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A detailed scientiﬁc study is required for the disposal of high-level radioactive wastes because they
generate extremely high heat during their half-life period. Although, several methods have been proposed
for the disposal of nuclear wastes, deep underground repository is considered to be a suitable option.
In this paper, ﬁeld investigation has been done near to Bhima basin of peninsular India. Detailed
fracture analysis near the borehole shows very prominent maxima of fractures striking N55◦ E coinciding
with the trace of master basement cover metasediment fault. Physico-mechanical properties of rocks have
been determined in the laboratory.
The host rock chosen is granite and engineered barrier near the canister is proposed to be clay. A
thermo-hydro-mechanical (THM) analysis has been done to study the eﬀect of heat on deformations,
stresses and pore-pressure variation in granite and clay barriers. For this purpose, ﬁnite diﬀerence method
has been used. Suitable rheological models have been used to model elastic canister and elasto-plastic
engineered barrier and host rock. It has been found that both temperature and stresses at any point in
the rockmass is below the design criteria which are 100◦ C for temperature and 0.2 for damage number.

1. Introduction
Nuclear energy has been a source of clean power
and is not based on non-renewable fossil-based
energy sources. Nuclear power produces high-level
and low-level radioactive wastes with long half-life
time periods. The major problem is due to the
generation of long-lived high-level nuclear wastes
(HLW) and its safe disposal. Although the level
of radioactivity of these wastes decay over time, it
remains dangerously high that it must be isolated
from the outer atmosphere, until it has decayed to
levels that pose less risk.
It is necessary to study the several processes
at excavation stage in an underground repository
laboratory and supplemented by surface-based and

traditional laboratory tests. Underground research
laboratories (URLs) (ﬁgure 1) are being developed
in several countries to address the fundamental
questions on whether or not a particular rock type
or rock mass would be suitable as a host medium
for nuclear repository.
The design of a nuclear waste repository involves
modelling a complex system of physical mechanism
that operate over a long period of time. Both short
and long term thermo-hydro-mechanical (THM)
processes should be considered which are caused by
both the engineering excavation and the waste heat.
Over the past two decades, nuclear disposal programs around the world have devoted considerable
resources to the development of thermo-hydromechanical (T-H-M) modelling (e.g., Booker and
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Figure 1. A typical underground research laboratory (Sillen 2008).

Savvidou 1985; Guvanasen 1985; Radhakrishna
et al. 1992; Chan et al. 1995; Thomas et al. 1996;
Berchenko 1998; Thomas et al. 1998; Ledesma and
Chen 2003; Thomas et al. 2003). Most of these
focussed on heat ﬂow, thermally-induced pore water
pressure and ground water ﬂow, thermally-induced
stresses and displacements and solute transport in
fractured rock mass. In order to assess the suitability of engineered barrier system technology, to
monitor coupled T-H-M processes in situ and to
increase conﬁdence in coupled T-H-M or thermohydro-mechanical-chemical (T-H-M-C) models, a
number of physical tests have been conducted.
These include the Kamaishi Mine Heater Experiments in Japan (Chijimatsu et al. 2001), the
FEBEX in situ test in Switzerland (EURATOM
2000), the Yucca Mountain Drift Scale Test in
Nevada, USA (Rutqvist et al. 2005) and the Buffer/
Container Experiment in Canada (Kjartanson
and Gray 1987; Graham et al. 1997). The
DECOVALEX project, an international collaboration, has been carried out to improve the
understanding and modelling of coupled T-H-M
processes since 1992 (Jing et al. 1995; Stephansson et al. 1999; Alonso et al. 2005; Guo and Dixon
2006).

2. Indian reference disposal system
The Indian programme on geological repository
commenced in the early eighties with underground
experiments in an abandoned section of a gold
mine at a depth of 1000 m. The investigations were
mainly directed towards development of methodology for in situ assessment of thermo-mechanical
behaviour of the host rock (amphibolite) and
to develop and validate the mathematical models (Mathur et al. 1998). It also addressed the
development of associated instrumentation for the
measurements and monitoring.
The investigations involve extensive geo-scientiﬁc
investigations and other state-of-the-art methods
and technologies. Major attributes of signiﬁcance
considered at each site for selection include lithological formation, seismicity, rainfall, economic mineral occurrences, geohydrology, vegetation cover,
population, archaeological monuments, etc. The
above methodologies have led to screening of an
area of nearly 0.6 million km2 mainly occupied by
granites. The above approach has yielded a few
zones measuring 5–25 km2 lying in diﬀerent geographic domains for further characterization (Raj
et al. 2006).
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Figure 2. Schematic section showing URL at 150 m depth.

A layout for a URL has been conceived based
on site-speciﬁc investigations. The considered URL
design has multiple chambers for in situ experiments to generate design data for geological repository in future. The layout considered, extends over
an area of about 4 km2 and considers emplacement
of around 10,000 high-level waste overpacks on a
pit mode. It is proposed to have four main tunnel
branching from the central shaft. Each main tunnel
will have disposal tunnels on either side with boreholes to emplace the radioactive waste overpacks.
A vertical downward shaft of 125 m has been excavated from the surface (ﬁgure 2). A crosscut of
300 m length has been excavated to reach the
URL which is inside the granitic rock. A second
small crosscut has also been planned which is at
65 m from the surface having length of 30 m. A
total of six boreholes have been made with total
drilling length of 2600 m. Two ventilation shafts
of 24 inch diameter have excavated which reaches
URL from the surface. Design constrains, namely
temperature less than 100◦ C in order to avoid the
change of state of water and subsequent design
complexities, strength/stress ratio greater than 0.2
for full-scale disposal in disposal tunnel, have been
proposed. Hydrogeological and radionuclide transport experiments have been planned inside the
URL.
The model consists of an underground repository which is located in granitic rock at about
150 m below the surface. Canisters with diameter
of 0.35 m are placed in vertical boreholes to a
depth of 1.5 m from the ﬂoor of tunnel. Canister
is of length 2.05. The migration of the radionuclides from the disposed high level waste will be

prevented by engineered barriers like steel canisters
and clay barrier.
3. Regional geology and structure
Site near to Bhima basin is found to be suitable for
URL site. Bhima basin is the smallest and youngest
amongst the Proterozoic basins of peninsular India.
The basin receives it name after ‘Bhima River’ a
major tributary to the river Krishna. The basin
is exposed between lat. 16◦ 20′ 00′′ –17◦ 35′ 00′′ N and
long. 76◦ 15′ 00′′ –77◦ 44′ 00′′ E on the northwestern
fringe of eastern Dharwar Craton. The basin has a
reverse sigmoidal array of outcrops between Tandur in the northeast and Muddebihal in the southwest, for over a stretch of 160 km with a maximum
width of 40 km across Sedam. The exposed area of
the basin is about 5200 km2 . Northern and northwestern extensions are concealed under Deccan
traps. The southern and eastern margins of the
basin mark the ‘unconformity contact’ with granitic
gneisses and younger granites of Dharwar Craton.
4. Stratigraphy at URL site
The structure comprises of a major thrust plane
striking NE–SW with granitic rocks riding over
limestone. The eagle beak structure oﬀers two possibilities of encountering granite rocks at depth for
locating a URL. The regions lying to the east and
southeast of the surface trace of the thrust plane
constitute the hanging wall of the structure and
exposes granites on the surface itself.
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The thrusted contact of limestone and granite
narrows down towards north and has the maximum width to the southeast of the shaft. The
thrust plane is thus curvilinear dipping towards SE
and striking NE–SW. The thrust plane is marked
by intense shearing and shattering of rock in the
contact zone. The shale layer deﬁning the contact
between Proterozoic limestone and granite basement has undergone conspicuous thinning along
the margin of hanging wall block. On the other
hand, there is no substantial thinning in the shale
layer covering basement granites towards western
side of the thrust plane indicating less degree of
deformation in footwall side of the thrusted block.

The area around URL shaft was geologically
surveyed for outcrop studies leading to collection of
data on fractures and joints. A total of 64 fractures
were measured for fracture analysis. The bearings
of these fractures were plotted on a rose diagram
(ﬁgure 3). The plot shows very prominent maxima of fractures striking N55◦ E coinciding with the
trace of master basement cover metasediment fault.
The other prominent set strikes N330◦ W coinciding
with trace of cross faults. Besides, a few random
orientations are also noticed. These include N–S
and E–W fractures.
A total of 323 fractures have been recorded in
140 m long core samples obtained from borehole
number six. The average fracture frequency of the
borehole is thus <3 fracture/m. The location of

5. Field and laboratory investigations
The rock samples were collected from the above
study area during various site visits to understand
their physico-mechanical, thermal and hydraulic
behaviours in diﬀerent states of stress. The samples
were obtained from six boreholes at depth ranging
from 68 to 150 m.

Figure 3. Equal area plot of fractures measured in outcrops.

Figure 4. Fracture developed after UCS test.

Table 1. Variation of physico-mechanical parameters with depth.

Sample nos.
of granite

Depth
From
To

UCS
(σc )
(MPa)

1
2
3
4
5
6
7
8
9
10

68.25
77.25
86.25
95.25
104.25
113.25
122.25
131.25
140.25
149.25

130.00
120.00
110.00
120.78
124.36
134.18
140.00
135.24
101.58
150.48

77.25
86.25
95.25
104.25
113.25
122.25
131.25
140.25
149.25
158.25

Tensile
strength
(σt )
(MPa)

Cohesive
strength,
C (MPa)

Angle of
internal
friction,
Φ (Degree)

Young’s
modulus
(GPa)

Poisson’s
ratio

Density
(g/cc)

10.83
10.00
9.17
10.07
10.36
11.18
11.67
11.27
8.47
12.54

59.0
57.0
58.0
59.8
64.0
63.5
62.0
65.5
63.0
63.5

54.0
50.0
51.0
55.0
58.2
56.0
55.0
59.0
58.5
58.0

51.24
49.35
53.54
51.22
60.21
52.46
51.34
52.16
53.24
54.25

0.21
0.23
0.22
0.23
0.24
0.23
0.24
0.25
0.23
0.23

2.588
2.590
2.618
2.620
2.610
2.612
2.616
2.614
2.624
2.621
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this borehole away from the trace of the cross
faults has resulted in absence of well-deﬁned crush/
cataclastic zones.
Variation of rock quality designation (RQD)
with depth of one of the borehole is given in ﬁgure 7
which indicates the depth of suitable URL site
between 130 and 150 m. Both destructive and nondestructive tests were conducted as per standards
of International Society of Rock Mechanics (ISRM
1981a) to characterize the physico-mechanical properties of the rocks present at diﬀerent depths
(table 1). Uniaxial and triaxial tests on rock
specimens prepared from cores obtained from
above boreholes at different depths were determined (figure 4) as per ISRM (1981b) suggested
technique.

6. Numerical modelling
To investigate the eﬀect of heat ﬂux around the
single pit mode disposal with one OP, thermohydro-mechanical (THM) coupling analysis have been
Table 2. Dimensions of different EBs.
Engineered
barrier

Diameter
of EB (m)

EB1
EB2
EB3
EB4
EB5

0.55
0.75
0.95
1.15
1.35

3.99MP

10m
m

5m
25m
10m

10m

m
10m

2.5
5m

EB5
EB4
E
EB3
EB2
EB1
Canisster

Figure 5. Model mesh for single pit mode disposal with one OP.
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carried out using a three-dimensional FDM code,
FLAC3D . Mesh of the model has been generated
for this case (ﬁgure 5). Five layers of engineered
barrier (EB), each with a depth of 4.05 m has been
modelled with dimensions shown in table 2. The
diameter of the spent fuel canister was 0.35 m,
while the length was 2.05 m. Dimensions of the tunnel, barrier, spent fuel and overburden are shown
in ﬁgure 5.
Only 10 m overburden of granitic rock has been
modelled and vertical stress of 3.99 MPa has been
applied on the top surface of the model to take into
account of remaining 150 m overburden (which has
not been modelled explicitly) as shown in ﬁgure 5.
The properties of the spent fuel were determined
with the assumption that the fuel and canister were
uniformly mixed. Buﬀer and surrounding granitic
properties were derived from the laboratory tests.
The width, length and height of the initial model
mesh were 12.5, 12.5 and 160 m, respectively. Total
number of zones in the model meshes were 11,750.
7. Rheological behaviour

arrived based on authors’ discussion with Indian
nuclear agency (BARC).
Waste canister has been assumed to have initial
power of 1.0 KW. Since, only quarter of the canister has been considered so, a volume source of
0.25 KW has been used in this case. Subsequent
heating of rock mass by heat-generating waste will
increase the stresses in the buﬀer and the surrounding rock mass because of thermal expansion.
This phenomenon is more pronounced near canister and barrier interface of OP. Because of the
higher thermal expansion of water than that of
rock, the heat from the canister will increase the
pore pressure in the rock and especially in the clay
barrier. This will lead to higher hydraulic gradients around the deposition hole and inﬂuences the
hydraulic behaviour of the clay barrier and rock
mass near to the canister.

10. Initial and boundary conditions
There are three types of boundary conditions which
have been applied to the model:

Three types of rheological behaviour were taken (1) Mechanical,
into account which simulates the behaviour of (2) ﬂow, and
steel plus spent fuel canister, EB and surrounding (3) thermal.
granitic rock. Canister is modelled using elastic
Roller boundary conditions have been applied to
constitutive model, EB sand were modelled using
elasto-plastic Mohr–Coulomb (MC) material and the left and right boundaries, bottom is ﬁxed and
crystalline (granitic) rock were modelled using the nodes at the upper boundary are free in X, Y
Hoek–Brown constitutive model given by Hoek and Z directions. No ﬂow boundary conditions were
applied on all the four sides of the model. Similarly,
et al. (2002).
adiabatic boundary conditions were used for all
sides of the model. The initial and boundary conditions for the mechanical, thermal and hydraulic
8. In-situ stress
eﬀects are shown in ﬁgure 6.
Fluid ﬂow inside the canister has been neglected
Hydraulic fracturing tests were conducted in a vertical borehole and the maximum horizontal stress and hence no ﬂuid model has been assigned to canwas in a direction of ES–SW. Diﬀerent initial stress ister. Tunnel was saturated up to a height of 9 m
ratios (K) for the model were used to simulate the above tunnel crown. Initial pore pressure of 5e4
measured in situ stress condition and ﬁnally K = Pa with gradient of −0.625e4 Pa up to tunnel center and a gradient of −5e4 Pa to the bottom of
1.5 was chosen for the ﬁnal model mesh.
the center has been applied to include the water
table eﬀect. A vertical stress of 3.99 MPa has been
applied to the top surface of the model to simu9. Heat decay
late the eﬀect of 147.5 m of granitic overburden
Heat from the waste canister decays exponen- (ﬁgure 6).
tially (KAERI 2005). The wastes generated from
the Indian nuclear power plant follows following
equations:
11. Mechanical, hydraulic and
(deconst∗t)
thermal properties
P(t) = P(t0 )e
,
where deconst is −7.32496e-10 and t is the elapsed
time (sec) after placing the spent fuel into the pit.
P(t0 ) is initial heat ﬂux as a volume source of heat
(Dutt et al. 2012). The value of decay constant is

Tables 3, 4 and 5 list the results of physicomechanical laboratory tests of granite and buﬀer
samples, thermal and hydraulic properties of granite and buﬀer material, respectively.
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σZ = ρ * g * 147.5

Z = 12.5m
T0 = 260C
Ft = H (T - T0)
Ft = 0

After

Ft= 0

Fh= 0

Fh=0
Heater
Ft= Ft0 e (deconst*t)

σ0x
σ0z

σ0x = σ0y=-k ρ g (Z-147.5)

Ft = 0
Fh = 0

Figure 6. Boundary and initial conditions of the model. Ft: thermal ﬂux, Fh: hydraulic ﬂux, T: temperature, P: hydraulic
pressure, t: time, k: coeﬃcient of earth pressure, Z: z-coordinate, σx0 , σz0 : normal stresses and H,F(t0 ), deconst: constant.
Table 3. Physico-mechanical properties of granitic rock samples.
Properties
Shear modulus
Bulk modulus
Density
UCS
Tensile strength
Friction angle
Cohesion
In situ stress ratio, K
GSI

Unit
GPa
GPa
kg/m3
MPa
MPa
MPa
–
–

Rock
(granite)

Buﬀer
(compacted clay)

Canister

20.10
33.05
2600
100.00
10.5
58
60
1.5
70

0.243
0.321
2050
7.66
–
48
1.5
0
–

75.15
161.3
5900
–
–
–
–
–
–

Table 4. Thermal properties of granite and buffer.
Material type
Thermal conductivity
Speciﬁc heat
Thermal expansion

Unit

Rock
(granite)

Buﬀer
(compacted clay)

Canister

W/m ◦ K
J/kg ◦ K
1/◦ K

2.30
1510
2.10e-5

1.65
875
3.5e-4

48
415
1.5e-5

Table 5. Hydraulic properties of granite and buffer.
Material type
Porosity
Permeability
Fluid tensile strength
Fluid density

Unit

Rock

Buﬀer

–
m2
Pa
kg/m3

0.05
4.26e-16
−1.5e9
1.5e2

0.3
2.0e-19
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12. Validation

The suitability and capability of FLAC3D for its
application to thermo-hydro-mechanical analysis
has been veriﬁed and a comparison has been made
with a published literature (Chan et al. 1995; Verma
et al. 2010, 2013). Geometry and boundary conditions have been shown in ﬁgure 7. For validation
phase, the same boundary condition (as published
in the literature) has been considered.
The pattern of displacement vector is somewhat
diﬀerent because ﬂuid modelling is not included.
But overall, the validation case of FLAC3D matches
well with literature.
The boundary conditions used in the FLAC3D
simulation is same as used in the benchmark test
2 (BMT2), DECOVALEX Phase I. A heat ﬂux of
50 W/m2 has been applied at the left end of the
model in the region is shown in ﬁgure 7. Joints in
the model have been simulated using interface element with given stiﬀness from the test case. From
ﬁgures 8 and 9, it can be concluded that the temperature distribution between the two models are
in good agreement. A small diﬀerence is observed
at the end of the rectangular model. This may be
because ﬂuid simulation has not been done in this
model.

Fluid will ﬂow from right wall to left wall due to
pressure diﬀerence as shown in ﬁgure 8. Due to ﬂuid
ﬂow, heat transfer takes place by advection from
left to right and the convex contour of temperature
gradient (in case of thermo-mechanical analysis
only) may become straight. This assessment is
purely based on qualitative analysis/reasoning and
not on any numerical or quantitative analysis. It
is also concluded that a combination of diﬀerent
numerical methods like ﬁnite element, ﬁnite difference, ﬁnite volume and their combination can
better predict the THM behaviour.

Figure 8. Temperature distribution from bench mark test 2
(BMT2), DECOVALEX Phase I.

Figure 7. Geometry and boundary conditions for the multiple fracture model, bench mark test 2 (BMT2), DECOVALEX
Phase I.
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FLAC3D 3.00
Step 1517980 Model Perspective
21:37:40 Mon Sep 29 2008
Center:
X: 3.750e-001
Y: 5.000e-003
Z: 2.500e-001
Dist: 2.079e+000

Rotation:
X: 0.000
Y: 0.000
Z: 0.000
Mag.:
1
Ang.: 22.500

Surface
Magfac = 0.000e+000

Contour of Temperature
Magfac = 0.000e+000
1.5000e+001 to 1.5000e+001
1.5000e+001 to 1.5500e+001
1.5500e+001 to 1.6000e+001
1.6000e+001 to 1.6500e+001
1.6500e+001 to 1.7000e+001
1.7000e+001 to 1.7500e+001
1.7500e+001 to 1.8000e+001
1.8000e+001 to 1.8500e+001
1.8500e+001 to 1.9000e+001
1.9000e+001 to 1.9419e+001
Interval = 5.0e-001

Itasca Consulting Group, Inc.
Minneapolis, MN USA

Figure 9. Temperature distributions from FLAC3D .
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Figure 10. Location of monitoring points.

13. Results and discussions
Point 1 is located at the interface of the canister
and the barrier; points 3 is located at the interface
of barrier and granite, points 4 and 5 are located
in the granite (ﬁgure 10). Parameters like temperature, displacement, stresses, etc., have been monitored with respect to time. Temperature at the

canister and clay barrier has reached a maximum
of 59◦ C after 60 days and then decreases exponentially 36◦ C after 6 years. Figure 11 indicates that
temperature at any point will never increase the
designed maximum temperature of 100◦ C as the
temperature of other monitoring points will always
be less than the maximum of 59.8◦ C. For example,
temperature at point 3 at the barrier and granite
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Figure 11. Temperature variations with time at points 1, 3, 4 and 5 of a single pit mode repository.

Figure 12. Vertical displacement variations with time at points 1, 3, 4 and 5 of a single pit mode repository.

interface has reached maximum of 34◦ C and then
decreases after 120 days. Similar are the cases
with points 4 and 5. Evolution of temperature
contour is shown in ﬁgure 14, time at which temperature has reached its maximum value respectively. Temperatures all along the clay barrier were
33◦ –35◦ C after 6 years, while it is 35◦ –36◦ C at the

canister and clay interface (ﬁgures 11, 14). The area
swept by heat front after 6 years is more than the
area of heat front at the peak temperature but the
magnitude of the temperature is less (ﬁgure 14).
This means that temperature at intersection of
the ﬂoor and side wall will increase by maximum
of 2◦ –4◦ C.

Thermo-hydro-mechanical processes in an Indian nuclear waste repository
The evolutions of the vertical displacement of
the ground (uplift) and the vertical displacements
of the repository structure and of the limits of
the clay barrier is shown in ﬁgure 12. As shown
in ﬁgure 12, vertical displacement is 0.46 mm
for point 1, which is at the interface of canister and clay barrier. The vertical displacement
is increasing exponentially and reached peak of
0.46 mm after 2 years. Other monitoring points
in granite follow the same trend. For example,
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point 3 reached peak vertical displacement of
0.44 mm.
After 6 years, crown of the tunnel has converged 0.5 mm downwards while top of the
clay barrier has undergone heaving eﬀect and
has a vertical upward displacement of 0.5–1 mm
(ﬁgure 12). The heaving eﬀect was due to the heat
released by the canister which has expanded the
clay at the top of the clay barrier. Floor of the
tunnel has undergone heaving from 0.5 to 4 mm

Figure 13. Vertical stresses variation with time at points 1, 3, 4 and 5 of a single pit mode repository.

Figure 14. Temperature distributions at the canister–barrier interface of the single pit mode repository at peak temperature
of 59.8◦ C.
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in the upward direction. At the peak temperature
of 59.8◦ C, top of the barrier had undergone heaving eﬀect of 5 mm while bottom of the barrier had
moved to 3.04 mm in negative downward direction.
This is due to the expansion of clay with heating
(ﬁgure 15).

Vertical stresses were monitored at the zones
associated with grid points 1, 3, 4 and 5. During initial few days, the vertical stress increases suddenly
to 22 MPa at the canister and clay barrier interface and reached a maximum compressive stress
of 26 MPa after 60 days. The vertical compressive

Figure 15. Convergence of the roof and heaving of the ﬂoor of the single pit mode repository at the peak temperature of
59.8◦ C.

Figure 16. Maximum principal stress distribution of the single pit mode repository at the peak temperature of 59.8◦ C.

Thermo-hydro-mechanical processes in an Indian nuclear waste repository
stress decreases after 60 days and reaches to
10 MPa after 6 years (ﬁgure 13). Similarly, point
3 has reached a maximum of 6 MPa and then
decreases to 3 MPa after 6 years of heat decay from
spent fuel. Since compressive stress in the buﬀer
zone is in the range of 2–26 MPa for continuous 2
years, the composition of engineered barrier should
be modiﬁed to gain higher strength within 2 years

1.75 m

1705

of time span or power of the spent nuclear fuel
should be reduced to generate compressive stress
in the buﬀer within the limit of its compressive
strength (ﬁgures 14 and 15).
Some part of the crown, ﬂoor of the tunnel and
canister–clay interface experience maximum tensile stresses of 1.17 MPa. Since rocks are weak in
tension, there is greater chance of failure at these

24.5 m

2.0 m

Figure 17. State variables of the vertical pit after 6 years of heat decay by spent fuel.
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Canister

surfaces as compared to compressive stresses at the
rest of the tunnel. At the peak temperature, tensile
stresses reached to maximum of 11 MPa which is
near the tensile strength of the granitic rock used
in the URL. Hence, even at the peak temperature
of 59.8◦ C, there is a chance of local tensile failure
(ﬁgure 13). Maximum principal stress of 39 MPa is
generated in the single pit repository at the peak
temperature of 59.8◦ C (ﬁgure 16).
Figure 17 indicates whether stresses within a
zone are currently on the yield surface (i.e., the
zone is at active failure now, −n), or the zone has
failed earlier in the model run, but now the stresses
fall below the yield surface (the zone has failed in
the past, −p). Initial plastic ﬂow can occur at the
beginning of a simulation, but subsequent stress
redistribution unloads the yielding elements so that
their stresses no longer satisfy the yield criterion,
indicated by shear-p or tension-p (on the plasticity state plot). Clay above the canister undergoes
shear and tension in the past after 6 years of heat
decay by spent fuel. The maximum width of the
plastic domain (shear in past) was approximately
1.75 m at the top of the canister but in the clay
barrier. Six years after placement of nuclear waste
canister, width of the plasticized area (area under
tension) reached 2.45 m and 2.0 m measured from
the center of the canister at the top of the canister in the clay. The issue of crack development and
subsequent fall in mechanical strength is very

Number of days to reach the peak
temperature

Figure 18. Pore pressure distribution of the single pit mode repository after 6 years.

600
500
400
300
200
100
0
0

1

2

3

4

5

6

Number of engineered barrier

Figure 19. Variation of thickness of engineered barrier with
time to reach the maximum temperature.

important for long term stability of any geological
repository. Explicit modelling of crack development
and its eﬀect on the mechanical strength would
help the future research for indigenous development of spent fuel repository.
Figure 18 shows the variation of pore pressure
after 6 years of heat decay. Due to heating, the pore
pressure front at the top of canister has moved in
upward direction, while the front has moved downwards for the bottom of canister. 0.2–0.3 MPa of
pore pressure was developed in the vicinity of the
canister. Maximum pore pressure of 0.55 MPa was
developed at the base of the model.

Thermo-hydro-mechanical processes in an Indian nuclear waste repository
14. Effect of thickness of engineered barrier
Size of the engineered barrier has varied from a diameter of 0.55 to 1.35 mm (table 2 and ﬁgure 5).
Maximum temperature was recorded at monitoring
point 3 for the ﬁve cases and time taken to reach
the maximum temperature was recorded as shown
in ﬁgure 19. As the thickness of the engineered barrier increases, time taken for temperature to reach
the maximum value also increases (ﬁgure 19). This
is due to increasing thickness of the engineered barrier which decreases the heat transfer capacity of
the barrier (because of the increase of equivalent
heat capacity).
15. Conclusion
The coupled THM behaviour of the porous media
has been widely analyzed in this study using ﬁnite
diﬀerence tool. The analysis was directed to the
interaction among spent fuel canister, clay barrier
and the host rock in the near ﬁeld. The excavation
phases were carried out in order to obtain a suitable stress state, deformations and temperature
values in the near ﬁeld. Once this is established,
the numerical simulation covers the emplacement
of canister containing spent fuel, clay barrier buﬀer
emplacement, heating phase and cooling phase.
The high heat capacity of clay barrier helps to
retain heat up to its full capacity.
Clay near to canister experienced maximum
temperature of 60◦ C in 60 days. The simulation
showed that with the granite, clay barrier and
canister properties, the temperature in the repository will never increase above 60◦ C. At the peak
temperature of 59.8◦ C, top of the clay barrier
had undergone heaving eﬀect with maximum vertical upward displacement of 5 mm after 6 years
of the disposal of the vitriﬁed waste. Clearly,
most of the uplift has been attributed to the clay
barrier. Hence, the deformation in any part of
repository will never increase to 25 mm. As the
thickness of engineered barrier increases number
of days taken to reach the maximum temperature for a particular point in the rock mass also
increases. Considering this and the requirement of
enhanced compressive strength of engineered barrier, as discussed in Results and Discussion section, we conclude that the design should be modiﬁed for design of long term stable nuclear waste
repository.
It is diﬃcult to model complicated geometry and
physical processes using ﬁnite diﬀerence method,
assembly of diﬀerent material components and
combination of various types of elements (1-D, 2D and 3-D). Hence, it is suggested to use a combination of diﬀerent numerical methods like ﬁnite
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element, ﬁnite volume and their combinations
which are more accurate.
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