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The paper evaluates the risks of anticipated operational occurrences at a liquid radioactive waste deep disposal facility 
(LRW DDF) and their possible radiological consequences at the operational and post-closure stages. The evaluations 
were performed with due account of applicable federal norms and rules and sanitary rules concerning the safe 
disposal of liquid radioactive waste. The main scenarios describing possible evolution of features, events and processes 
(including accidents) that can result in abnormal operation of the facility and involving some radiation consequences 
were considered. At the stage of waste predisposal treatment and injection itself, process pipelines, receiving tanks, 
pumps and other equipment can lose their integrity due to natural causes (for example, corrosion, etc.). These were 
considered as critical events under the case study of the deep disposal facility Severniy, chosen as an example of such 
a repository. The frequency of such events was estimated using the analog method with estimated pipeline damage 
at nuclear power plants and representative statistics of failures at petroleum pipelines and municipal water supply 
pipelines considered as prototypes. The conservative value of the “pipeline leak rate” — the probability of abnormal 
operation occurrences during waste pumping taken per kilometer of the pipeline amounted to 3·10–4 year–1·km–1. The 
calculations showed that taking into account relevant engineering and technical protection measures, additional 
dose effects on staff not being directly involved in the repair operations and on the population are not expected if 
such events occur. The collective dose for personnel being directly involved in the repair and remedial operations 
can amount to 0.28 man-Sv given the established operating procedure developed for the case of intermediate-level 
liquid waste leakage in a buried reservoir. Assessment of the long-term severity of the consequences associated with 
potentially hazardous features, events and processes was carried out by means of numerical simulation using the 
software GEOPOLIS (Computer code — CC GEOPOLIS). 
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external effects of natural and anthropogenic origin; probability safety assessment; potential radioactive exposure; deep disposal 
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Introduction 

For over six decades already, deep well injection 
method has been applied to dispose liquid radio-
active waste (LRW) from radiochemical produc-
tions [1]  Basic ecological and hygienic concept be-
hind this method suggests that the harmful waste 
should be removed from the biosphere and human 
environment by means of its long-term isolation in 

underground reservoir beds  The concept was re-
viewed to demonstrate its safety during facility op-
eration via institutional monitoring  Three aspects 
of such verification can be noted: compliance with 
domestic regulatory requirements (primarily fed-
eral norms and rules in the field of atomic energy 
use), recognition of international standards and 
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recommendations, as well as the development of 
calculation codes to evaluate various safety-impor-
tant processes  The implemented sequence of ac-
tions aimed at demonstrating the safety of nuclear 
facilities should be properly understood which is 
seen as a key factor contributing to the success of 
this procedure. This article briefly overviews pos-
sible methodological approaches to the risk assess-
ment of normal operation disturbances and their 
potential radiological consequences at the opera-
tional and post-closure stages of DDF LRW 

Among features, events, processes and phenom-
ena (FEPs) that can potentially occur at DDF LWR 
site some are considered critical in terms of its nor-
mal operation  These can occur both on the surface 
affecting surface buildings and structures and at a 
depth directly affecting the injection horizons  The 
paper evaluates possible situations associated with 

“critical” events going beyond DDF LRW’s normal 
operational mode 

Deep LRW disposal facility Severniy

Application of various methods designed to ac-
count for potentially hazardous FEPs has been con-
sidered based on the case study of the Serverniy 
disposal facility (hereinafter DDF LRW) currently 
operated by the Zheleznogorsk branch of the Fed-
eral State Unitary Enterprise National Operator for 
Radioactive Waste Management 

Intermediate- (ILL) and low-level (LLW) LRW 
have been injected into the repository since 1965 
[2]  Waste disposal is performed by controlled LRW 
injection via a system of injection wells  The waste 
is injected into two aquifers characterized by a 
stagnant water exchange mode, being isolated from 
overlying aquifers and the earth's surface by imper-
meable rocks  Waste is fed to the injection wells via 
high pressure pipelines  Operation of the injection 
wells is controlled by adjusting the flow rate and 
pressure at the wellhead valve. The DDF LRW is fit-
ted with systems of discharge (to reduce reservoir 
pressure; currently not operated) and observation 
wells  Observation wells are used to monitor the 
content and distribution of radionuclides in ab-
sorbing and overlying aquifers 

Methods of probabilistic safety analysis were used 
for DDF LRW safety assessment purposes – conse-
quences of possible FEPs considered typical for the 
Severniy site were evaluated  All consequences of 
the initial events (operational disturbances), in-
cluding external ones, were reduced to five main 
scenarios:
 • depressurization of pipelines and equipment re-
sulting in LRW releases from process spaces at a 
depth of 2 5 — 3 0 m reaching the surface;

 • accelerated horizontal migration of radionuclides 
through increased permeability areas developed 
due to changes in the hydrogeological setup of the 
disposal system driven by geological processes of 
tectonic genesis;

 • vertical migration of radionuclides through in-
creased permeability areas developed due to 
changes in the hydrogeological setup of the dis-
posal system driven by geological processes of 
tectonic genesis taking place in the overlying 
horizons;

 • vertical migration of radionuclides through the 
annulus space of injection wells towards the over-
lying horizons;

 • changes in regional water budget (increased and 
decreased infiltration at DDF LRW territory; not 
considered in this article) 
We believe that these scenarios can provide a 

most complete picture of the consequences asso-
ciated with all possible critical events: processes, 
phenomena and factors that can potentially occur 
at the site of the Severniy repository and result in 
some radiation consequences 

Scenarios related to the depressurization of pro-
cess pipelines and their consequences were inves-
tigated using the analogy method  This method al-
lows to estimate the parameters required to identify 
the missing frequencies of some FEPs occurrences 
during repository operation  To assess the radio-
logical consequences during the implementation of 
the scenarios associated with changes in geological 
and hydrogeological setup, calculation codes were 
used to predict radionuclide migration in the geo-
logical environment throughout the entire time pe-
riod while the waste remains potentially hazardous 

Analogy method

The method of analogies was used to evaluate the 
frequency of operational disturbances associated 
with the depressurization of pipelines, receiving 
tanks, pumps and other equipment, as a result of 
which LRW may be released beyond the boundaries 
of production spaces  This method can be applied 
in case if the statistics on operational disturbances 
(including accidents) at a particular facility (or con-
sidered type of facilities) is considered insufficient 
and operational technology applied at the consid-
ered equipment is not unique 

Quantitative data on pipeline damage frequen-
cies and its causes covering previous period of DDF 
LRW operation is quite limited  Available documen-
tation only briefly mentions some cases of pipeline 
failures, leaks in fittings, valves and joints, spills 
of contaminated samples that happened during 
experimental and testing operations at DDF LRW  
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None of these incidents did result in a contamina-
tion spreading outside the first ring of DDF LRW 
sanitary protection zone and did not impose any 
risks suggesting its potential spread in the future  
To minimize the influence of such phenomena dur-
ing the period of active operation, the design con-
cept of the facility was upgraded so that the pipe-
lines could be fitted with purpose-designed trays 
enabling to contain possible leaks in purposely 
fitted reservoirs [3]. Modern regulatory approaches 
suggest that such systems (engineering and tech-
nical measures) should be referred to containment 
safety systems preventing the aggravation of op-
erational disturbances (depressurization of pipe-
lines) causing their transformation into accidents 
with radiation consequences for personnel and the 
public  Operational experience shows that engi-
neering and technical measures adopted allowed 
to reduce potential radiation consequences of DDF 
LRW equipment failures (pipelines, tanks, pumps 
and valves) to an acceptable level  However, the use 
of containment systems cannot exclude the occur-
rence of these events and is only aimed at mitigat-
ing their potential consequences 

At the same time, actual statistics of such events 
involving similar equipment in other industries is 
available and can be used to obtain conservative 
estimates of pipeline failure frequencies (via the 
method of analogies) 

Evaluations performed for pipeline failures at nu-
clear power plants, in oil industry and in public wa-
ter supply were considered as such analogues  Ob-
viously, the operating conditions at the above in-
dustrial and communal facilities differ from those 
considered typical for DDF LRW (stainless steel is 
used as a pipeline structure material; the pipelines 
are installed solely below the depth of seasonal 
freezing and reinforced concrete trays are used to 
collect possible leaks), however, the mechanisms 
and causes of degradation resulting in such failures 
and their frequency can be characterized by similar 
nature and similar quantitative characteristics 

Depressurization of pipelines at 
nuclear power plants

To assess the frequency of pipeline failures at nu-
clear power plants, two approaches were applied:

1) structural reliability evaluation based on proba-
bilistic assessment of pipeline failure (of its section) 
by Monte Carlo method as a function of time, in-
cluding such parameters as the frequency of moni-
toring and the probability of failure identification 
[4, 5]  Implementation of such a probabilistic model 
requires rather complex software, whereas the esti-
mated uncertainties are significant, since pipeline 
failure rates at nuclear power plants are deemed to 

be insufficient to verify the results of a probabilistic 
safety analysis [6];

2) evaluation of operational data on the potential 
causes of depressurization and minor pipeline leaks 
over a time period of several thousand reactor years 

Figure 1 presents the key degradation mecha-
nisms resulting in pipeline failures [7] 

According to the above data (Figure 1), about 60% 
of pipeline failures [7] is caused by stress corrosion 
cracking, erosion corrosion and vibration fatigue  
Part of the failures contributing to the leaks ex-
ceeding the acceptable values can be identified by a 
leak detection system  However, for those caused by 
erosion corrosion, vibration fatigue, hydraulic im-
pact and leading to rupture, no reliable estimates 
on the leak rates are available 

Table 1 shows the breakdown of degradation 
mechanisms applied to assess potential pipeline 
ruptures using the risk matrix 

Table 1. Categories of degradation mechanisms 
considered under pipeline risk assessment 

Potential risk 
of pipeline 

failure

Leak 
scale Degradation mechanism

Common 
frequency rates 
(reactor·year)–1

High Large Erosion corrosion, hydraulic 
impact, vibration fatigue ~ 10–2

Medium Small
Thermal fatigue, fatigue 

corrosion, stress corrosion 
cracking, local corrosion 

≤10–3

Low n/a n/a < 10–4

Data available on the length of WWER-1000 pipe-
lines can be applied under conservative estimates 
of pipeline failure/damage per length. Pipeline 

Figure 1. Breakdown of pipeline failures as a percentage 
of total failures (according to US operational experience)
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length including 4 loops of the secondary circuit 
accounts for some 500 m  Potential level of pipeline 
rupture risk was assumed as high for the primary 
circuit and as medium — for the secondary one  
These assumptions were made since the pressure 
in the primary WWER-1000 circuit is approximate-
ly three times higher than in the secondary circuit 
[19]  Therefore, the estimated failure rates per 1 km 
of pipeline would amount to around 4·10–2 and 
2·10–3 year–1·km–1  Given DDF LRW operating condi-
tions, estimated values of 10–4 — 2·10–3 year–1·km–1 
seem more appropriate due to the absence of such 
high pressures and temperatures as compared to 
the WWER-1000 case  This range can be applied 
as the interval of boundary values presenting the 
depressurization probability for pipelines, tanks, 
pumps and other equipment under normal DDF 
LRW operation  Exceedance of this level (accord-
ing to the monitoring data on the tightness of 
pipelines fitted within the surface section of the 
repository) should be considered as an operation-
al disturbance 

Depressurization of oil pipelines
Over 50—60 thousand cases of depressurization, 

fistulas, etc. are annually recorded at oil pipelines 
[12]. High specific accident rates are typical for in-
field pipelines. Vatiegan oil deposit located in the 
Khanty-Mansi Autonomous Area was chosen as a 
case study to verify normal operation disturbance 
frequencies [9]  It features over 900 km of pipelines 
used for various purposes and having different 
diameters: 30 % — oil gathering pipelines; 9 9 % — 
pressure oil pipelines spreading from the booster 
pump station to the main oil pipeline; 12 5 % — on-
site oil pipelines; 43 % and 4 6 % — high-pressure 
and low-pressure water conduits, respectively  Over 
45 % of the pipelines have been in operation for 
over 10 years 

Average specific accident rates depending on the 
intended use of the pipelines are as follows:
 • oil gathering pipelines — 0 074 year–1·km–1;
 • low-pressure water conduits — 0 084 year–1·km–1;
 • pressure pipelines — 0 026 year–1·km–1;
 • high-pressure water conduits — 0 017 year–1·km–1 

High specific accident rates typical for oil gather-
ing pipelines and low-pressure pipelines are largely 
due to the implemented flow modes. Owning to 
their intended uses, the flow rate in these pipelines 
is usually low which contributes to the detachment 
of mechanical impurities from the flow with their 
subsequent deposition on the pipeline walls caus-
ing increased corrosion 

Table 2 provides specific accident rates depend-
ing on the diameter of oil pipelines and water 
conduits 

Table 2. Specific accident rates for field pipelines of 
Vatiegan oil deposit [9]

Diameter, mm
Specific accident rate, year–1·km–1

oil pipelines water conduits

114 0.012 0.010

159 0.103 –

168 0.038 0.012

219 0.049 0.030

273 0.054 0.034

325 0.045 –

426 0.024 0.250

Table 2 shows that the highest specific acci-
dent rate is observed at pipelines with a diameter 
of 159 mm  It should be noted that the pipelines 
at DDF LRW Severniy have diameters of 102, 108, 
156 mm  Therefore, similarly to oil pipelines and 
water conduits, the specific accident rate causing 
pipeline rupture at DDF LRW can be conservatively 
assumed equal to 1·10–2 year–1·km–1 

The length of oil trunk pipelines in Russia ac-
counts for almost 50 thousand km  The average 
standard for pipeline integrity accounts for about 
30 years  The actual age composition of oil pipe-
lines operated in Russia is as follows: 38 % — over 
30 years, 37 % — from 20 to 30 years and 25% — less 
than 20 years [9] 

Oil spills of over 10 m3 are considered as accidents, 
whereas a failure or a damage caused to equipment 
or technical devices that may be accompanied by oil 
leaks spreading to less than 10 m3 with no oil igni-
tion or explosion is considered as an incident [18] 

According to long-term data, the frequency of ac-
cidents that had occurred at oil trunk pipelines in 
Russia averaged to 1 4·10–4 year–1·km–1 [10] 

Defects in pipe metal and welds are viewed as es-
sential characteristics for oil trunk pipelines used 
to pump pretreated oil considered as non-corrosive 
to the pipeline metal 

[10, 11] provide relevant accident risk estimates 
for a number of oil pipeline systems operated in 
Russia 

Average specific accident frequency was esti-
mated as 2·10–4 year–1·km–1, which basically corre-
sponds to the above multi-year estimates for Russia 

Accident rate was also estimated by Concawe 
(Conservation of Clean Air and Water in Europe): 
the analysis involved oil pipelines of Western Eu-
ropean counties and covered a time period of over 
25 years [12]  A total of 340 failures were recorded: 
28 % of them were caused by mechanical factors, 
30 % by corrosion, 7% by abnormal occurrences 
and 4 % by natural disasters  The largest number of 
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damages was caused by tampering — 112 accidents 
(33 % of the total number of failures), including 
8 accidents resulted from deliberate actions  De-
spite a significant increase in the operating time 
of the system, the frequency of accidents over a 
25-year period decreased from 1 2·10–3 year–1·km–1 
to 4 0·10–4 year–1·km–1 

Experts from American consulting firm EFA Tech-
nologies Inc  came to about the same conclusions  
Cases of extraneous interference, to which they 
relate the damages caused by natural disasters, ac-
counted for 49 % of accidents, corrosion — 32 %, op-
erational disturbances — 3 % with the rest predomi-
nantly caused by mechanical impacts accounting 
for 16 %. Landslides, earthquakes and fluvial (river) 
processes are considered as natural phenomena 
that can potentially cause serious damage to pipe-
lines, up to a rupture of a pipe around its entire 
circumference  Underground pipelines are much 
less susceptible to corrosion and damage than the 
above-ground ones 

Pipelines with various pipe wall thicknesses were 
studied: it was found that the increase in the pipe 
wall thickness results in a lower probability of its 
failure (Table 3) 

Table 3. Failure frequency rate depending 
on the pipeline wall thickness [12]

Pipeline wall thickness, mm Frequency, year–1·km–1

0—5 7.5·10–4

5—10 2.2·10–4

10—15 2.5·10–5

Data on emergency frequencies at large-diam-
eter oil trunk pipelines (10–4 — 10–3 years–1· km–1) 
and the above long-term monitoring data on the 
frequency and causes of accidents in different 
countries of the world having abundant statistics 
and being in good agreement with each other are 
recommended for the probabilistic safety analysis 
(PSA 1) of DDF LRW Serverniy  Considering a most 
conservative estimate on specific accident rates for 
field pipelines (10–2 year–1·km–1) and less exhaustive 
operation of stainless steel pipelines at DDF LRW 
(lower pipeline load during injection), the probabi-
lity of operational disturbance during LRW injec-
tion was assumed to be equal to 3·10–4 year–1·km–1  
This value basically accounts for “less exhaustive” 
operational conditions 

Failures at public water pipelines
Frequency of emergency events is not supposed 

to be calculated by the method commonly applied 
to determine water losses in municipal water supply 
systems [13], nevertheless, offering a mathematical 

apparatus allowing to estimate unaccounted water 
losses from the water supply network  It also sug-
gests a procedure that can be followed to calcu-
late natural water losses during its transportation, 
storage and transmission to customers, as well 
as relevant natural loss rates  The rate of natural 
loss is the maximum acceptable value of irretriev-
able water losses that are directly associated with 
water transportation and transmission to the cus-
tomers resulting from coherent physical process-
es  The rate of natural losses also includes losses 
from water leakage occurring during water supply 
through pressure pipelines being in a good techni-
cal condition 

The concept of “natural LRW losses during its 
transportation by pipeline” is missing both in 
regulatory requirements and operational docu-
mentation  However, if one could extrapolate the 
approach described in the methodology applied to 
determine unaccounted costs and water losses in 
public water supply systems [13] to estimating the 

“maximum acceptable” LRW release from a pipeline 
under a scenario suggesting the transportation of 
100 m3 LRW along the territory of DDF LRW Sever-
niy via a 6 mm thick steel pipeline with a diameter 
of 159 mm and a total length of about 10 km for one 
hour, the estimated assumed amount of LRW leaks 
accumulated within purpose-designed tray system 
would amount to some 0 3 m3  Thus, operational 
characteristics of LRW transfer for disposal could 
be monitored with this value serving as a reference 
indicator  However, many years of LRW DDF opera-
tion demonstrate that the trays are effectively col-
lecting the minimal leaks that are further handed 
over for disposal, resulting in a zero LRW unbalance 

Common type water supply network damages re-
sulting in unaccounted costs and water losses con-
tributing to 95 % of all accidents in the supply and 
distribution system, include: fistulas (37.8 %), junc-
tions (30 1 %), fractures (21 0 %) and cracks (6 2 %) 
[13]  These estimates are believed to be quite help-
ful and can be used to optimize process control 
and diagnose the state of DDF LRW pipelines and 
equipment 

Scenario modeling using the 
GEOPOLIS software tool

Current abundance of computational and com-
puter codes enables to build fully-fledged three-
dimensional models of nuclear facilities being 
considered more accurate compared to the out-
dated two-dimensional ones and to evaluate the 
consequences of emergencies at a facility using 
mathematical modeling methods  Consequences 
of DDF LRW alternative evolution according to the 
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scenarios listed in the beginning of the article were 
evaluated by GEOPOLIS software tool [14] involv-
ing a 3D model of the Severniy DDF LRW developed 
using certified GeRa code (CC GeRa).

Numerical modeling of LRW component distribu-
tion in the geological environment was implement-
ed using this software tool and is considered as a 

“permanent” geo-filtration geo-migration model 
of the repository, which can be used for DDF LRW 
safety demonstration purposes at the operational 
and post-operational stages also accounting for the 
alternative scenarios of repository evolution [14] 

This paper deals with three alternative scenarios: 
accelerated horizontal and vertical radionuclide 
migration through increased permeability zones 
that are formed due to changing hydrogeological 
repository conditions associated with geological 
processes of tectonic genesis; vertical radionuclide 
migration along the annulus space of injection 
wells into overlying horizons 

Vertical migration scenarios were combined 
into a single model since they are characterized 
with similar radionuclide migration conditions, 
namely, availability of vertical zones of increased 

permeability  It was assumed that these zones were 
passing through all the horizons of the DDF LRW 
model 

DDF LRW model involves three main aquifers (I, 
II, and III) and separating strata (A, B, F, C, D, and 
D)  The layers are characterized by the following 
top-down bedding: D, III, D, II, C, F, B, I, and A  On 
the top, the entire sedimentary cover, being con-
sidered as a complex intercalation of sand and clay 
layers, is overlain by Quaternary deposits (Q)  LRW 
is injected into production horizons II and I [1, 14] 

Figure 2 presents the general layout of the mod-
el in plan  Channels being assumed as permeable 
were specified and assumed as a single heterogene-
ity zone to model vertical migration scenarios in all 
layers starting from the first injection horizon and 
beyond using the GEOPOLIS software tool  Hori-
zontal and vertical hydraulic conductivity coeffi-
cients for conventionally high permeability chan-
nels were taken 1 — 2 orders of magnitude higher 
than those specified for the main injection hori-
zons I and II 

The simulation time accounted for 1 mil-
lion years with the spread of 239Pu being considered 

Figure 2. Layout of vertical channels with assumed highly permeability under the impact assessment of disturbances 
in the annular well zones or development of highly permeable zones in the rocks
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in the calculations as the only long-lived radionu-
clide that can remain potentially hazardous over a 
long time period  It was assumed that for the entire 
modeling period, the geological environment with-
in the boundaries of the model will not suffer any 
additional significant changes.

Figure 3 shows the spread of 239Pu contamination 
plume (with the intervention level limit of 0.55 Bq/kg 
[15]) at different time points  Considering the above 
assumptions, the figure evidences vertical migra-
tion from the underlying injection horizon to the 
overlying layers 

Activity level above the intervention level marked 
with red on the activity scale seems to be of a par-
ticular interest  However, it should be noted that 
the contaminant content in the waters of the upper 
(Quaternary) horizon does not exceed the interven-
tion level by its specific activity, since the hydrau-
lic pressures in the overlying horizons (above the 
II horizon) are higher than in the underlying ones  
Hydroisobaths plotted under the developed model 
are in good agreement with the previously obtained 
results [1, 16]. In fact, flow driven vertical migration 
is observed only up to the II production horizon; 
contaminant migration to the overlying horizon G 
is associated with diffusion processes  Intense mi-
gration in the plan is not observed due to sorp-
tion  It should be noted that after some 650 thou-
sand years 239Pu specific activity in all zones of the 
simulated area will not exceed the IL 

Channels with assumed high permeability were 
considered to simulate horizontal migration sce-
nario over increased permeability zones towards 
the natural drains of the first production horizon 
(see Figures 4 and 5) 

Horizontal hydraulic conductivity coefficient for 
the channels with assumed high permeability was 

specified 1—2 orders of magnitude higher than 
the one for the first horizon. Occurrence of such 
extended channels is believed to be hypotheti-
cally possible, for example, due to a high intensity 
earthquake, which, given the structure of the Telsk 
Depression deposits and its location, seems to be 
quite unlikely  However, considering various un-
certainties in the future and in order to understand 
the scale of possible consequences, occurrence of 

Figure 3. The spread of 239Pu contamination plume over a cross-section intersecting channels with assumed high permeability 
at different points in time

W E

Figure 4. Cannels with assumed high permeability 
within the boundaries of the I production horizon 

under DDF LRW Severniy model
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permeable channels connecting DDF LRW with the 
discharge zone was assumed under the conserva-
tive scenario 

Sorption and diffusion characteristics of highly 
permeable zones are assumed to be completely 
identical to those of the production horizon I [14] 

Figures 6—8 demonstrate the dynamics of 239Pu 
contamination plume spread  Under this hypo-
thetical assumption, maximum migration from the 
LRW injection site accounted for 4 km  No forecasts 
suggest that 239Pu with its specific activities being 
equal to the IL or greater will be able to reach the 
discharge zone 

Estimated consequences of possible 
operational disturbances at DDF LRW

Radiological consequences of the considered 
operational disturbances were evaluated based on 
the concept of a generalized potential exposure 
risk  Moreover, the occurrence of the considered 

Figure 5. Fragment of a triangular-prismatic mesh taking 
into account the geometry of cannels with assumed 

high permeability in DDF LRW Serverniy model

Figure 6. The spread of 239Pu contamination plume (corresponding to IL for drinking water according to [15] — 0.55 Bq/kg)  
in the I horizon of the model considering channels with assumed high permeability by year 32,000
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disturbances could not lead to the exposure of per-
sonnel and the population beyond the limits estab-
lished by NRB-99/2009. Risks associated with the 
exposure of personnel involved in mitigation of 
accidents caused by LRW releases beyond the pro-
duction spaces of the equipment are believed to be 
relevant for the operational stage of the facility 

Generalized risk of potential exposure during 
repair and recovery activities under the k-th acci-
dent scenario can be evaluated using the following 
expression:

 Rk = 5·10–5·Spk·SADERijk·Stijk·niik

where: pk is the probability of the k-th accident sce-
nario, year–1;
ADERijk  is ambient equivalent dose rate at the i-th 
workplace during the j-th operation (type of work), 
mSv·h–1 under the k-th scenario;
tijk is the duration of the j-th operation at the i-th 
workplace under the k-th scenario;
niik — the number of employees at the i-th work-
place during the j-th operation (type of work) under 
the k-th scenario 

Under the first scenario suggesting the imple-
mentation of repair and recovery activities aimed at 
ILW leakage elimination in case of an underground 
pipeline depressurization, ADERijk at workplaces 
was calculated via the Monte Carlo method using 
MCU-FR software [17] 

The total generalized risk of potential personnel 
exposure suggesting the engagement of nk people 
was estimated as 4 2·10–5 people·year–1 for labor costs 

amounting to 40 people·h  and  ADER = 7 mSv·h–1, 
specific accident rate of 3·10–4 km–1·year–1 and the 
total pipeline length of 10 km  Assuming that re-
pair and recovery activities suggest no planned in-
creased exposure (section 3.2 of NRB-99/2009 [15]), 
the generalized risk for a person from A Group Per-
sonnel would not exceed 3·10–6 year–1  This value 
is more than 10 times lower than the established 
limit of 2·10–4 year–1 for personnel [15] 

Conclusion

Probabilistic safety analysis of DDF LRW Sever-
niy enabled the evaluation of risks associated with 
critical operational disturbances in surface and un-
derground sections of the facility 

It was conservatively estimated that the fre-
quency of such events caused by the depressuriza-
tion of pipelines and equipment pertaining to the 
surface section of the repository would amount to 
3·10–4 year–1·km–1  Whereas, considering the labor 
costs of personnel during repair and recovery op-
erations, the generalized risk of potential exposure 
would amount to 3·10–6 year–1 

Calculations performed using the GEOPOLIS soft-
ware tool have demonstrated LRW disposal safety at 
DDF LRW Serverniy under conditions provided for 
in the considered scenarios and taking into account 
hypothetical extremely conservative assumptions 
on the changing water conductivity properties of 
the geological medium  In general, the calculations 
indicate an acceptable level of risk associated with 

Figure 7. The spread of 239Pu contamination plume 
(corresponding to IL for drinking water according to [15] — 

0.55 Bq/kg) in the I horizon of the model considering 
channels with assumed high permeability by year 302,000 

(the black frame corresponds to the enlarged area from Figure 6)

Figure 8. The spread of 239Pu contamination plume 
(corresponding to IL for drinking water according to [15] — 

0.55 Bq/kg) in the I horizon of the model considering 
channels with assumed high permeability by year 502,000 

(the black frame corresponds to the enlarged area from Figure 6)
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operational disturbances (including accidents) and 
the acceptable generalized risk of potential expo-
sure during underground LRW disposal 
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