The use of contour 
blasting technology will reduce this value at least 
by a factor of two .

Studying the rock dumping hazard during well sink-
ing (BZ-11) .

As mentioned above, it seems advisable to start 
investigating rock dumping hazard from the brittle 
properties of rocks and core disking measurements 
in the wells, starting from a depth of 300 m . It is 
also considered advisable to perform preliminary 
modeling of the excavation damaged zone, to study 
the behavior of the rock mass and rock properties 
in advance boreholes with geophysical observa-
tions allowing to monitor the dynamics of rock 
mass behavior (including seismic acoustic studies), 
especially when approaching large tectonic dis-
turbances . After this, relevant decision on whether 
to continue the research or whether, in a dynamic 
form, the rock destruction risk is absent [40, 41] .

The two remaining experiments, namely, explor-
ing the stability of the rock mass and demonstrating 
the adequacy of the pillars and boreholes structural 
dimensions (BZ-12) and changes in the properties 
of the rock mass under elevated temperatures (BZ-
13) are very important for the NKM URL . A separate 
article will be devoted to their discussion .
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Conclusion

1 . The proposed experiments enabling the study 
of geomechanical processes in an underground re-
search laboratory are aimed at solving the main 
challenge associated with assessing and predicting 
the insulating properties of the rock mass depending 
on the evolution of rock displacement, deformation, 
loosening and destruction processes occurring due 
to the introduction of a large engineered structure 
into the geological environment . Moreover, a more 
localized task is being addressed as well, namely, the 
one aimed at ensuring the safety of mining opera-
tions during the URL and repository construction .

2. With the influence of technogenic factors on the 
state of natural and engineered barriers being stud-
ied and some new information on geomechanical 
processes occurring in the rock mass obtained, the 
preliminary measures stated under “Comprehensive 
Research Program on Demonstrating the Long-Term 
Safety of Radioactive Waste Disposal and Optimiz-
ing Operational Parameters of the Repository in the 
Nizhnekanskiy Rock Mass” could be implemented .

3 . Due to NKM URL construction started in 2019–
2020, it is necessary to develop a program for geo-
mechanical research, which should include a fea-
sibility study on the proposed research methods, 
observation methods, the number and dimensions 
of excavations and wells required for the studies 
and the relationship with other experiments and 
etc ., which, on the one hand, should be effective in 
solving the above problems, and on the other hand, 
should not be too excessive .

4. For each experiment, a standard profile should 
be compiled. Such a profile should discuss in detail 
the following matters: stages of the experiments, 
the necessary equipment and tools, an algorithm 
for processing and interpreting the data, the way 
the data is going to be used in future to predict the 
insulation properties of rocks, etc .

5 . A debating point that still persists, namely, the 
extent to which the geological formation can be 
damaged by drilling wells required to study and re-
fine the characteristics of the rock mass, including 
wells drilled from the earth’s surface . On the one 
hand, the bigger is their number, the more detailed 
information on the rock mass can be obtained, 
and on the other, there must be some limit, upon 
reaching which the extent of rock damage and its 
hydraulic permeability is changed to some critical 
point . So far, no publication provides any discus-
sion on this issue except for one experiment con-
ducted in Aspo HRL .

This study was performed as part of national R&D 
task approved by the Ministry of Education and Sci-
ence of Russia .
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