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The paper deals with the sensitivity analysis performed for a thermomechanical experiment planned to be carried 
out at the URF in the Nizhnekanskiy massif. Results of the sensitivity analysis are intended to be applied in the 
development of an experimental unit. The numerical thermomechanical model is implemented in FENIA numerical 
code, the sensitivity analysis is performed by means MOUSE code. 
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Introduction

Calculation and prognostic modeling is seen as a 
main tool used to develop arguments regarding the 
long-term safety of RW disposal facilities  Results 
of studies performed in repository siting area, as 
well as laboratory studies and field experiments are 
used to substantiate parameter values of models 
describing the properties of disposal system ele-
ments (geosphere, engineered barriers, radioactive 
waste, etc ) and the processes occurring in them 

A complex research program has been developed 
for a deep RW disposal facility (DDF RW) planned 
for construction in the Nizhnekansk granite-gneiss 
rock mass (Krasnoyarsk Territory) involving over 
150 research tasks with each of them being associ-
ated with a specific aspect discussed in the long-
term safety case [1]. A significant part of these 
efforts is going to be implemented in the under-
ground research facility (URF)  This R&D program 
should provide data required to address all tasks of 
computational and prognostic modeling enabling a 

fully-fledged safety assessment and safety demon-
stration for the proposed facility  

Designs of experimental installations required for 
the planned URF field studies are currently being 
developed  Numerical models describing their op-
eration may be helpful in elaborating the designs of 
proposed experiments, namely: number, character-
istics and location of sensors inside the engineered 
barriers and the rocks, heat release parameters of 
RW simulators, modes for sensor readout, etc 

This paper focuses on the sensitivity of a model 
describing possible layout of a thermomechanical 
experiment planned in the URF to study the im-
pacts produced by thermal and mechanical stresses 
on the rocks  Numerical model of the experiment is 
implemented in FENIA code (Finite Element Non-
linear Incremental Analysis) [2] and the sensitivity 
analysis is performed using MOUSE code (MOdel-
ing Uncertainty and SEnsitivity) [3]  The paper aims 
to assess the sensitivity of the numerical model to 
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variations in rock characteristics and parameters 
of the installation considered as potentially impor-
tant for the experiment  Resulting estimates will be 
applied during R&D planning 

Description of the Rock 
Thermomechanics experiment

Rock Thermomechanics experiment is focused 
on thermal and mechanical properties of the host 
rock  The experiment will reproduce thermal effects 
caused by energy release occurring due to the radio-
active decay of substances contained in the waste 

The experiment was proposed to be imple-
mented in a horizontal URF tunnel excavated at 
the target horizon level of the planned DDF RW  
The tunnel arch is supposed to be cylindrical; its 
width would account for 6 m with its height rang-
ing from 6 to 6 5 m 

In the center of the tunnel, two vertical boreholes 
with a diameter of 1 3 m will be drilled to a depth 
of 5 m in the tunnel floor spaced by 4 m from each 
other. Each borehole will be fitted with a 2—6 kW 
electric heater — a simulator of a heat emitting RW 
package (Figure 1, left)  Sensors recording changes 
in temperature, pressure, stress and rock move-
ments during the experiment will be fitted within 
the rocks surrounding the boreholes 

The experiment will be implemented as follows:
1) container fitted with a heating element will be 

installed into the first borehole and the rock mass 
will start being heated  At this stage, with only one 
heater being enabled, the temperature and stress 
fields will have a fairly simple form, and based on 
the measurements, a numerical model simulating 
temperature and stress field evolution will be cali-
brated taking into account the thermomechanical 
properties of the rock mass;

2) the heater fitted within the second borehole 
will be turned on in a year allowing to simulate al-
ternate waste package emplacement into DDF RW 
and corresponding temperature and stress field 
evolution;

3) the rock mass will be heated uniformly by two 
heaters until a quasi-stationary state is reached 
(presumably for 2—3 years);

4) at the final stage heating elements will be dis-
abled and the bedrock will be cooling down under 
natural conditions  

Numerical model of the thermomechanical 
experiment

Numerical simulation of the experiment is imple-
mented in a finite element code FENIA 3D provid-
ing concurrent simulation of thermomechanical 
processes 

Two problems are to be solved under concurrent 
simulation of thermal and mechanical impacts on 
rocks: time-dependent changes in the tempera-
ture and stress fields are to be calculated. Moreover, 
temperature changes affect the stress-strain state 
and this effect is associated with thermal expansion 
and the interdependences between the mechanical 
properties of materials and the temperature  The 
opposite effect — stress-strain state changes along 
the temperature field — is considered to be negli-
gible. Under such assumptions, a flow chart can be 
developed to solve these problems: for each time 
step, heat distribution is calculated first, followed 
by stress calculations accounting for previously cal-
culated temperatures 

Problems associated with heat transfer modeling 
and stress strain evaluations are solved based on an 
equivalent variational formulation using finite ele-
ment approach [4, 5] suggesting that the modeled 
domain is split into finite elements. Under such a 
representation, the temperature field is described 
by nodal values and the stress and strain fields are 
represented by symmetric tensors 

In general case, energy conservation equation is 
used to calculate the temperature field:
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where T is temperature [K], ρ is density [kg/m3], 
c is specific heat capacity [J/(kg·K)], λ is thermal 
conductivity tensor [W/(m·K)], q is heat flux at the 
boundary  Under numerical simulation of the rock 
thermomechanics experiment, equation (1) is ap-
plied in its simplified form, properties of individual 
materials are assumed as uniform in space not be-
ing directly dependent on time 

Relations between stress tensor σ and strain ten-
sor ε account for the dependences between model 
coefficients and temperature and thermal strains. 

Figure 1. Layout of the Rock Thermomechanics experiment: 
experimental installation (left)  

and computational domain (right)



Radioactive Waste № 1 (10), 2020 7777

Sensitivity Analysis for the Numerical Model 
 of the "Rock Thermomechanics" Experiment under URF Conditions

Thermal strain increment dεT is expressed through 
volumetric thermal expansion coefficient α, which 
is also a temperature-dependent parameter:
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In the FENIA code, depending on the considered 
material, relationship between stress and strain 
tensors can be specified by a number of models: 
elastic, elastic-plastic and visco-plastic  To simu-
late the considered experiment, applied was an 
elastic material model 

Under numerical simulation of the rock thermo-
mechanics experiment, a large section of rocks was 
assumed as a computational domain so that its size 
would be large enough to be able to accept zero 
heat fluxes at its boundaries. A grid adjusted to the 
experiment geometry was plotted in the computa-
tional domain (Figure 1, right) — being sparse near 
the boundaries of the domain and sophisticated 
inside the experimental zone  To account for the 
effect produced by ventilation, boundary condition 
of the third kind was set for tunnel surfaces (floor, 
walls and roof)  Temperature of the cooling air was 
assumed as constant being equal to 9 °C; heat trans-
fer coefficient varied under the sensitivity analysis.

Modeling was performed only for the first three 
stages of the experiment  Cooling process was not 
simulated  Thus, the following stages of rock state 
evolution were simulated: rock heating by one 
heater; enabling of the second heater and associ-
ated changes in the temperature and stress fields 
and attainment of a quasi-stationary state 

Assessment of thermomechanical experiment 
model sensitivity to its parameters

Numerical model sensitivity to its parameters 
can be evaluated via the degree of their influence 
on the simulation result uncertainty  This paper 
suggests the use of a variational approach to the 
sensitivity assessment  It assumes that the uncer-
tainty is characterized by relevant variation in the 
output result  Whereas, the contribution of the in-
put parameter to this variation affects the degree of 
model sensitivity to its changes 

Direct contribution of the parameter to the output 
variation is estimated using the first order index [6]:
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where E y xX ii
|{ } is an averaged simulation re-

sult when all parameters are considered as varying 

except for xi; VXi  stands for the variation in differ-
ent values of parameter xi; V(y) is an unconditional 
variation of the model output 

In a generic form, complete output variation can 
be represented as a decomposition:
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where V V E y X Xij i j= { }( )| , , V V E y X X Xijm i j m= { }( )| , ,  
and etc  are indices of intermediate orders (second, 
third, etc ) specifying joint contribution of param-
eter groups to the output variation 

If the model is additive, expression (4) can be re-
duced to:
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If the model is non-additive, i e  condition (5) is 
not satisfied, then the degree of parameter influ-
ence can be higher due to the effects produced on 
calculation result variation together with another 
parameter (or group of parameters) 

Unconditional identification of parameters with 
negligible contribution to the result variations can 
be provided through the use of indices specifying 
total contribution of the input parameter depend-
ing not only on its direct contribution, but also on 
the effects produced by its interaction with all other 
parameters:
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Zero value of the total contribution index is seen 
as a necessary and sufficient condition demonstrat-
ing that the parameter does not produce any influ-
ence on the simulation result  A value below 0 01 
allows to state the negligibility of the parameter 

In this paper, variational approach to sensitivity 
analysis was implemented using the Sobol method 
[6]  Computational complexity is seen as a main 
disadvantage of the method: more model runs are 
required to ensure adequate index estimates 

Four time points were assumed under the sensi-
tivity analysis: 60, 300, 400 and 1,000 days  These 
milestones correspond to an unsteady state after 
the first heater was enabled, steady field of temper-
atures and stresses that evolved under single heater 
operation, unsteady state after the second heater 
was enabled and quasi-stationary state of the rock 
when both heaters were on  Simulation results were 
explored at the three points of the computational 
domain (Figure 2):

1) in-between the boreholes at a depth of 2 5 m, 
corresponding to one half of the borehole’s depth;
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2) above the first one at a depth of 0.4 m from the 
tunnel floor;

3) at a distance of 1 m from the first point to-
wards the borehole fitted with the heater that was 
enabled first.

Numerical model sensitivity was estimated to 
such input parameters as heat output from heaters, 
heat conductivity and heat capacity of rocks, heat 
transfer coefficients from the floor, walls and roof 
surfaces, rock thermal expansion coefficient and 
corresponding Young's modulus  Table 1 presents 
ranges of parameter variations  For sensitivity as-
sessment purposes, a total of 16 thousand compu-
tational model runs was implemented 

Table 1. Variable parameters under the sensitivity 
assessment

Parameter Minimum Maximum

Heat output, W/m2 301.4 1,356.1

Thermal conductivity, W/(m·K) 2.33 3.49

Heat capacity, J/(kg·K) 672 1,008

Heat removal from the surface of tunnel 
floor, walls and roof, W/(m2·K) 1 50

Linear coefficient of thermal expansion, 1/K 8.0e–5 1.2e–4

Young's modulus, Pa 4.24e+10 6.36e+10

Figures 3—6 present the sensitivity assessment 
results 

Figures 3 and 5 present the breakdown of first-
order sensitivity indices illustrating the contribu-
tion of parameter variation to the model result 

variation (temperature and effective stress, respec-
tively)  Each line features images related to one of 
the spatial points considering different calculation 
times  Figures 4 and 6 show the bar charts present-
ing first-order indices and full contribution of the 
parameters under temperature and thermal stress 
calculations, respectively  As can be seen from the 
pie charts, the models applied to calculate temper-
atures and stresses are non-additive: white section 
in the diagram indicates the interaction effect  At 
the same time, bar graphs (Figures 4 and 6) dem-
onstrate that the interaction effect does not affect 
the index ratios and is only manifested by the com-
bined influence of the same parameters.

As can be seen from the sensitivity assessment 
of temperature calculation model (Figures 3 and 4), 
heat release from the heating element appears to 
be a most important parameter for all three points 
considered and for the four milestones discussed 
above. The role of thermal conductivity at the first 
and second points (located at an equal distance 
from the heaters) increases at later times, and at 
the third point (next to the first heater), thermal 
conductivity effect is approximately the same for all 
the time points considered  This is explained by the 
fact that at the first point the temperature sets up 
quickly and later suffers only some minor changes  
Parameter influence describing heat removal from 
the tunnel floor, walls and roof turned out to be sig-
nificant only for the second point. Such an effect 
produced by heat removal can be explained by its 
location (at a depth of 0.4 m from the tunnel floor) 
with the rest of the points being located at a depth 
of about 2 5 m  Any noticeable heat capacity effect 
on temperature is manifested only at the second 
point after the second heater was enabled corre-
sponding to a non-stationary heating of this rock 
mass section 

Figures 5 and 6 show that the results of thermal 
stress calculations are most sensitive to the heat 
release from the heater and are approximately 
equally (regardless of position and time) sensitive 
to the mechanical characteristics of the medium, 
such as linear coefficient of thermal expansion and 
Young's modulus 

Based on the results obtained, the following con-
clusions considered essential for further experi-
ment planning can be made:
 • power of the heaters contributes to the largest ex-
tent to the temperature and thermal stresses evolv-
ing within the entire rock volume, thus, heating 
provided under the experiment, should (taking into 
account the size of the installation) correspond 
well to the expected heat release from VHLW;

 • under a steady state mode (400 days or more), pro-
nounced effect on bedrock thermal conductivity was 

Figure 2. Layout of points set to assess the sensitivity 
of calculation results to the input parameters
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Figure 3. Direct contribution of model parameters to temperature assessment uncertainty

Figure 4. Indices accounting for full and direct contribution of model parameters to the temperature assessment uncertainty
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Figure 6. Indices accounting for full and direct contribution of model parameters to the thermal stress uncertainties

Figure 5. Direct contribution of model parameters to the thermal stress assessment uncertainty
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demonstrated, i.e. it was confirmed that the consid-
ered experimental designs can be used to refine the 
data on the thermal conductivity of the host rock;

 • no influence of tunnel ventilation was revealed 
deep within the rock mass, therefore, during the 
experiment, uncertainties associated with the op-
eration of ventilation system will not affect the 
estimated thermal conductivity for the main part 
of the rock mass;

 • thermal stresses are influenced by mechanical char-
acteristics of the medium; the influence of thermal 
conductivity can be noted as well, which also indi-
cates the opportunities for evaluating these char-
acteristics based on the experimental results 

Conclusion

Sensitivity of a numerical model developed for 
the thermomechanical experiment was evaluated 
demonstrating uneven effect of the input parame-
ters depending on the time and spatial distribution 
in the domain assumed under temperature calcula-
tions. For example, thermal conductivity influence 
on temperature field calculated at the points locat-
ed at an equal distance from the boreholes appears 
to be higher under a steady heating mode than at 
the beginning, whereas the one in the vicinity of a 
borehole appears to be much lower  Parameter de-
scribing heat release from the floor, walls and roof 
of the tunnel noticeably affects the result in areas 
being located close to the tunnel floor, however, its 
effect appears to be quite minor in deeper areas 

Thermal stress model revealed no uneven effects 
of input parameters depending on the time and 
spatial distribution 

The results obtained appear to be helpful in elab-
orating the experimental designs providing more 

reasoned choice of the sensor locations and heater 
operating modes 
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