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The article overviews the findings of individual studies under the Program of Calculation and Experimental Research 
Seeking to Demonstrate and Assess the Long-term Safety of Deep Disposal Facilities for Liquid Radioactive Waste 
Aiming to Implement the Recommendations of the IAEA Peer Review of the Deep Well Injection Practice for Liquid 
Radioactive Waste in the Russian Federation. To demonstrate the long-term safety of the Zheleznogorsk, Seversk and 
Dimitrovgrad deep disposal facilities for liquid radioactive waste (hereinafter referred to as the DDF LRW), data on the 
geological and hydrogeological conditions in the regions and at the DDF LRW sites were collected and systematized; 
the processes occurring in DDF LRW near and far zones, including those involved in radioactive waste (RW) compo-
nent transport, were studied; evolution scenarios for the RW disposal system were developed, including a forecast 
describing potential climate changes in the DDF LRW areas covering a period of up to 100,000 years; conceptual and 
mathematical DDF LRW models were developed; computer software was used in predictive calculations focused on 
the migration of liquid RW components in the operational DDF LRW horizons with the potential radiation impact on 
the population been assessed. The study also involved some computational and experimental research focused on the 
evolution of backfill materials to develop the designs of some additional engineered safety barriers to be installed 
during DDF LRW well abandonment; the paper also presents the approaches to the development of the DDF LRW 
closure concept. 
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Introduction

In 2013, International Peer Review of the Deep 
Well Injection Practice for Liquid Radioactive Waste 
in the Russian Federation was held in Russia. It was 
mainly aimed at reviewing the compliance of the 
approach applied to provide the safety of the Rus-
sian LRW disposal practice implemented by means 
of controlled LRW injection into deep geological 

reservoir beds with the IAEA safety requirements. 
Since 1967, this disposal practice has been imple-
mented at three DDF LRW in the vicinity of Zhe-
leznogorsk (Krasnoyarsk Territory), Seversk (Tomsk 
Region) and Dimitrovgrad (Ulyanovsk Region) cit-
ies and currently operated by branches of the Fed-
eral State Unitary Enterprise National Operator for 
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Radioactive Waste Management (NO RAO). The 
deep well injection practice has provided safe iso-
lation of LRW generated by nuclear enterprises at 
MCC, SCC and RIAR sites from the environment 
and the public.

Under the IAEA peer review mission, the safety 
assessment materials discussing the LRW deep dis-
posal method and presenting the key safety aspects 
of the implemented practice were prepared by Rus-
sian experts for submission to the international ex-
perts [1].

A group of international IAEA experts reviewed 
the materials submitted by the Russian experts to 
evaluate their compliance with the requirements 
of the IAEA standard SSR-5 Disposal of Radioactive 
Waste. Specific Safety Requirements [2]. In 2015, in-
ternational experts developed and submitted rec-
ommendations and proposals on further improve-
ment of the safety case for the deep LRW disposal 
practice, including relevant aspects associated 
with the long-term safety at the post-closure stage. 
Findings of the international experts were summa-
rized later (in 2020) in a report [3].

The key recommendations provided by the IAEA 
experts were basically related to the following 
aspects:
•• the experts noted that the description of hydro-
geological DDF LRW properties, geochemical pro-
cesses occurring in geological neoformations and 
their properties was not sufficiently complete and 
consistent, as well as the procedure followed to 
identify a set of characteristics relevant for the 
safety assessment;

•• it was indicated that the significance of physico-
chemical, microbiological and other processes oc-
curring in the RW disposal system has not been 
evaluated;

•• it was found that no adequate justification was 
provided for the scenarios describing the evolu-
tion of the RW disposal system, namely, the one 
of climate and geological environment at the op-
erational and post-closure stages. The scenario of 
inadvertent (unintentional) human intrusion into 
the RW disposal system, as well as containment 
failure for a certain number of abandoned wells at 
the post-closure stage have not been considered 
separately. 

•• according to the experts, the conceptual and 
mathematical DDF LRW models were developed 
with no account taken of certain processes occur-
ring in the repositories. They recommended the 
development of numerical models using appro-
priate software tools, as well as verification and 
sensitivity assessment of the models;

•• predictive calculations provided in the assessment 
of long-term DDF LRW safety were recommended 

to be performed with an account taken of the un-
certainty assessment;

•• it was recommended to develop a detailed closure 
concept for the DDF LRW providing a feasibility 
assessment of the construction materials selected 
for well abandonment purposes, as well as pre-
senting the scope and timeframe for the long-
term monitoring of the RW disposal system.
In 2015, nuclear industry organizations, scientific 

and design institutes in Russia developed the Pro-
gram of Computational and Experimental Research 
Seeking to Demonstrate and Assess the Long-term 
Safety of Deep Disposal Facilities for Liquid Ra-
dioactive Waste Aimed at Addressing the Recom-
mendations Provided by the IAEA International 
Peer Review of the Deep Well Injection Practice for 
Liquid Radioactive Waste in the Russian Federation 
and the Feasibility Study of the Closure Concept 
(hereinafter referred to as the Program). The Pro-
gram was coordinated with the Federal Environ-
mental, Industrial and Nuclear Supervision Service 
(Rostechnadzor) and approved by the State Corpo-
ration Rosatom [4].

The following organizations were involved in 
the implementation of the Program according the 
scope of their expertise: Rosatom State Corpora-
tion (NO RAO, VNIPIpromtekhnologii, SCC), scien-
tific and technical support organization of Rostech-
nadzor (SEC NRS), Russian Academy of Sciences 
(IBRAE RAS and IPCE RAS), the Ministry of Sci-
ence and Higher Education of the Russian Federa-
tion (National Research University Moscow State 
University of Civil Engineering, NRU MGSU), the 
Federal Service for Hydrometeorology and Envi-
ronmental Monitoring (Institute of Global Climate 
and Ecology named after the member of the Rus-
sian Academy of Sciences Yu. A. Israel).

This article overviews of the Program implemen-
tation and the main results achieved.

Collection and systematization of data for the 
long-term DDF LRW safety assessment

To address the IAEA peer review recommenda-
tion regarding insufficiently complete and con-
sistent information describing the geological and 
hydrogeological properties of DDF LRW sites and 
areas, as well as the set of characteristics identified 
for the safety assessment purposes, data and infor-
mation concerning the main characteristics of DDF 
LRW buildings, structures, systems and elements, 
including information on the siting conditions 
of DDF LRW operated by the Zheleznogorsk, Sev-
ersk and Dimitrovgrad branches of FSUE NO RAO 
were collected, evaluated and systematized. Over 
1,000 different sources covering a time period 
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of 1973—2017 were analyzed, which provided more 
detailed information regarding:
•• geographic, meteorological and geological char-
acteristics in DDF LRW siting areas;

•• characteristics of the DDF LRW sites based on 
geological and hydrogeological studies, including 
experimental groundwater inflow testing, physi-
cal and chemical analysis of rock samples and 
groundwater;

•• layouts of buildings and structures, systems and 
elements within the repository sites;

•• properties of materials and design features of en-
gineered safety barriers (hereinafter referred to as 
EBS) taking into account earlier studies focused 
on their insulating properties;

•• radionuclide and chemical composition of LRW, 
including available organic impurities;

•• the importance of physical and chemical process-
es involving components of different LRW types 
and rocks constituting to the reservoir beds;

•• microbial communities and their contribution to 
the transformation and modification of waste ma-
rocomponents and radionuclides.
The results obtained were used to refine the sce-

nario describing most probable geological and geo-
chemical evolution of the geological environment, 
its structure and properties within the DDF LRW 
siting areas, as well as climate changes in these 
areas.

Acquisition of additional experimental data

In accordance with IAEA recommendations [3], 
experimental R&D programs were developed to 
address the following areas: changes in DDF LRW 
characteristics at the operational stage, processes 
associated with colloidal transport and microbio-
logical processes. Under these programs, reservoir 
water samples were collected at the Zheleznogorsk 
and Seversk repository sites and studied at the In-
stitute of Physical Chemistry and Ecology of RAS.

Processes occurring under DDF LRW conditions 
were modelled experimentally to validate and sys-
tematize the data on the formation of some new 
sorption-active phases in the reservoir beds involv-
ing rock destruction products and LRW components 
(Fe, Si-containing phases, secondary clay miner-
als). Technogenic mineral formation process and 
its evolvement (the composition and properties of 
the newly formed phases) are governed by the type 
of LRW, temperature and pH-Eh conditions in the 
reservoir bed. Thus, long-term operation of DDF 
LRW results in the development of man-made flow 
resistant barriers.

The studied reservoir fluid samples revealed the 
presence of colloidal particles in the reservoir beds. 

It was demonstrated that their mobility was affect-
ed by the processes occurring in the reservoir beds 
(leaching and sedimentation of rock components, 
changes in the composition and pH-Eh levels of the 
reservoir fluids). Thus, colloidal forms of radionu-
clides shall be considered in the long-term assess-
ment of the effects produced by the underground 
LRW disposal. Another important finding was the 
confirmation of the previously observed pattern: 
the spread of different LRW types along a reservoir 
bed caused a decrease in the content of radionu-
clides during sorption similar to the content of col-
loidal radionuclide forms, including most mobile 
actinide colloids.

Microbiological studies of the samples demon-
strated an increased number of denitrifying bac-
teria contributing to the reduction of nitrate to 
molecular nitrogen with an increase in the concen-
tration of nitrate ions considered as a main LRW 
component. Thus, the sample being most contami-
nated with nitrates was found to have the highest 
content of Pseudomonas bacteria capable of reduc-
ing nitrates and other elements in higher oxida-
tion states. Microorganisms capable of reducing 
sulfate ions to hydrogen sulfide were also found in 
the samples: these may cause a shift in the redox 
groundwater conditions towards reduction due to 
the macrocomponent removal, namely, the one of 
oxidizers. Thus, microbial processes would facili-
tate the removal of LRW macrocomponents (nitrate- 
and sulfate ions) and increase the content of low-
mobility reduced forms of long-lived radionuclides.

Development of repository evolution scenarios 

Assessment of all features, events and processes 
(FEPs) that may affect the safety of the RW dispos-
al system is seen as a most important stage of the 
long-term safety assessment process. To consider 
relevant recommendations provided by the inter-
national experts, features, events and processes oc-
curring during RW disposal in DDF LRW have been 
analyzed [5].

The analysis resulted in FEP lists developed for 
Zheleznogorsk, Seversk and Dimitrovgrad DDF LRW 
accounting for all the factors that could potentially 
affect the evolution of the RW disposal system and 
used in the development of RW disposal system 
evolution scenarios. The FEP lists have been devel-
oped in accordance with the internationally accept-
ed FEP list [6], [7] taking into account relevant pro-
visions of the Russian regulatory framework and 
data on the FEP considered specific for particular 
DDF LRW sites, their systems and elements [8], [9].

FEP analysis provided for the selection of those 
FEP from the list that, individually or in combination 
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with others, would affect the long-term safety of the 
RW disposal system. To provide necessary rationale 
behind the decisions made on accounting for a cer-
tain FEP or its possible exclusion from consideration, 
the results of the above studies focused on microbi-
ological processes and colloidal radionuclide trans-
port, as well as the durability of the repository EBS 
have been taken into account.

In addition, FEP considered as safety important 
for the DDF LRW have been evaluated comprehen-
sively accounting for various combinations and re-
lationships between individual FEP based on which 
normal evolution and alternative evolution scenar-
ios were developed.

FEP analysis for the Zheleznogorsk DDF LRW and 
its findings were summarized in [10].

International experts also provided certain rec-
ommendations regarding the development of sce-
narios used in the numerical long-term safety as-
sessments: based on the evaluated FEP, scenarios 
describing the evolution of each LRW disposal sys-
tem were developed and substantiated considering 
the evolution of climate and geological environ-
ment at LRW DDF operational and post-closure 
stages.

To develop and justify scenarios describing future 
climate evolution, basic climate parameters (tem-
perature and precipitation) have been forecasted for 
a period of up to 100,000 years, whereas the time-
frames, for which the forecasted probability within 
the DDF LRW siting areas (Krasnoyarsk Territory, 
Tomsk and Ulyanovsk regions) have been assessed, 
accounted for 1,000, 10,000, 100,000 years. [11], [12] 
present the methodology used to develop the cli-
mate evolution scenarios for the DDF LRW siting 
areas and the resulted scenarios themselves. Based 
on the developed climate evolution scenarios, the 
probability of the upper aquifer depletion has been 
evaluated as well. Under medium-term scenarios 
(up to 500—700 years for the Dimitrovgrad DDF 
LRW and up to 3,500—4,000 years for the Seversk 
and Zheleznogorsk DDF LRW), the probability of 
the upper aquifer depletion has been evaluated as 
low. Under the long-term assessment, the scenario 
of the upper aquifer depletion has been evaluated 
as a more probable one. At the same time, the fore-
casts also considered the potential glacier advance, 
namely, the advancement of its front towards the 
considered areas over the next 100,000 years. How-
ever, this event will most likely cause a decrease in 
the population density in these areas, which should 
be also taken into account in the long-term safety 
assessments.

The developed geological evolution scenarios 
should account for available historical records on 
the geological development of DDF LRW sites and 

available evidences of the earth's crust geological 
development and its patterns acquired during the 
systematization of data on the considered reposi-
tory sites and areas.

Exemplified below is a brief description of a geo-
logical evolution scenario for the Zheleznogorsk 
DDF LRW siting area.

Zheleznogorsk DDF LRW is geologically and 
structurally confined to the southern front of the 
Yenisei Ridge, which is a ledge of the Precam-
brian basement belonging to the ancient Siberian 
platform.

In a period of up to 100,000 years, the Zhelezno-
gorsk DDF LRW siting area is believed to see a slow 
steady uplift against the background of a relatively 
tranquil geodynamic mode, similarly to the pro-
cesses that have been taking place since the last 
tectonic activation, which started some 2.58 mil-
lion years ago. Moderate ascending movements 
have been recorded in the alluvial deposits of the 
terraces over a period of 2.58 Ma.

It was assumed that the ascending tectonic rates 
for a period of up to 100,000 years would not exceed 
those considered typical for the Eo-pleistocene-
Holocene epochs. Considering the thickness of the 
terraces, the rates are thought to be relatively sta-
ble and low, since the total thickness of the Yenisei 
alluvium currently does not exceed 18—20 m and 
the total range of vertical movements during the 
post-Pleistocene time was 400—500 m, which gen-
erally corresponds to the neotectonic rates. For the 
next 100,000 years, the total height of the earth's 
surface uplift in the area of the Zheleznogorsk DDF 
LRW is supposed to be less than 30 m.

Considering a timeframe of up to 10,000 years, 
future seismic intensity would not exceed the cal-
culated intensity of a predicted design earthquake 
within the Zheleznogorsk mining allotment consid-
ering average soil conditions and would be less than 
5.6. It was assumed that the maximum calculated 
earthquake intensity within the next 10,000 years 
would not exceed 7.0.

Within the Zheleznogorsk DDF LRW siting area, 
no manifestations of endogenous geological pro-
cesses are expected to occur within a time period 
of up to 100,000 years: volcanic activity, magma-
tism, hydrothermal processes. The predominance 
of exogenous erosion-accumulation processes was 
predicted. Erosion processes are expected to cause 
slow rock degradation, landscape dissection, river 
valley incision, gully erosion and landslide forma-
tion. The cumulative processes may result in the 
accumulation of precipitation on the earth’s sur-
face. The intensity of exogenous processes will be 
governed by meteorological conditions (tempera-
ture, humidity), as well as changes in the surface 
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water and ground water levels. Furthermore, no 
changes in the tectonic deformation parame-
ters were predicted for the repository siting area, 
namely, the vertical displacement rates were not 
expected to exceed 0.2 mm/year. The right-bank 
tectonic disturbance (fault) would continue to act 
as a waterproofing barrier. For the period of up to 
100,000 years, no increase in the tectonic move-
ment rate along the fault zone was predicted: it’s 
thought to remain within the same range as it is 
today — 0.02 mm/year.

Under the scenarios developed to describe EBS 
degradation in the disposal system, including the 
failure of an arbitrary number of wells, the follow-
ing elements have been considered as the main EBS 
preventing the release of LRW components into the 
buffer and the overlying horizons: well casing (con-
ductor, orientation, service and production string) 
and plugging materials applied during well con-
struction and abandonment.

If casing strings of the injection wells lose their 
integrity, it might trigger the overflow of LRW com-
ponents into the bedrocks overlying the disposal 
one. Observation wells drilled into the overlying 
bedrocks may provide timely identification of such 
failures in the immediate vicinity of the injection 
wells. The overflow of LRW components into the 
overlying repository bedrocks can occur either if no 
cement stone is present in the annulus of the cas-
ing string or, if for some reason, its waterproofing 
capacity declines (Figure 1).

Under the EBS degradation scenario, possible 
failure of wells due to casing string corrosion or 
degradation of the annulus sealing material was 
also taken into account. In the case of well failure, 

annular flow through wellbores can produce some 
significant impact on the radionuclide transport. 
Annular crossflows are mainly driven by the pres-
sure gradient spreading from the disposal reservoir 
bed to the well, which may be caused by hydrostatic 
pressure drop in the cement stone column occur-
ring over time. At some point in time, the pressure 
in the cement stone column becomes lower than in 
the reservoir, and the fluid from the reservoir bed 
starts flowing along the channels in the annulus 
[13].

Under the Program, the degradation processes 
occurring in the backfill materials under LRW re-
pository conditions were studied experimentally 
with relevant findings used to model radionuclide 
transport in the RW disposal system.

In the safety assessment, the inadvertent (unin-
tentional) intrusion scenario was considered as an 
additional performance indicator. Human intrusion 
scenarios assume that at some point in the future, 
knowledge about the repository location and the 
danger it poses can be potentially lost, and future 
human actions may violate the integrity of the facil-
ity, for example, by drilling, etc. Human actions that 
may directly violate the integrity of a RW disposal 
system are taken into account under human intru-
sion scenarios. Human actions resulting in environ-
mental disturbance outside the RW disposal system 
are not considered as human intrusion, since these 
do not lead to direct human intrusion into the RW 
disposal system that may result in human exposure.

DDF LRW long-term safety assessment assumed 
that unintentional human intrusion into the RW 
disposal system could occur 300 years after its clo-
sure (after the post-operational monitoring period 
is over). Forecasts covering a time period of hun-
dreds and thousands of years involved inevitable 
uncertainties, in particular, those related to future 
human actions that are unknown and cannot be 
predicted considering such long timescales.

Existing LRW disposal facilities are located far 
away from mineral deposits, which reduces the 
likelihood of human intrusion into the RW disposal 
system in the future. However, due to possible fresh 
water shortage, an individual may decide to extract 
the water from subsoils within the DDF LRW siting 
area. Thus, the probability of unintentional human 
intrusion into the RW disposal system cannot be 
disregarded in the long-term safety assessment.

The case study of the Zheleznogorsk DDF LRW 
was used to consider the scenario of unintentional 
human intrusion into the RW disposal system with 
an account taken of the following options describ-
ing future economic activities:
•• drilling of wells under some exploration activities;
•• drilling of water wells for household supply.

Figure 1. Diagram explaining crossflow formation in the wells



Radioactive Waste № 4 (21), 20226

Disposal of Radioactive Waste

6

Implementation of the unintentional human in-
trusion scenario was assumed for the period after 
the completion of the institutional control period 
providing the safety of the RW disposal system as 
regards its protection from human intrusion. It was 
assumed that 300 years after repository closure, re-
strictions on the groundwater use would become 
ineffective with no control implemented over its 
use, whereas the knowledge about the RW disposal 
system would be lost by that time.

Development of conceptual DDF LRW models

Conceptual DDF LRW models were developed 
for each scenario considering the disposal system 
evolution. These models provide comprehensive 
qualitative descriptions of the repository viewed as 
a source of radiation impact on the population and 
the environment reflecting repository evolution.

The conceptual models developed for the RW 
disposal systems at Seversk, Zheleznogorsk and 
Dimitrovgrad sites featured the following basic 
elements:
•• RW source (LRW injection area);
•• the near field of the RW disposal system;
•• the far field of the RW disposal system (geosphere);
•• the biosphere;
•• critical group of the population.

Taking into account radionuclide release into the 
biosphere and subsequent radiation impact pro-
duced on the critical group of the population, the 
RW disposal system can be conceptually presented 
as follows (Figure 2).

The above conceptual model was based on the 
following assumptions.

LRW injection into the repository reservoir bed 
provides radionuclide containment in the near field 
of the RW disposal system. Due to processes driv-
en by the properties of the injected LRW and LRW 
injection into the aquifer, radionuclides tend to 
spread in the near field of the RW disposal system, 

which is followed by their subsequent transport to 
the far field. Intense hydrodynamic, geochemical, 
radiation and thermodynamic processes associ-
ated with LRW disposal occur in the subsoil areas 
around the injection wells.

EBS evolution within the RW disposal system is 
affected by corrosion processes occurring in the 
well casing strings and degradation of materials 
constituting to the sealing structures of the annulus 
space. Normal evolution scenario assumes gradual 
deterioration of the waterproofing EBS properties.

The conceptual model presented in Figure 2 re-
flects natural (normal) evolutionary development 
of the RW disposal system and does not account 
for the impact of unlikely catastrophic events on 
the engineered and natural safety barriers of the 
repository.

Predictive calculations based 
on software programs

Long-term safety assessments were performed 
using flow and transport models built in GEOPOLIS 
[14], GeRa [15] and NIMFA 4.0 [16] software devel-
oped in Russia.

  Predictive calculations considered both normal 
(evolutionary) development of natural processes at 
the LRW repository site (most probable scenario de-
scribing the disposal system evolution) and alterna-
tive (unlikely) scenarios. The timeframe covered in 
the long-term forecast amounted to 100,000 years 
after the repository closure.

Calculations performed in the certified GEOPOLIS 
software considering normal evolution scenario for 
the Zheleznogorsk DDF LRW demonstrated that 
for all radionuclides the established reference ra-
diation exposure levels (hereinafter, RL) would 
not be exceeded in the areas of the disposal and 
the Quaternary horizon discharges into rivers Kan, 
Bolshaya Tel and Yenisei. However, one should note 
that the peak specific activity of 90Sr in the area of 

The domain considered in the flow and transport modeling of the geological environment

BIOSPHERE
4) radiation impact

1) LRW injection

Groundwater
recharge area

Ground water discharge area
into a water body

2) ground water
flows

NEAR FIELD
OF DDF LRW

FAR FIELD
OF DDF LRW

RW disposal system

2) ground water flow

3) radionuclide transport3) radionuclide

transport

CRITICAL
GROUP

3) radionuclide transport

Figure 2. Conceptual DDF LRW model with the key processes being indicated
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the first disposal reservoir bed discharge into the 
Bolshaya Tel River 280 years after the repository 
closure may exceed 0.1 RL by 30 %.

Maximum exposure dose can reach 1.4·10–2 mSv/year 
in 280 years after repository closure. After reach-
ing the maximum level, the annual effective dose is 
expected to decrease rapidly due to the decay of the 
dose-contributing radionuclide 90Sr.

Under long-term safety assessment focused on 
the Seversk LRW repository, calculations were per-
formed in the certified NIMFA 4.0 and PMWIN soft-
ware: they demonstrated that the radiation expo-
sure provided by the Seversk DDF LRW on the criti-
cal group of the population is expected to remain 
within the regulatory limits. The calculations also 
showed that:
•• short-lived radionuclides in concentrations ex-
ceeding RL are not expected to release outside the 
boundaries of the mining allotment and during 
the first hundreds of years, the exposure would 
drop to a level below the reference one directly 
within the disposal reservoir beds;

•• for the long-lived radionuclides, the estimated re-
lease time into the area associated with active hu-
man activities accounted for 50,000—100,000 years, 
the maximum concentrations of long-lived radio-
nuclides in the release area were expected to re-
main lower than the reference levels;

•• nitrates in concentrations exceeding the threshold 
ones are not expected to release beyond the bound-
aries of the mining allotment (after 700 years, the 
concentration of nitrates in the disposal reservoir 
beds is expected to drop to levels inferior to the 
threshold ones);

•• minimum dilution of the conditionally neutral 
(non-interacting with host rocks and non-decom-
posing) component at the time of its release into 
the zone of active human activities is expected to 
exceed the limit by 2,500 times.
Long-term safety assessment was performed for 

the Dimitrovgrad LRW repository using the GeRa 
certified software.

Under its normal evolution scenario, the radia-
tion impact of Dimitrovgrad DDF LRW on the popu-
lation was not forecasted due to the large disposal 
depth (1,120—1,514 m).

Transport calculations indicated continued 
trends for differentiated distribution of LRW com-
ponents in zones III and IV. Due to the high gra-
dient, the flow rate in zone III tends to be higher 
which may potentially cause LRW component (137Cs, 
90Sr) release beyond the mining allotment already 
by 2031 eastwards in concentrations exceeding the 
RL. Within the timeframe considered in the fore-
casts, due to relatively small amount and high sorp-
tion capacity of α-emitting nuclides (241Am, 238Pu) 

they are expected to be present within the mining 
allotment mostly in the vicinity of the injection 
wells.

As it comes to alternative (unlikely) evolution 
scenarios, predictive calculations showed that the 
permissible levels of radiation exposure would not 
be exceeded for all three existing LRW repositories.

Evolving properties of grouting 
materials and their study

A few studies were implemented to demonstrate 
the long-term stability and reliability of the engi-
neered barrier system providing LRW component 
containment, including a research on the physical-
mechanical and physical-chemical properties, the 
waterproofing capacity of the plugging (cement) 
stone, the nature of changes occurring in the struc-
ture of plugging materials due to their interaction 
with reservoir waters in the disposal system and 
model solutions of disposed LRW cooled at tem-
peratures of + 20 °С, + 30 °С and + 60 °С.

Additive-free Portland cement designed for low 
and normal temperature conditions (PCT I-G-50), 
which is widely used in oil and gas industry for well 
casing and abandonment purposes, was considered 
as the base material under the study. To adjust its 
rheological, waterproofing properties and water 
separation, various amounts of bentonite clay pow-
der were added to the PCT I-G-50. This powder is 
commonly applied in drilling oil and gas wells, tun-
neling, as well as in structures built based on the 
slurry wall method, waterproofing cutoffs, thixo-
tropic jackets, etc.

Impacts produced by chemical corrosion on the 
structural parameters of the cement stone compo-
nents were investigated based on physicochemical 
methods, which also involved X-ray microtomogra-
phy applied to identify relevant macro- and micro-
defects. Physical and mechanical properties of the 
samples were measured based on standard methods 
in accordance with the current state standards of 
the Russian Federation. [17] presents the methods 
used to study the samples of backfill materials and 
the results of a study implemented under the dis-
posal conditions of the Zheleznogorsk repository.

Experimental studies were implemented in ac-
cordance with the Research Program Focused on 
Materials and Structures Applied in Well Abandon-
ment, Engineered Safety Barrier Construction by 
the Research Institute of Building Materials and 
Technologies run by NRU Moscow State University 
of Civil Engineering (Figure 3).

Based on the experimental studies, a conclusion 
summarizing the findings on the evolution of hard-
ened plugging materials exposed to groundwater in 
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the DDF LRW siting area and model LRW solutions 
was developed and a most optimal plugging mate-
rial was proposed for the well abandonment opera-
tions at the Zheleznogorsk, Seversk and Dimitro-
vgrad sites.

The experimental studies served a basis for the 
development of compositions involving different 
types of plugging materials (plugging cements and 
bentonite) assuming various LRW disposal condi-
tions. Their operational characteristics (solution 
density, water separation, spreadability, etc.) and 
physicomechanical properties at normal and ele-
vated temperatures were studied as well. To under-
stand the evolution of backfill materials, the phase 
composition of cement stone was studied based on 
the X-ray diffractometry method, while the macro- 
and microdefects in the cement stone structure 
were explored based on the X-ray microtomogra-
phy method. To measure the corrosion rate in the 
surface layer of the cement stone, scanning elec-
tron microscope equipped with an X-ray spectrom-
eter for elemental microanalysis was applied.

The research helped to evaluate the evolution of 
hardened cementing materials considering relevant 
impacts based on the forecasted potential depth of 
degradation within a timeframe of up to 100 years.

Based on the experimental studies and given 
the characteristics of the geological environment 
and the LRW composition, the following composi-
tions were proposed as plugging materials consid-
ered resistant to degradation under LRW disposal 
conditions:
•• PCT I-G-50 (W/C = 0.42) and bentonite-cement 
composition with a bentonite content of 10 % 
(W/C = 0.66) was proposed for the wells of the Zhe-
leznogorsk and Seversk DDF LRW; 

•• PCT I-G-50 SS-1 (W/C = 0.42) was proposed for the 
wells of the Dimitrovgrad DDF LRW.
According to the assessment, the degradation 

depth forecasted for the samples within a period of 
up to 100 years would range from 0.004 to 0.073 cm.

Development of provisions 
regarding DDF LRW closure

Under the Program, conceptual provisions on the 
DDF LRW closure have been developed. The aim 
was to upgrade the DDF LRW to achieve some final 
state that would provide the safety of the popula-
tion and the environment during the time period 
while the LRW disposed of their potentially re-
mains hazardous.

The final state is supposed to be achieved by the 
decommissioning of surface structures (buildings, 
structures, tanks, pipelines, equipment, etc.) and 
by abandoning most of the underground structures 
(wells) except for wells intended for the long-term 
monitoring purposes.

Based on the research findings, conceptual provi-
sions supporting the decision-making on the safe 
closure repository designs and a system of orga-
nizational and technical measures providing safe 
phased repository closure have been developed. In 
accordance with the developed system of organi-
zational and technical measures, the safe phased 
closure of the DDF LRW is thought to be provided 
by the implementation of the following measures 
(Figure 4) [10], [18]:
•• engineering solutions providing the abandonment 
(plugging) of injection wells developed with an ac-
count taken of the current operational condition 
at a particular well, the state of the reservoir beds 

Figure 3. Physical and mechanical properties identified for the backfill material samples
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containing RW components and overlying geolog-
ical horizons in the repository siting areas;

•• decommissioning of facilities (buildings, struc-
tures, tanks, pipelines, equipment, etc.) consti-
tuting to the surface infrastructure except for the 
facilities required to monitor the LRW disposal 
system and provide its physical protection;

•• feasibility study focused on further safe use of 
observation wells to monitor the state of the RW 
disposal system;

•• after each DDF LRW closure step is completed, the 
results achieved should be evaluated including an 
additional DDF LRW examination, the scope of 
which shall be adequate for timely adjustment of 
the design documentation and taking measures 
necessary to provide safety during the subsequent 
closure steps;

•• RW disposal system should be monitored both at 
the closure and poste-closure stages to provide 
information on the RW component behavior;

•• radiation situation on the DDF LRW site should 
be monitored at the post-closure stage, radiation 
monitoring of the personnel involved in closure 
operations should be implemented as well;

•• the final state of DDF LRW specified in the design 
documentation should be validated based on the 
final inspection of an already closed repository 
with relevant documentation drawn up in accor-
dance with current regulatory provisions.
The system of organizational and technical mea-

sures providing safe DDF LRW closure can be used 
to plan closure operations and to provide their safe 
implementation at the repository closure stage.

Key results

Certain measures provided for by the Program for 
all DDF LRW operated by NO RAO were implement-
ed with the following results achieved:
•• information available on the siting conditions and 
DDF LRW operation was collected, systematized 
and analyzed;

•• physicochemical (including the colloidal trans-
port of radionuclides), microbiological and other 
processes taking place in the RW disposal system 
were evaluated with respect to their level of im-
portance for the safety assessment purposes;

•• DDF LRW closure concept was developed taking 
into account the studied properties of the backfill 
materials and their evolutionary degradation, the 
time period while the safety barriers can maintain 
their waterproofing capacity;

•• conceptual and mathematical DDF LRW models 
were developed using certified software tools tak-
ing into account the processes occurring in the 
disposal system;

•• the long-term DDF LRW safety was assessed;
•• scenarios describing the evolution of the RW dis-
posal system were developed and substantiated 
taking into account the climatic evolution of the 
repository siting areas, as well as changes in the 
geological environment at operational and post-
operational stages.
Recommendations of the IAEA expert group were 

implemented under the staged execution of activi-
ties envisaged by the Program. Moreover, further 
areas of focus aimed at upgrading the safety case 
for the repository operation and closure stages 
were identified.

Conclusion

Instead of concluding, the authors would like to 
pay tribute to Andrei Ivanovich Rybalchenko, who 
passed away on September 11, 2022.

Having worked at the Atomic Institute 
(VNIPIpromtekhnologii), Andrei Ivanovich has de-
voted his entire professional life (and his personal 
life too) to the implementation of a unique dis-
posal method providing the containment of liquid 

Figure 4. General flowchart of activities related 
to repository closure
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industrial and radioactive waste in deep-seated 
reservoirs isolated from the earth’s surface and the 
safety of deep RW disposal. Andrei Ivanovich was 
actively engaged in the scientific research: he de-
fended his Ph.D. thesis, published many articles 
and materials in scientific journals, introduced 
several of his own inventions. In 1994, Andrei Iva-
novich, together with a team of authors, wrote and 
published a book titled Deep Disposal of Liquid 
Waste, which is well known to a broad professional 
audience not only in Russia, but also abroad.

In 2013—2021, the knowledge, skills, diligence 
and expertise of Andrey Ivanovich played an im-
portant role during the international peer review 
on the LRW disposal method and in the analysis of 
the accumulated long-term experience and safety 
assessment of this method applied in the Russian 
Federation, as well as in summarizing the findings 
presented in this article.

His expertise, high qualifications, conscientious-
ness and diligence, the new insights that he provid-
ed and put into practice has won him great regard 
both of his colleagues and opponents. Possessing 
vast experience, energy and love for his job, Andrey 
Ivanovich has been successfully defending the fea-
sibility and safety of the deep LRW disposal method 
and willingly shared his knowledge with young sci-
entists and experts.
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