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Abstract: Using Goodier’s thermo-elastic displacement potential and Laplace transform, a semi-analytical method is developed
for calculating the displacement and stress induced by heat transfer in sparsely fractured granitic rocks with saturated water flow
and distributed heat sources. An integral equation of the thermo-elastic displacement potential is formulated in the
Laplace-transformed domain. The fractures are discretized into rectangular elements, and the elemental integrals that involve
singularities are calculated analytically. The numerical solutions of the potential are calculated using numerical Laplace inversion,
and the temperature-gradient-induced displacements and stresses are calculated using central differences. The method is employed
to examine the characteristics of the temperature-gradient-induced displacement and stress for a hypothetical problem that is
intended to mimic the near-field environment of deep geological repositories of high-level radioactive wastes. Among other
things, the results reveal the following: (1) In early time of operation of the repository, the region of rock under thermal expansion
and compressive is limited; (2) As the intensity of the heat source gets smaller with time, only a small portion of the rock expands
whereas the remaining portion contracts; (3) Downstream peak temperatures may be higher due to the supply of thermal energy by
the water-flow-facilitated heat transfer, and patterns of influences of the water velocities on the thermal stress and displacement are
similar; (4) Sufficiently close heat sources would cause superposition of the heating effects and make the near-field temperature
increase significantly.
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1 Introduction

In the near field of a deep geological repository
of high-level nuclear waste, the heat generated by the
decay of radionuclides would cause rise in tempera-
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tures, thermal stress, and displacement in the host
rocks and hence affect its hydrological, mechanical,
and chemical properties as well as the repository’s
capabilities in confining, retarding, and diluting the
radioactive nuclides for protection of the far-field
environment. Therefore, heat transfer and, in partic-
ular, the accompanying thermal stress and displace-
ment effects in the host rock should be analyzed in
repository design and performance assessment.
Tortike and Ali (1991; 1993) used the finite
element method to solve a hydro-thermo-mechanical
coupling model for thermal extraction of petroleum,
and determined the distributions of temperature,
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water saturation, and stress in oil sands. Onofrei and
Gray (1996) studied the feasibility of mudstone to
host nuclear waste via both physical model test and
numerical simulation of coupled hydro-thermo-
mechanical processes. Gutierrez and Makurat (1997)
numerically analyzed the coupled hydro-thermo-
mechanical processes involved in the injection of cold
water into a petroleum reservoir in fractured rocks
and its effect on the fracture structures and the effi-
ciency of petroleum extraction. Rutqvist ef al. (2001)
conducted a heater test in a mine drift in fractured
rock and numerically analyzed the relevant hydro-
thermo-mechanical process. Ghassemi and Zhang
(2006) analyzed the influence of water pressure and
thermal stress on the fracture aperture by using a
displacement discontinuity method. Zhou et al
(2009) developed a method for the calculation of
water pressure and thermal stress in a rock containing
one single fracture and analyzed the effects of water
injection-extraction on the fracture aperture during
geothermal exploration.

This paper presents a semi-analytical method for
calculating the displacement and stress induced by
heat transfer in sparsely fractured granitic rocks with
saturated water flow and distributed heat sources, in
an attempt to examine the characteristics of the
temperature-gradient-induced  displacement  and
stress for a hypothetical near-field environment of
deep geological repositories of high-level radioactive
wastes.

2 Temperature equations and its semi-
analytical solution

Fig. 1 shows an infinite 3D model of saturated,
sparsely fractured rocks with a homogeneous and
impermeable matrix (Zhang and Xiang, 2014). Let 02
be the rock matrix domain, 7, the uniform initial
temperature, A; the surface area, and m; the unit
normal vector of the planes of discrete fractures
k=1-K of arbitrary shapes, with K the total number of
fractures effective for the heat transfer process. Let p;
be the linear intensity of the heat source distributed
along the line 7, and p,, ¢;, and A, be the density,
specific heat, and thermal conductivity of the rock,
respectively. Let o, cw, and g, be the density, specific
heat, and prescribed steady unit-width flux (vector) of
water in fractures k&=1-K, respectively.

Assuming small fracture apertures and instan-
taneous thermodynamic equilibrium at the fracture
walls between the rock matrix and water in the frac-
tures, and negligible thermal diffusion, dispersion,
and storage in water in the fractures, the equation for
the conservation of thermal energy of water in frac-
tures ~=1-K can be expressed as

T (x,,2,1) _

0,
On,

PwColi (x,y,z) : V3T()C, y,Z,t) - 2lr

(x,y,2) e 4,.
(1)

For the 3D heat conduction in the impermeable rock
matrix, the governing equation can be written as

oT(x,y,z,t)
ot )
_PJS(X—XP’)’_)Q,:Z_ZP): (xay,Z)E-Q>

AViT(x,y,2,t) = p.c,

where T(x, y, z, ) is the temperature of the point (x, y,
z) at time ¢, V; is the 3D Laplace operator, V3 is the

3D Hamilton operator, 8(x—x,, y—V,, z—z,) is the 3D
Dirac function with (x,, y,, z,) as source point, p'; is
the intensity of a point heat source in the rock matrix,
PP 0(y—y,), with p, being the intensity of linear heat
source, y and y, the line coordinates along /.

~
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Fig. 1 3D conceptual model for calculations of tempera-
ture and thermal stress in sparsely fractured rocks. Re-
printed from (Zhang and Xiang, 2014), Copyright 2014,
with permission from Elsevier

The boundary and initial conditions for Egs. (1)
and (2) are
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T'(x—to0,y,z,t) =1, (3a)
T(x,y > t00,z,t) =1, (3b)
T(x,y,z—>20,t)=T,, (3¢)
T(x,y,2,t=0)=T,, (x,y,z) € L2 (3d)

A semi-analytical method, as described in Zhang
and Xiang (2014), can be employed to determine the
spatial distribution and temporal evolution of the
temperature of the rock matrix and the fracture water.

3 Thermal elastic equations and its semi-
analytical solution

Assume that the influences of the temperature
variations on the physical and mechanical properties
of the rock matrix and both the deformation and its
rate are small and can be neglected. Let o, 1, and vbe
the thermal expansion coefficient, the shear modulus,
and Poisson’s ratio of the rock matrix, respectively;
ignoring the body force, then the thermal elastic
equation for the rock matrix can be written in tensor
form as (Wang, 1989)

Viu. + I oe =

e, Lever
" 1-2v ox,

a
"1-2v ox,

, i=1,23, 4

where u; denotes the temperature-gradient-induced
displacement in the x; direction, V; is the Laplace

operator in three dimensions, and e and T are the
volumetric strain and the transient temperature of the
rock matrix, respectively.

The solution of Eq. (4) can be expressed as

u, =u +u, ®)

where u;” denotes the particular solution that repre-
sents the temperature-gradient-induced displacement
in the x; direction, and uM is the general solution of
the corresponding homogeneous counterpart of Eq. (4)
that represents the displacement in the x; direction to
supplement ;" so that the total displacement u; can
satisfy the boundary conditions of Eq. (4). Zhang and
Xiang (2015) have developed a semi-analytical
method of calculating the supplementary (constraint-
induced) displacement ;" and the total displacement

u; for a rock mass with a single fracture, whereas here
we focus only on the temperature-gradient-induced
displacement u;".

Let @=®(x1, x5, x3, T, t) be the thermal elastic
potential such that

ul =0@ /ox,. (6)
Substituting Eq. (6) into Eq. (4), integrating, and

letting the integral function of 7 and ¢ to be zero, we
arrive at the governing equation in terms of @:

a(v§q>)_a 1+vaor
ox, "1-vox,

(7

The corresponding thermal stress can be calcu-
lated using the constitutive equation of elasticity,

oo o'o
of =ou| 22 s, , ®)
Ox,0x, 0Ox,0x,

where §;; is the Kronecker delta.

According to Carslaw and Jaeger (1959), the
temperature increment of the point (x, y, z) at time ¢
induced by a heat source of unit flux intensity of point
(x,y', 2"y at time ¢'is

T"(x,y,z,x',',2',t =t

_ paR )
4A(t-1t) |

Correspondingly, the thermal elastic potential is

= P exp{
[472, (¢ — )]

@*(x:yazaxlaylaz':t_t')
10
__ o (1+v) erf£ P.C, ’ (10)
4dnp.c,(1-v)R 2\ A (1)

where R =/(x' —x)* + (' — y)* +(z' - 2)’.

For the model shown in Fig. 1, the temperature
increment and the thermal elastic potential are due to
the combined effects of both the distributed heat
source and the heat exchange between the rock matrix

and the fracture water. Let pf(x',)’,z',t') be the

(area) heat flux intensity of the rock matrix and
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fracture water heat exchange at point (x', y', z') of
fracture k at time ¢', and let p(x', y', z', t') be the (line)
heat flux intensity at point (x’, y', z') of the linear heat
source at time ¢". Then the resultant thermal elastic
potential at time ¢ can be expressed as

D(x,y,z,t)
K

- zJ.OtJ.A p;c (x,’y,’Z,’t,)@*(‘x’y5 Z’x,’y,’Z,’t - t()dAkdt(
i=1 k

d * roor ot r ’
+IOJ.Fpr(x',y',z',t')(D (x,y,z,x', ¥, 2"t —¢")dlrde'.
(11)

Taking the Laplace transform of Eq. (11) and using
the convolution theorem

2| [ AOLC-de |- R6. 2

and we obtain:

é(xayaZaS)ZL[@(x,y,z,[)]
N B * ’ ’ ’
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where Z[ ] denotes the Laplace transform, s is the

Laplace parameter, fl (s) =1, )], fz ()=2A1,@)],
D' (x,y,2,x,y',2',5) = Z[@*(x,y,z,x',y',z',tﬂ
_ —a,(1+v) 1—exp| - sprch (14)
4nsp.c.(1-v)R A '

As in Zhang and Xiang (2014) (Fig. 2), for fracture £

=1-K, the transformation from the global oxyz system
(k) (k). (k)_(k)

to the local 0"’x™"y"’z"” system can be written as
where
1 0 0 0
o - 0 1 0 0
1o 0 1 0
x =y =zt

is the translation matrix,

U, Uw, Uw, 0
F® oy oy M,y 0
Uy U u 0

NG FOR L6,

0 0 0 1
is the rotation matrix, (x{",y{",z{"") are the coor-

(k) J.(k) | (k) (k)

dinates of the origin of the local o""'x'" )" 2"’ system,

and
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y
0.)
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u, = (uz(uxauzmy’”
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are the directional unit vectors of the local o(k)x(k)y(k)z(k)
coordinates with respect to the global oxyz
coordinates.

In terms of the local 0®x®y®z® system of co-
ordinates, the Laplace transform of the heat flux in-
tensity of rock matrix and fracture-water heat ex-
change can be expressed as

aﬂ(x”‘),y(k),z(“,t)|
oz® oo
=-p,c, g (0, y0)-V,T,(x*, y®,0,9),
k=1-K,

pr (™, y0,0,5) =24,

(16)

where T¢=T—Tj is the variation of temperature from
its initial value. The thermal elastic potential can be
expressed as

- a.(1+v)p,.c, <
@(xvyﬂzas): P Qk -
dspe.(1-v) 5

a(1+v)
4nsp.c,(1-v) or:
(17)

where
0, = Lk [q(k)(x(k),y(k)) . szd(x(“,y("’,o,s)]

1 1 sp,.cC,
'{W‘Wexp(—, /TR(“H d4,,

- 1 1 sp.C.
= x'y',z',8)| ———exp| — [—=R_||dI".
Or jrpr( y ){RP 3 p( 1 pﬂ
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R™ stands for the distance between the point (x,*, y,®,
zr(k), D=0y, 1, 2z, l)C(k)F“‘) where the thermal elastic
potential is to be calculated and the point (x*, y®, 0)
on Ay for the heat flux intensity of rock matrix and
fracture-water heat exchange, and R, is the distance
between the point (x;, y;, z;) where the thermal elastic
potential is to be calculated and the point (x', y', z') for
the heat flux intensity of the line heat source.

Fig. 2 Transformation of the system of coordinates. Re-
printed from (Zhang and Xiang, 2014), Copyright 2014,
with permission from Elsevier

Discretizing the fractures into rectangular ele-
ments, using analytical approach to calculate those
elemental integrals that involve singularities, and
employing the numerical approach to calculate other
elemental integrals that do not contain singularities as
well as the elemental integrals relevant to the dis-
tributed heat source, the numerical solution of

@(x,y,z,s) and then the numerical solution of @(x, y,

z, t) can be calculated using numerical Laplace in-
version, and the temperature-gradient-induced dis-
placement and stress can be calculated by using cen-
tral differences, for example

W (vy,z) = 08
oz

(18)
_D(x,y,z+Az,t) - D(x,y,z - Az,1)
2Az ’
oo o
ol (x,y,z,8)=-2 +
zz( y ) lu axz ayl
_ _zlu{@(x +Ax, y,2,t) = 2D(x,y,2,t) + D(x — Ax, y, z,t)
(Axy?
N D(x,y+Ay,z,t) =20(x, y,z,t) + D(x,y — Ay, z, t)}
Ay ’
(19)
o0’D  2u
ol (x,y,2,6)=2 =———[D(x+Ax,y,z+ Azt
(%, p,2,0) L 4AZAX[ ( y )

+D(x—Ax,y,z—Az,t) —D(x—Ax,y,z+ Az,t)
—D(x+Ax,y,z—Az,1)]. (20)

The displacements and stresses in other orientations
can be calculated in a similar fashion.

4 Example calculation and analysis
4.1 Heat transfer and thermal elastic model

Fig. 3 shows a heat transfer and thermal elastic
model of a hypothetical radioactive waste repository
involving three emplacement drifts in a saturated rock
mass containing two fractures perpendicular to each
other. Let the heat generated by the waste be repre-
sented by the heat sources distributed along the lines
of the central axes of the three drifts, indicated by /7,
I, and I3, respectively, and ay, ay, as, by, by, and b3 are
the starting points and ending points of the lines. Let
gqn and ¢, be the known no-interference, steady
unit-width water fluxes in the horizontal and vertical
fractures, respectively. Let L, and L, be the lengths of
influences in the horizontal and vertical fractures,
respectively, and let Ly, be the width of influence for
both the horizontal and vertical fractures. The calcu-
lation results will be presented along the line I,
(x=0-Ly, y=Ly/2, z=0) and the line /, (x=180 m,
y=Lw/2, z=—300-100 m), and in the plane a, (z=7 m).

Domain of infinity

Domain of influence

Vertical fracture
b A

Heat sources

Ak
g :

daj aa.

I -
Horizontal fracture

Fig. 3 Heat transfer and thermal elastic model of a hypo-
thetical radioactive waste repository

According to Lu (2012), an exponential function
may be employed to fit the temporal curve of heat
source strength, given in Chijimatsu et al. (2005), so
that the degradation of power from the canister
of vitrified radioactive waste can be taken into
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consideration by using a line intensity of power
function in the form

p, =250exp(-0.02¢) W/ m, (21)
where  is the time in years after the waste is emplaced
in the drifts.

To simplify the calculation, assume the physical
properties of water and the rock matrix as given in
Table 1, and ignore the influence of temperature var-
iation. The parameters for the fractures and water
flow are given in Table 2 (note that the apertures are
given for calculating the unit-width water fluxes of

temperature variation and the thermal effect outside
this range of fractures are negligible. The locations of
the heat source lines are given in Table 3.

4.2 Distributions and evolutions of the tempera-
ture, thermal stress, and displacement

Figs. 4 and 5 show the distributions of the water
temperatures of the horizontal and vertical fractures,
respectively. Fig. 6 shows the distributions of the
temperature of the rock matrix at the plane a, at some
selected times.

Table 2 Parameters of the fractures and water flow

the fractures). Based on trial calculations, values of Parameter Horizontal Vertical
the lengths and the width of influences for the frac- fracture fracture
tures have been selected large enough so that both the Aperture (mm) > >
Water velocity (mm/s) 0.5 0.5
Position (m) z=0 x=180
Table 1 Physical properties of water and rock matrix Length of influence (m) 800 400
Property Value Width of influence (m) 100 100
Rock density, p; (kg/m®) 2650
Rock specific heat, ¢; (J/(kg*°C)) 1000
Rock thermal conductivity, A, (W/(m-°C)) 2.59 Table 3 Locations of the heat sources (m)
Rock shear modulus, g (MPa) 1.5x10* Line heat Coordinates of Coordinates of
Rock Poisson’s ratio, v 0.25 source, [} endpoint, a; endpoint, by
Rock thermal expansion coefficient, ¢; (1/°C) 8.0x107° A (90, 40, 10) (90, 60, 10)
Water density, p,, (kg/m°) 1000 I, (130, 40, 10) (130, 60, 10)
Water specific heat, ¢, (J/(kg:°C)) 4180 I3 (170, 40, 10) (170, 60, 10)
100 T T T T T T T T T 100 T T T T T T T T T T
a
g0l (a) | sl (b) |
_. 60F N4 2, N2 1 60| 1
1 @O@ :
= 400 v D 7 1 S a0l i
20 B 20} 4
0 1 1 1 1 1 1 1 0 1 L L L L L L
50 75 100 125 150 175 200 225 250 50 75 100 125 150 175 200 225 250
x (m) x (m)
100 T T T T T T T T T T 100 T T T T T T T T T
© @f o e
m 206
Z60F 9524 % 1 _60F 208 \
EONE @@ T Cm\g@
40+ & 2 A 20 | i
N 20.7 206
22 06~ —
201 21 e . 20 b i
0 1 1 1 1 1 1 1 O il AN 1 1 1 1 1
50 75 100 125 150 175 200 225 250 50 75 100 125 150 175 200 225 250
x (m) x (m)

Fig. 4 Distributions of the temperature of water in the horizontal fracture at selected times (unit: °C)
(a) =1 year; (b) =5 year; (c) =10 year; (d) =150 year
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Fig. 5 Distributions of the temperature of water in the vertical fracture at selected times (unit: °C)
(a) =1 year; (b) =5 year; (c) =10 year; (d) =150 year

O 1 1 1 1 1
50 75 100 125 150 175 200
x (m)

100 T T T

0
50 75 100 125 150 175 200 225 250
x (m)

(b)

50 75 100 125 150 175 200
x (m)

\/ (d) |

N
S M
M
ot/ e 206
/ 20.8
s Ok Q)
40
208
(™2
o 2,
|
0

100

20.6

1 1 1 1 1 1 1
75 100 125 150 175 200 225 250
x(m)

Fig. 6 Distributions of the temperature of the rock matrix at plane a, at selected times (unit: °C)
(a) =1 year; (b) =5 year; (c) =10 year; (d) =150 year

Figs. 7 and 8 show the distributions of the
temperature-gradient-induced stresses of the rock
matrix normal to the intersections with the horizontal
and vertical fractures, respectively, at selected times.
One can see that at early time of operation of the
repository, e.g., 1 year, since the range of thermal
expansion of the rock is limited, the areas of the cor-
responding compressive stresses are relatively small,
whereas there exist rather large areas of tensile
stresses due to the compatibility of deformation of the
areas with the areas of thermal expansion. The areas

of compressive stresses increase with time, accompa-
nied by a decrease of the areas of tensile stresses,
resulting from increases of the ranges of influences of
the heat sources, and at long enough time, e.g., 150
years, all areas of tensile stresses essentially disappear.

The displacements of the rock matrix at the
fracture walls may cause changes in the apertures of
the fractures. With this in mind, the distributions of
the temperature-gradient-induced displacements of
the rock matrix normal to the intersections with the
horizontal and vertical fractures at selected times are
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Fig. 7 Distributions of the temperature-gradient-induced stress azzT of the rock matrix at the intersection with the hori-
zontal fracture at selected times (unit: MPa): (a) =1 year; (b) =5 year; (c) =10 year; (d) =150 year
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Fig. 8 Distributions of the temperature-gradient-induced stress o,,’ of the rock matrix at the intersection with the vertical
fracture at selected times (unit: MPa): (a) =1 year; (b) =5 year; (c) =10 year; (d) =150 year

shown in Figs. 9 and 10, respectively, from which one
may see that the displacements are initially induced
mainly by the heat sources while the influences from
water-flow-facilitated heat transfer gradually get sig-
nificant. It is interesting to note from Fig. 9 that, as
opposed to the signs of the displacements at 1 year, 5
years, and 10 years, the displacements at the 150th
year are positive, which means the rock matrix is
under compression. This phenomenon may be at-
tributed to the fact that certain amount of the thermal
energy at early times has been transported out of the
near-field such that the reduced intensity of the heat

source at 150 years (about 12.5 W/m) can only cause
a small portion of the rock matrix to expand whereas
the remaining portion contracts due to compatibility
of deformation.

4.3 Effects of fracture water fluxes on the tem-
perature, thermal stress, and displacement

Figs. 11-16 show the distributions at 10 years of
the water temperatures, the stresses, o, and O}XT, and
the displacements, w," and u,”. , at the observation lines
l, and [, of the horizontal and vertical fractures, re-
spectively, for some selected velocities of water flow.
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Fig. 9 Distributions of the temperature-gradient-induced displacement u.” of the rock matrix at the intersection with the
horizontal fracture at selected times (unit: mm): (a) =1 year; (b) =5 year; (c¢) =10 year; (d) =150 year
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Fig. 10 Distributions of the temperature-gradient-induced displacement u,” of the rock matrix at the intersection with the
vertical fracture at selected times (unit: mm): (a) =1 year; (b) =5 year; (c) =10 year; (d) =150 year

From Figs. 11 and 12, one may see that, among
other things, the positions of the peak temperatures
correspond to the orthogonal projections of the

30
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28 —===v=1mm/s
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G261 70\
2 7~ \
~ 24 / [N N\
-~ " .
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20 -/"— 1 1 1
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Fig. 11 Distributions of temperature along the observation
line /;, for selected water velocities
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-100 | I ! ! N
20 22 24 26 28 30
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Fig. 12 Distributions of temperature along the observation
line /, for selected water velocities



Zhang et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2015 16(11):922-934 931

positions of the heat sources on the relevant fracture
planes. Specifically, for the horizontal fracture, the
downstream peak temperatures are higher, due to the
supply of thermal energy by the water-flow-facilitated
heat transfer. Similar patterns of influences of the
water velocities on the thermal stresses, O'ZZT and O'xxT,
and the thermal displacements, u.” and u,’, can be
observed in Figs. 13—16, respectively.

o} (MPa)

-3 —v=0.5 mm/s
4+ ----v=1mm/s
st vV v - v=2 mm/s
-6 1 1 1 1 1
0 50 100 150 200 250 300

X (m)

Fig. 13 Distributions of stress o;;” along the observation
line /;, for selected water velocities
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b
{
1
4
3

7 (MPa)

Fig. 14 Distributions of stress o’ along the observation
line /, for selected water velocities
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Fig. 15 Distributions of displacement x.” along the obser-
vation line /,, for selected water velocities
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Fig. 16 Distributions of displacement u,” along the ob-
servation line /, for selected water velocities

4.4 Effects of spacing of heat sources on the tem-
perature, thermal stress, and displacement

As shown in Table 4, we consider three different
cases for the locations of the heat source lines, each
with a different spacing between the heat sources.
Figs. 17-22 show the distributions of the water tem-
peratures, the stresses, GZZT and UxxT , and the dis-
placements, u.” and uxT, at the observation lines /;, and
[, of the horizontal and vertical fractures, respectively,
over 10 years for some selected heat source locations.
The smaller the heat source spacing, the higher the
near-field temperature, and if the heat source lines are
close enough, superposition of the heating effects
may cause the near-field temperature to increase sig-
nificantly. Similar observations hold for the thermal
stresses and displacements.

Table 4 Locations of the heat source lines (unit: m)

Location
Heat source
d=20 d=40 d=60
I ap  (130,40,10) (90,40,10) (50,40, 10)
by (130, 60, 10) (90, 60, 10) (50, 60, 10)

L a (150,40,10) (130,40, 10) (110,40, 10)
by (150,60, 10) (130,60, 10) (110, 60, 10)
Iy as (170,40, 10) (170,40, 10) (170, 40, 10)
by (170,60, 10) (170, 60, 10) (170, 60, 10)
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Fig. 17 Distributions of temperature along the observation
line /,, for selected heat source locations
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20 Fig. 20 Distributions of stress o,,” along the observation
line /, for selected heat source locations
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Fig. 18 Distributions of temperature along the observation 50
line /, for selected heat source locations
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Fig. 19 Distributions of stress o;,” along the observation
line /,, for selected heat source locations

5 Conclusions

A semi-analytical method has been developed
for calculating the displacement and stress induced by
heat transfer in sparsely fractured granitic rocks with
saturated water flow and distributed heat sources.

Fig. 22 Distributions of displacement u,” along the ob-
servation line /, for selected heat source locations

With special regard to the near-field environment of
deep geological repositories of vitrified high-level
radioactive wastes, the method was applied to ex-
amine the characteristics of the temperature-gradient-
induced displacement and stress of a hypothetical
problem that involved water flow in two intersecting
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fractures and three line heat sources. One possible
application of the proposed method could be in the
prediction of thermally induced displacements and
stresses in saturated sparsely fractured rocks for as-
sessing, in conjunction with other means of simula-
tions, the designs of deep repositories of high-level
radioactive wastes.

Based on the calculations, the following phe-
nomena may be observed: (1) In early time of opera-
tion of the repository, the region of rock under thermal
expansion and compressive stress is limited, whereas
due to compatibility of deformation, tensile stress
occurs in nearby region; (2) After certain amount of
the thermal energy at early times has been transported
out of the near-field, and as the intensities of the heat
sources get smaller, only a small portion of the rock
matrix expands whereas the remaining portion con-
tracts; (3) The positions of the peak temperatures of
water in the fractures correspond to the orthogonal
projections of the positions of the heat sources on the
relevant fracture planes, the downstream peak tem-
peratures may be higher due to the supply of thermal
energy by water-flow-facilitated heat transfer, and
patterns of influences of the water velocities on the
thermal stress and displacement are similar; (4) A
smaller spacing between the heat sources results in a
higher near-field temperature, and sufficiently close
heat sources would cause superposition of the heating
effects and high near-field temperature.

One limitation of the semi-analytical calcula-
tions presented here is that the effect of fracture ap-
erture change has not been considered. Further study
is needed to incorporate such effect in the analysis.
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