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A problem of calculation of the thermal state of the deep radioactive waste disposal facility in the Nizhnekansk
granitoid massif (DRWDF) is considered. A 3D-finite-element code FENIA (Finite Element Nonlinear Incremental
Analysis) has been developed to model the thermal processes in DRWDF. The obtained results describe the spatial and
time evolution of temperature within DRWDF and surrounding rock for the period of up to 10,000 years. The results
show that nearly entire heat will be absorbed by surrounding rocks without substantial increase of temperature.
Nevertheless, during short periods of time, the temperature inside DRWDF will exceed 100°C.
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Introduction

Isolation in deep geological formations is cur-
rently considered to be the most reliable method
of high-level waste disposal, capable of minimiz-
ing the effect on human and environment for the
period of potential hazard of the waste. Projects
of disposal facilities exist in a number of coun-
tries: Finland, Sweden, USA, Belgium, France, etc.
[1]. The current stage of these projects varies: from
research stage in Belgium to the facility being al-
ready under construction in Finland. The project of
a deep radioactive waste disposal facility (DRWDF)
for RW of 1 and 2 classes is being developed in Rus-
sia [2]. DRWDF is planned to be constructed at the
depth of approximately 500 m in the Nizhnekansk
rock massif (NKM).

For RW placed in deep geological disposal facili-
ties, the containment function is implemented by
engineered safety barriers, which minimize the
release of radionuclides out of the facility, while
confinement function is ensured by natural bar-
riers limiting the impact of waste on human and
biosphere. The natural barriers are represented by
rocks, mainly of the following three types: crys-
talline, salt or clay-sediment. The Russian pro-
ject deals with the crystalline rocks composed of
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granites, gneiss and diorites. Engineered barriers
include the conservation matrix, steel claddings,
layers of concrete, bentonite and other materials.
In accordance with the regulatory documents, the
engineered barriers should maintain their integrity
for at least 1000 years.

The range of studies required for the long-term
safety case of DRWDF is unprecedentedly broad
and is connected with processes having the high-
est effect on the condition of the facility at various
stages of its lifecycle, which may be as long as mil-
lion years (Fig. 1). This also defines the priorities of
the required studies.

During the first several hundred years of opera-
tion, the key issues are connected with heat impact.
These issues also affect the selection of a disposal
concept (facility geometry) and safety concept (sys-
tem of safety barriers).

The highest temperatures will be observed in the
first decades after the closure; however there is the
highest probability of the integrity of protective
barriers for this period. For the range of intermedi-
ate temperatures and time periods above 300 years,
there will be inevitable water ingress to safety bar-
riers and increase of the intensity of corrosion, gas
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Fig. 1. Dynamics of major processes and temperature mode

generation and other processes. However, the signif-
icance of these processes is considerable for longer-
lived radionuclides. For most of the time periods, the
DRWDF system, including the near field, will expe-
rience relatively low ambient temperatures close to
natural ones.

This example already shows the importance of the
safety concept formulation as it will, in fact, serve as
terms of reference for the future research.

In our case, HLW is characterized by a high heat
generation — up to 2 kW/m3. The thermal conditions
of DRWDF depend on a number of factors, includ-
ing configuration of the disposal facility, schedule of
its filling, RW heat generation, and thermal physical
properties of materials.

Time-dependent thermal fields will have signifi-
cant effect on the rate and intensity of various chem-
ical and physical processes in DRWDF, many of them
being interconnected. The temperature gradients at
the walls will change the stress state (SS) and affect
the flows of fluids and gases in engineered barriers
and host rock.

SS will affect the permeability of the medium for
water and gases. Water flow will serve as an addi-
tional heat transport mechanism and will lead to
bentonite swelling. Adequate assessment of such
phenomena requires coupled solution of the heat
transport, stress-strain and porous medium hy-
draulic equations (the so-called “THM Coupling”
[3])- FENIA (Finite Element Nonlinear Incremental
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Analysis) program was developed as a tool for si-
multaneous solution of these equations. Discretiza-
tion of equations is done using the finite elements
method and the specially developed library of finite
elements of the first and second order. Implicit dif-
ference schemes are used for temporal integration.
Solution of linear and non-linear algebraic equation
systems is performed using PETSc libraries [4].

The heat calculations are required because of the
considerable effect of temperature on the mechani-
cal strength, corrosion strength and other physical
and chemical properties of barriers. At the same time,
the currently available assessments of the DRWDF
thermal conditions have been carried out either for
a single borehole with symmetrical conditions for
the side boundaries, i.e. without taking into account
the schedule of facility filling, or by superposition
of analytical solutions obtained for a borehole as a
linear heat source located in uniform homogeneous
medium [5].

FENIA program is used in the present work for
numerical simulation of the thermal conditions of
the DRWDF in the Nizhnekansk rock massif. The
developed meshing takes into account all boreholes
filled with RW and prolonged schedule of their fill-
ing. The calculations provided the estimates for
change of temperature field inside DRWDF and in
the surrounding rock massif for the period of up
to 10,000 years. Such assessments of the thermal
conditions will contribute to optimization of the
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DRWDF project by their application to specifica-
tion of boreholes configuration, schedule of filling,
selection of engineering materials.

Method of heat condition calculation

Finite element code FENIA is used to simulate
the DRWDF thermal conditions. The code calcu-
lates the 3D heat conductivity equation:

o6, X)c(t, T, X)L~ 21 0,7, 90 | = 1, %),
o ox |’ x; )
,j=1.3, X=(x,X,,X;),

where p — density,  — time coordinate, X — vector
of spatial coordinates, ¢ — heat capacity, T — tem-
perature, A— heat conductivity tensor, ¢ — heat
source. The calculation meshes include, as a rule,
tetrahedral or hexahedral elements, but, in general,
any shape of convex finite elements may be used.
Form functions of the first or second order can be
used for the problem solution.

The dependence of coefficients in (1) on spatial and
temporal coordinates and on temperature is taken
into account. Dependence of heat capacity and
temperature conductivity of materials on tempera-
ture can be given as a database of materials or as
user input.

Since equation (1) is solved for the entire area in-
cluding the DRWDF and the surrounding rock, the
functions p(X), c¢(X), AM(X), ¢(X) have discontinuities
at the boundaries of the materials. Another source
of the spatial dependence of the thermal proper-
ties of host rock is the process of excavation works,
since the material properties in the excavation dis-
turbed zone (EDZ) can differ from the properties of
the overall rock massif.

The main source of heat is its generation due to
RW decay and chemical reactions in engineered
barriers caused by, e.g., solidification of concrete.
Some of the time dependences of parameters will
be exported from external calculations, e.g. heat
flows due to heat and mass transport with ground
waters or chemical reactions in engineered barriers.

It is also planned to add solution of the equilib-
rium equation for simulation of the stress states
and the liquid motion equation for simulation of
ground water flows in the future. Upon implemen-
tation of these models, simulation of processes at
DRWDF within a joint THM (thermal-hydraulic-
mechanical) model will be possible. The need for
such coupling arises from the close relation of
these processes, which was demonstrated, in par-
ticular, in the series of DECOVALEX projects [3].

The FENIA code is planned to be used for simula-
tion of objects of various sizes. The smallest of them
will be small experimental installations or single
RW packages, while the largest one is to be the
whole DRWDF and the adjoining rock massif. Thus,
the characteristic dimensions of the considered
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model area range from tens of centimeters to hun-
dreds of meters. At the boundary of the calculation
area, the conditions of the first, second or third
kind can be set. Also, the boundary conditions may
describe re-radiation in the cavity or radiation to
the ambient environment. A combination of vari-
ous boundary conditions can also be used.

Verification of the code was performed for two
non-stationary analytical problems: with point and
distributed heat sources, where the authors had ob-
tained analytical solutions [6]. It was assumed that
the heat generation decreases exponentially:

qt)y=q,e"'", 2)

where ¢ —current heat generation, W; 1 —time, s;
g, — initial heat generation, W; ¢, — time period,
for which the initial heat generation decreases by
afactor of e, s.

The problem with a point heat source was solved
in a spherical calculation area, and with a dis-
tributed source — a cylindrical one. The calcula-
tion area for the point source was 1/8 of a sphere
with a radius of 10 m, and for distributed source —
a cylinder with a radius of 150 m. The dimensions
of the area were selected in such a way that the
conditions at the external boundaries do not affect
the solution. The thermal properties of the mate-
rial were selected close to those characteristic for
the host rock (gneiss for NKM) [7] and are given in
Table 1. The calculation areas for the problem are
shown in Fig. 2.

The conditions of the second kind with a zero
heat flow are set for the planes of symmetry of the
sphere and for the upper and lower surfaces of the
cylinder. The conditions of the first kind are set for
other planes. Parameters used for calculations are
given in Table 2.

Verification is described in more detail in [6]; here
we will demonstrate only the curves showing the
comparison of the results obtained by numerical
calculations using the FENIA code with analytical
solution. Time dependence of temperatures for sev-
eral points located at different distances from the
point heat source is shown in Fig. 3a, from the dis-
tributed source — in Fig. 3b.

A fairly good agreement of the results for all con-
sidered points for both problems is observed.

Geometrical model of DRWDF

According to the DRWDF design documents, the vit-
rified HLW will be located in vertical 75 m deep bore-
holes between the horizontal drifts (+5 m and -70 m).

Table 1. Thermal physical properties of the material

Heat
conductivity A,
W/(m-K)

Temperature
conductivity
a=1/(pc), m*/c

Density p,

Heat capacity c,

kg/m? W/(kg'K)

2700 840 291 1.28-10°°
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The boreholes are located in 28 disposal cham-
bers, each 360 m long, with ends of the chambers
connected by transport and technological shafts.
The disposal facility will be divided into two sec-
tions. The first one will be used for storing the
waste accumulated before 2010 and having initial
heat generation of approximately 1 kW/m3; and
the second one will store waste accumulated after
2010 with initial heat generation of approximate-
ly 1.5 kW/m3. Therefore, the disposal of waste will
be more sparse in the second section: while the
first 14 disposal chambers (section 1) would have

Disposal Facility in the Nizhnekansk Granitoid Massif

20 boreholes located at 15 m from each other, the
remaining ones (section 2) will have 13 boreholes
at the distance of 23 m. The distance between dis-
posal chambers in the first section will be 23 m, and
26 m — in the second section, thus the overall di-
mensions of the disposal facility will be approxi-
mately 360x700 m. It is presumed that one bore-
hole will host 27 tons of HLW. The overall number
of boreholes is 462. The plan of the simulated part
of the +5 m level is given in Fig. 4

Once the boreholes will be filled with 1 class RW,
the disposal chambers will be used for disposal of

Table 2. Calculation parameter

Initial linear heat generation density

Initial heat generation
for cylinder q,, W/m

for sphere g, W

303.57

591.3

P A K
&

g
S

a)
Fig. 2. Calculation meshes: a — 1/8 of a sphere with 30 cells along the radius; b — cylinder with 40 cells along the radius
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Fig. 3. Comparison of FENIA code numerical calculations with analytical solution, distance r is given in meters:
a — for a point source; b — for a distributed source
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2 class RW. Their heat generation is not taken into
account in the current calculation, along with other
relatively weak heat sources: concrete in process
of solidification, other chemical reactions in safety
barriers, etc.

Engineered barriers (packages and containers)
are constructed of several layers of steel, separated
by concrete or bentonite. The space between the
container and the borehole wall is filled with thixo-
tropic slurry.

The host rock is represented by granitoids: gran-
ites, gneiss, diorites. The temperature of the host
rock at the depth of 400—500 m is 5—10°C. Average
annual temperature at the surface is 0°C.

DRWDF calculation model

A mesh model of the underground section of the
disposal facility and the host rock was developed
for calculation. The mesh includes approximately
17.5 million tetrahedral finite elements and covers
the disposal facility and 400 m of host rock in each
direction. As the disposal facility has two planes
of symmetry, the mesh models one fourth of the
DRWDF and has the dimensions of 1500x550x450 m.
The mesh for the calculation area is shown in Fig. 5.

Several simplifications were applied in setting up
the calculation area. For example, the heat genera-
tion was considered to be uniform along the well,
the materials of engineered barriers (bentonite,
concrete, container walls) were grouped in one el-
ement with averaged properties, the difference of
thermal physical properties at EDZ was not taken
into account. All corridors and galleries were con-
sidered to be filled with rock from the start of the
calculation (in reality they will be filled with 2 class
RW and excavated rock after the disposal facility
is filled). The rock properties were assumed corre-
sponding to gneiss for temperatures of 20—100°C

[7]. The thermal physical properties of materials
used in calculation are given in table 3. Gradual fill-
ing of DRWDF was simulated, with wells of one dis-
posal chamber being filled over one year. Thus, the
overall filling time is equal to 27 years. The initial
temperature across the calculation area was taken
equal to 9°C. Boundary conditions of the first type
also with the temperature of 9°C were assigned for
the boundaries of the area. It was assumed that the
heat generation power of HLW reduces exponen-
tially with time (2). The value of initial power was
taken equal to 1 kW/m? for section 1, and 1.5 kW/m3
for section 2; parameter t was taken equal to 40
years, i.e. it was considered that the heat genera-
tion power drops by e times over 40 years, or by ap-
proximately 2.5% per year that is similar to verifica-
tion problems.

Results of the thermal state calculations

The values of temperature field inside the dispos-
al facility and in the surrounding rock massif for the
period of up to 10,000 years were obtained.

An example of calculation of 3D temperature field
is given in Fig. 6 for the time moment t = 55 years
from the start of disposal. One can see that, by this
moment, the rock within section 1 (left side) has no-
ticeably been heated, and the temperature exceeds
100 °C; within section 2, the similar temperatures
correspond to the matrix with HLW and confining
container, but only in those parts that are located
closer to the middle of the disposal facility and were
filled in earlier; the rock itself as well as the last of
the disposed containers have not warmed up yet.
The dependence of the temperature for the central
part of internal boreholes of sections 1 and 2, shown
in Fig. 7, demonstrates that the maximum temper-
atures are reached within 50—70 years from the
start of DRWDF operation. It should be noted that
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Fig. 4. Diagram of the modeled part of the +5 m-layer of DRWDF
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Fig. 5. Mesh spacing for DRWDF modeling

Fig. 6. Calculated temperature field for DRWDF
in 55 years from the start of disposal

Table 3. Thermal physical properties of materials used in the calculation

T el | HestconduanigWimt
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Vitrified HLW
Host rock 291
Engineered barriers 8.1

for section 2, which starts to be filled after 14 years,
the maximum temperatures are reached within ap-
proximately the same time frame as for section 1
due to the higher heat generation. Afterwards, both
the containers and host rock start to cool down, and
within 7—10 thousand years, the temperature for
the whole calculation area returns to initial values.

The change of spatial profiles of temperature with
time at the stage of DRWDF heating is given in Fig. 8.
The Fig. 8a shows the temperature profiles along
the horizontal axis of symmetry at DRWDS. The
curves corresponding to time moments t = 8 years
and t = 14 years from the start of HLW placement
show the extent of filling of DRWDF for these time
moments — the temperature of the empty area has
initial value, while the temperature in the filled area
is the higher the earlier the waste was placed. Time
moment t = 28 years corresponds to complete filling
of DRWDF, temperatures close to the maximum are
observed for the time moment t = 55 years.

The more abrupt peaks for section 2 are due to
the fact that the axis of symmetry passes directly
through the boreholes (there is an odd number of
boreholes in section 2), while it passes between the
boreholes in section 1. Naturally, the temperature
inside the heat generating matrix is higher than in
the surrounding rock. Fig. 8b shows the tempera-
ture profiles along the vertical line passing through
the centre of section 1 — through the centre of the
eighth disposal chamber. Within 55 years from the
start of DRWDF filling, the rock layer of approxi-
mately 200 m from the horizontal symmetry plane
is heated, corresponding to approximately 160 m
from the top of the boreholes (+5 m level). Once
the HLW boreholes will be plugged, it is planned to
fill the disposal chambers with intermediate-level
waste. Therefore, the thermal conditions at the re-
spective levels are an important aspect of DRWDF

Radioactive Waste Ne1, 2017
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operation. The temperature profiles along the hori-
zontal line passing across the tops of the boreholes
of the eighth chamber in the disposal section 1 (lev-
el + 5 m) show that in approximately a year after the
filling of this chamber with HLW (t = 8 years), the
temperature will rise to approximately 20°C. By the
time of completion of the first section filling (t = 14
years), the temperature will reach 25—35°C, and for
the moment of filling of entire DRWDF (t = 28 years),
it will reach 60°C. At the same time, the calculated
temperature inside the transport and technological
tunnels (y = 180 m) will remain below 30°C up to the
moment of t = 55 years.

Spatial profiles of temperature with time at the
stage of DRWDF cooling are given in Fig. 9. Within
100 years from the start of filling, the temperature
inside DRWDF stabilizes at 90—95°C, and within
3500 years, as mentioned above, returns to values
that are close to the initial ones. Temperature in-
side the transport and technological tunnels (Fig. 9c,
y = 180 m) will remain about 30°C up to the mo-
ment of t = 274 years, and then starts to decrease
gradually. It should be noted that close to the out-
side boundaries of the calculation area there is no
noticeable temperature rise, i.e. there are no heat
flows through the boundaries of the area.

Conclusion

The knowledge about the thermal state is re-
quired for all stages of facility operation, starting
from RW loading, and is one of important aspects of
DRWDF safety case. Temperature has a strong im-
pact on various properties of engineered safety bar-
riers and host rock: strength, transport, chemical
properties, etc. The developed 3D finite-element
code FENIA provides calculation of temperature
field evolution in DRWDF and host rock for any time
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Fig. 9. Spatial profiles of temperatures at the stage of DRWDF
cooling: a — along horizontal axis of symmetry at DRWDS;
b — along the vertical line crossing the centre of the eighth
chamber of the disposal section 1; ¢ — along the horizontal
line crossing the tops of boreholes in the eighth chamber of

disposal section 1

Radioactive Waste Ne1, 2017



Three-Dimensional Numerical Modeling of the Thermal State of the Deep Radioactive Waste

interval. Verification of the code performed for the
tasks relevant for the temperature field modeling
at the deep RW disposal facility has demonstrated
a good agreement of numerical calculations using
FENIA code with reference ones.

The described calculations represent only one of
research stages; they do not take into account all the
mechanisms of heat transport. The more accurate
assessment of the thermal conditions and upgrade
of the FENIA code for simulation of these processes,
as well as solution of the conjugate problem will be
performed in the future. The presented assessment
of the thermal conditions gives an understanding
of the limits of temperature changes in the disposal
facility, provides better justification for decisions to
select protective barrier materials (bentonite, slurry,
concrete), and to optimize the configuration of bore-
holes at DRWDF and the procedure of their filling.

At present, there is a considerable uncertainty
of design solutions and selection of materials for
DRWDF. There is no final decision on the materi-
als of engineered barriers, first of all bentonite-con-
taining filling and slurry, as well as concrete of the
isolating containers. On the other hand, the uncer-
tainties of input data are related to inhomogeneity
of geological structures, since the thermal physical
properties of granitoids of the Nizhnekansk massif
differ substantially. For example, the specific heat
conductivity of rock samples taken at distances of
several hundreds of meters from each other may
differ by more than three times [7]. Elaboration of
input data for the calculations is required to obtain
more accurate assessments of the DRWDF thermal
state evolution. First of all, this concerns the prop-
erties of materials, which can be studied during geo-
logic surveys, laboratory studies and, after construc-
tion of the underground research laboratory (URL)
at NKM, — in experimental in-situ studies. It would
certainly be impossible to completely eliminate the
uncertainties; however, the reduction of uncertain-
ty range and conduct of multivariate calculations
will provide realistic assessments, while keeping the
reasonable level of conservatism.

Information about the authors

Disposal Facility in the Nizhnekansk Granitoid Massif

The performed assessment of the thermal condi-
tions allows selection of conditions for model ex-
periments, which will be performed at URL for con-
tainers with heat sources emulating the RW heat
generation. The power of these sources and their
configuration shall be defined prior to start of the
experiments using pretest simulations, and FENIA
code can be used for these purposes. The results of
in-situ experiments at URL will enhance our knowl-
edge regarding the conditions of safety barriers and
the DRWDF host rock, will provide data for addi-
tional verification of the model, and specification of
the used numerical and mesh models.
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