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precipitation events cause extreme streamflow in the Goda-
vari, while the rest depends on other factors.  
 One notable observation made in the present study is 
that several extreme peak streamflows correspond to 
strong La Niña years. This requires further studies to esta-
blish the connection of ENSO events with the sensitivity 
of peak streamflow not only in the Godavari, but also 
other Peninsular Indian catchments. While our primary 
aim was limited to determining the trends in peak stream-
flow, this study revealed possibly a greater role of meso-
scale changes in climatic conditions, topographic response, 
and anthropogenic factors that may significantly influence 
the erratic peak streamflow behaviour in the Godavari basin. 
Moreover, as the high magnitude flooding events in Pe-
ninsular India are related to extreme annual streamflows, 
the increasing trends in the northern stations (Indravati 
sub-catchment) indicate the alarming potential of increas-
ing flood intensity that may affect larger populations and 
infrastructures in those regions in the future. 
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High-level heat-emitting long-lived vitrified radio-
active waste produced during recycling of the spent 
nuclear fuel is under consideration for permanent 
disposal in deep geological formations with appropri-
ate thermomechanical, hydrogeological and geochemi-
cal properties. The capability of these rock formations 
ensuring long-term confinement and isolation of such 
waste from the environment is significantly controlled 
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by their efficiency in smoothly dissipating the heat 
emanating from the waste. A number of rock types 
such as basalt, granite, clay stones, volcanic tuff, argil-
lites, etc. are being evaluated worldwide as well as in 
India. In this study, a granite from Jalore and bento-
nite from Barmer, both from Rajasthan, India, have 
been evaluated for their heat dissipation capacity. The 
study revealed that the temperature within granite at 
the centre of the canister reached 55.21°C, resulting in 
a thermal stress of 25.50 MPa. Bentonite experienced 
a temperature of 67.42°C in the central part with 
maximum thermal stress and displacement of 1.78 MPa 
and 0.446 mm respectively. A displacement of 0.997 mm 
was recorded at the granite–bentonite interface. Thus, 
no significant microcrack formation or undesirable 
displacement was observed within the granite as well 
as in bentonite, suggesting their capability to isolate 
and confine the heat-emitting source for extended pe-
riods. 
 
Keywords: Bentonite, deep geological repository, gra-
nite, radioactive waste, thermo-mechanical analysis. 
 
HEAT-emitting high-level radioactive waste is generated 
during reprocessing of radioactive spent fuels received 
from nuclear reactors1–3. A deep geological repository 
(DGR) in suitable geological formations is considered 
worldwide for permanent disposal of such radioactive 
waste. These facilities are expected to provide for isola-
tion and confinement of radioactive waste over tens of 
thousands of years until their radioactive decay reduces to 
safe natural levels4. 
 In India, granitic rocks due to their widespread occur-
rence, high mechanical strength and low porosity are under 
active consideration for serving as DGR at depths of 500–
700 m. The DGR facility relies on multi-barrier natural 
and engineered layers (i.e. host rock, swelling clay, canis-
ters and vitrified high-level waste) for long-term protection 
against release of radioactive waste into the biosphere, 
even in the distant future. A typical DGR is shown in 
Figure 1 and a layout of DGRs can accommodate up to 
10,000 canisters loaded with waste. Radioactive decay of 
isotopes present in the waste causes continuous heat flux 
from these canisters, and hence disposal will result in the 
build-up of heat plume within the rock mass and clay liner. 
The temperature induces thermal stress and displacement 
within the rock mass due to long-term thermo-mechanical 
interaction between bentonite and the granite rock. This 
controls the evolution of thermal field within a DGR5–8. 
Most of the DGRs worldwide aim to maintain tempera-
tures below 100°C within any part of the repository at 
any point in time. Smooth dissipation of heat across ben-
tonite and host rock, say granite, thus is the key require-
ment for providing safe isolation of radioactive waste. It 
is a worldwide practice to first analyse a single canister 
with a multi-barrier system9,10, followed by multiple cani-
sters11,12 and finally the full-scale repository13. 

 In line with the above approach, a single canister has 
been analysed in the present study in the first phase. The 
objective of this study is to estimate the thermo-mechanical 
stability of a granite from Jalore and bentonite from  
Barmer, both in Rajasthan, India, which can be used in con-
structing a DGR facility. The study estimates the thermo-
mechanical stability of the rocks for long-term exposure 
to thermal load due to heat emitting waste canister. Hence, 
numerical simulation of a metre-scale system over a time 
period of 340 days to evaluate heat dissipation, resultant 
thermal stresses, strain and displacement using key ther-
mal and mechanical properties of these rocks and clay is 
carried out. The simulation is performed in three-dimen-
sional finite element (FE) in-house developed coupled 
code. Time-dependant variations in vital parameters like 
temperature, thermal strain, stress and displacement have 
been estimated and critically examined at key locations in 
the system. 
 The Jalore granite belongs to the late Proterozoic Ma-
lani igneous suite (750–730 Ma) and occurs extensively 
in the Jalore district of Rajasthan. The granite sample was 
obtained from a quarry at Bala (lat. 25°49′N and long. 
72°11′E) in the Jalore district. Major minerals in the  
Jalore granite are quartz, albite, microcline and orthoclase 
with minor amounts of biotite, chlorite and accessory 
minerals like hematite, magnetite, titanite and zircon. The 
major elements composition is 71.22% SiO2, 15.50% 
Al2O3, 5.36% K2O, 3.31% Na2O, 1.39% FeO, 0.71% CaO 
and 0.25% TiO2. Bentonite used in this study was sam-
pled from Akli mine, Barmer district, Rajasthan (lat. 
26°03′N and long. 71°14′E). The physico-chemical prop-
erties of bentonite were estimated following ASTM pro-
cedures (ASTM D4318, D7928-17, D720, D698)14. X-ray 
diffraction analysis of bentonite shows montmorillonite, 
kaolinite, quartz and accessory minerals, including alman-
dine, anatase, goethite, rutile, ilmentite and zircon. Table 
1 shows the mechanical and thermal properties of Jalore 
granite and Barmer bentonite. The obtained properties of 
clay and granite, i.e. conductivity, specific heat, etc. are 
in line of earlier studies14,15. 
 Three-dimensional FE model geometry for Jalore gra-
nite, Barmer bentonite and the heat-emitting waste cani-
ster was developed using in-house FE coupled code 
(Figure 2). The granite and clay were modelled as ten-
node brick elements having displacements along the x, y 
and z axis, and temperature as the degree of freedom at 
each node. The waste canister was modelled as a rigid 
one and its input temperature time history was transferred 
onto the inner surface of bentonite (Figure 3). The FE 
model was discretized using more than 50,000 three-
dimensional brick elements. The granite rock and bento-
nite layer were modelled as Mohr–Coulomb material. In 
the model, mechanical (rigid and fixed support) and 
thermal (temperature time history and convective surface) 
boundary conditions were applied to the canister and clay 
interface. The outer wall of the granite block was 
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Table 1. Mechanical and thermal properties of granitic rock and compacted bentonite  

Properties         Granite rock          Compacted bentonite 
 

Shear modulus (GPa) 20.10 0.243 
Bulk modulus (GPa) 33.05 0.321 
Density (kg/m3) 2700 1800 
Tensile Strength (GPa) 0.0125 – 
Cohesion (GPa) 0.060 0.0015 
Friction angle 58 48 
Geological strength index 70 – 
Porosity 0.05 0.3 
Thermal conductivity (W/m K) 2.30 1.65 
Specific heat (J/kg K) 1510 875 
Thermal expansion coefficient (1/K) 2e-6 3.5e-5 
UCS (MPa) 110 15 

 
 

 
 
Figure 1. General layout of a typical deep geological repository (not 
to scale). 
 

 
 
Figure 2. Three-dimensional finite element mesh of the model used 
in this study. 

 
 

Figure 3. Temperature history profile of the waste canister. 
 

 
 

Figure 4. Temperature profile of the model (cut view) at 140 days. 
 
 
subjected to an atmospheric temperature of 25°C. Steady 
air surface convective heat dissipation was considered in 
the analysis. 
 The time-dependant heat-flux emission pattern from 
the waste canister embedded in the granite rock was in-
troduced in the model by controlling the heat output of 
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Table 2. Variation of maximum temperature, thermal strain, stress and displacement 

 Details of location (see Figure 4) 
 

 
Parameters 

A  
(Canister–clay interface) 

B  
(Clay mid location) 

C  
(Clay–granite interface) 

D  
(Granite mid location) 

E  
(Granite surface)

 

Temperature (°C) 97.81 67.42 59.09 55.21 50.69 
Thermal strain  
 (mm/mm) 

0.00030 0.00032 0.000389 0.000274 0.000137 

Thermal stress (MPa) 1.78 1.78 35.72 25.50 11.56 
Displacement (mm) 0.000 0.446 0.997 0.334 0.000 
 
 

 
 
Figure 5. Temperature history at different locations in the mid plane. 
 
 

 
 

Figure 6. Thermal stress contour (mid plane) at 140 days. 
 
 
the canister. The waste canister surface temperature gradu-
ally increased at a rate of 1°C/10 days from 25°C to 
100°C. A temperature of 100°C was attained on the 140th 
day (Figure 3). Subsequently, it was gradually reduced to 
attain the initial temperature of 25°C in another 200 days. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 7. Displacement contour (mid plane) at 140 days. 
 
 
A total of five-sampling points on the mid plane were 
fixed in the modelled system to record the time-dependant 
evolution of temperature, stress, strain and displacement 
(Figure 4). Table 2 shows the maximum stress, tempera-
ture, strain and displacement recorded during the complete 
time span of the analysis. The contour plot of temperature 
within the system after 140 days showed no adverse or 
accelerated advancement of heat front over a distance of 
0.50 m due to adequate thermal conductivity of the selected 
granite and bentonite. The midpoint of the bentonite layer 
experienced a maximum temperature of 67.42°C (Figure 
5). Distribution of the resultant thermal stresses across the 
system indicated a maximum stress build-up of 35.72 MPa 
at the bentonite–granite interface, mainly on account of 
the difference in thermal conductivity of the two materials. 
Figure 6 shows the stress contour plot. The present study 
reveals that temperature within the granite reaches 35.42°C, 
45.82°C and 55.21°C when the waste canister attains a 
temperature of 50°C, 75°C and 100°C respectively. The 
corresponding thermal stress values within the granite for 
these temperatures are 24.40, 24.83 and 25.50 MPa res-
pectively. The magnitude of displacement induced by 
thermal stress is higher at the bentonite–granite interface 
due to the coupling of two materials of different rheolo-
gies. However, displacement values across the modelled 
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region do not exceed 1 mm (Figure 7). The displacement 
in bentonite and granite is thus within desirable levels.  
Similarly, no significant deformation was noticed within 
the system; a maximum strain value concentration of 
0.000389 mm/mm was noted at the bentonite–granite in-
terface. The thermal stress/unconfined compressive strength 
ratios for bentonite, granite at their interfaces were of 
0.12 and 0.32 respectively. Therefore, both the materials 
are by and large stable with the possibility of minor spal-
ling. 
 The thermo-mechanical numerical modelling using in-
house FE coupled code was carried out to estimate ther-
mal mechanical–interaction stability, design and layout of 
a typical Indian DGR near field system using Jalore gra-
nite and barmer bentonite. The results reveal that layers 
of the selected site-specific granite and bentonite will re-
main stable under continuous thermal load with the pos-
sibility of minor microfracturing at the bentonite–granite 
interface. The study further shows that granite from Ja-
lore and bentonite from Barmer have adequate strength 
and thermal conductivity for smooth heat dissipation 
without undergoing any appreciable degradation. It is, 
however, emphasized that this study addresses only one 
of the desirable aspects of the host rock, i.e. heat dissipa-
tion. Therefore, we do not recommend the final suitability 
of these rocks towards hosting heat-emitting waste. Fur-
ther research on the Jalore granite evaluating hydraulic–
geochemical–radiological and mechanical properties must 
be carried out to assess the granite area for housing a 
DGR. Similar studies must be taken up on the other gra-
nitic massifs in India. Detailed exploration of bentonite 
and its characterization are also required. 
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