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Abstract:    Experiments of saturated water flow and heat transfer were conducted for a meter-scale model of regularly fractured 
granite. The fractured rock model (height 1502.5 mm, width 904 mm, and thickness 300 mm), embedded with two vertical and two 
horizontal fractures of pre-set apertures, was constructed using 18 pieces of intact granite. The granite was taken from a site 
currently being investigated for a high-level nuclear waste repository in China. The experiments involved different heat source 
temperatures and vertical water fluxes in the embedded fractures either open or filled with sand. A finite difference scheme and 
computer code for calculation of water flow and heat transfer in regularly fractured rocks was developed, verified against both the 
experimental data and calculations from the TOUGH2 code, and employed for parametric sensitivity analyses. The experiments 
revealed that, among other things, the temperature distribution was influenced by water flow in the fractures, especially the water 
flow in the vertical fracture adjacent to the heat source, and that the heat conduction between the neighboring rock blocks in the 
model with sand-filled fractures was enhanced by the sand, with larger range of influence of the heat source and longer time for 
approaching asymptotic steady-state than those of the model with open fractures. The temperatures from the experiments were in 
general slightly smaller than those from the numerical calculations, probably due to the fact that a certain amount of outward heat 
transfer at the model perimeter was unavoidable in the experiments. The parametric sensitivity analyses indicated that the tem-
perature distribution was highly sensitive to water flow in the fractures, and the water temperature in the vertical fracture adjacent 
to the heat source was rather insensitive to water flow in other fractures. 
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1  Introduction 
 

Underground disposal of high-level nuclear 
waste induces coupled thermal, hydrological, me-
chanical, and chemical (THMC) processes in the 
geological barrier, especially in the near field of waste 
repositories. Theoretical and numerical calculations, 
laboratory experiments, and large scale field investi-
gations have contributed to establishing better 
knowledge of the coupling phenomena in a suit of 

potential host rocks for containing, retarding, and 
diluting radionuclides leaked out of the engineering 
barrier over hundreds of thousands of years after the 
disposal. Various types of rocks, including clay, salt, 
granite, and tuff, have been selected for investigation. 
The Beishan area in the Gansu province of China has 
been studied as a potential site for high level nuclear 
waste disposal in the country. According to prelimi-
nary surface mapping investigations, the site is 
composed of large saturated granite bodies with av-
erage fracture spacing on the order of meters, and the 
fractures are largely open with 78% of apertures in the 
range of 1 to 3 mm, 12% in the range of 3 to 5 mm, 
and less than 5% larger than 10 mm. The radioactive 
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heat of nuclear waste would influence the perfor-
mance of the granite mass as a natural barrier to the 
migration of radionuclides to the accessible envi-
ronment. For understanding and evaluating various 
relevant coupling processes, and for aiding the repo-
sitory layout design and waste-package thermal 
loading design, it is necessary to study the characte-
ristics of convective and conductive heat transfer in 
the fractured granite mass. 

Considering single-fracture water-flow induced 
heat advection and the perpendicular 1D heat con-
duction in an infinite rock matrix, some analytical 
solutions are presented by Gringarten et al. (1975), 
Čermak and Jetel (1985), and Schulz (1987). Taking 
into account 2D and 3D heat conductions in rock 
matrix, semi-analytical formulations are developed 
by Cheng et al. (2001) and Ghassemi et al. (2003), 
respectively. Xiang and Guo (2011) and Xiang and 
Zhang (2012) extended the formulation of Cheng et al. 
(2001) to consider distributed heat sources and heat 
advections by water-flow in multiple fractures. 

Research on the THM behavior of the host rock 
of a nuclear waste repository has been done under the 
international collaboration project of Development of 
Coupled Models and Their Validation Against Expe-
riment in Nuclear Waste Isolation (DECOVALEX) 
begun in 1992 (Jing et al. 1995; Tsang et al., 2005; 
Tsang et al., 2009). The project has undergone four 
stages, and progress has been made in several areas, 
such as bench mark test (Chan et al., 1995; Millard 
et al., 1996; Wilcock, 1996), numerical simulations 
of long term near field and far field THM behaviors 
(Rutqvist et al., 2005; Liu et al., 2006), underground 
heater test, and validation of numerical simulations 
(Chijimatsu et al., 2001; Rutqvist et al., 2001; Alonso 
et al., 2005), and incorporation of chemical effects 
(Ito et al., 2004).  

In the present study, granite taken from the 
Beishan area in Gansu province was cut, trimmed, 
and then assembled into a fractured rock model of 
1502.5 mm in height, 904 mm in width, and 300 mm 
in thickness, composed of nine rock blocks with two 
vertical and two horizontal fractures. An electric 
heating plate was placed on one side of the fractured 
rock model, and temperature sensors and pressure 
sensors were installed in the interior. Water flow and 
heat transfer experiments were conducted under open 
and sand-filled conditions, respectively. Numerical 

calculations using both a self-developed finite dif-
ference scheme and the TOUGH2 code were carried 
out to compare with experimental data, and the in-
fluences of the major model parameters, including 
heat source temperature and water velocities of the 
vertical fractures, on the outflow water temperatures 
of the model were analyzed. 
 
 
2  Experimental model setup and schemes 
 

As shown in Fig. 1, the model system setup was 
composed of the following five parts:  

1. Fractured rock model: Using granite from a 
potential site for hosting the high level nuclear waste 
repository in China, a fractured rock model of height 
1502.5 mm, width 904 mm, and thickness 300 mm 
was assembled with nine rock blocks, which formed, 
with miniaturised steel spacers in between, two vertical 
fractures, V1 of aperture 1.5 mm and V2 of aperture 
2.5 mm, and two horizontal fractures, H1 of aperture 
1.5 mm and H2 of aperture 1.0 mm. Values of physical 
parameters of the rock matrix samples were deter-
mined through laboratory measurements, as shown in 
Table 1 for two different ambient temperatures. 

2. Water flow: Water flow into the two vertical 
fractures was maintained by two constant-flow pumps 
at the top ends of the fractures and recorded by two 
glass rotor flow meters at the bottom ends of the 
fractures. 

3. Heat source: An electric heating plate with a 
height of 1500 mm, width of 300 mm, and thickness 
of 3 mm was placed on one side of the fractured rock 
model as the heat source, with its temperature pre-set 
and maintained by a temperature controller with an 
accuracy of 1%.  

4. Insulation of heat: Heat insulation was rea-
lized by attaching waterproof rock-wool boards, with 
a thickness of 100 mm and a low thermal conductivity 
of (0.027+0.00017T) W/(m·°C) (T, temperature 
in °C), to all six interior surfaces of a stainless steel 
model box.  

5. Data acquisition: 42 thermal resistance tem-
perature sensors, 35 mm in length, and 3 mm in di-
ameter with a measurement accuracy of ±(0.15+ 
0.002T) °C in the range of −50 to 250 °C, were em-
bedded in both the interiors of the rock blocks and the 
interfaces with the fractures. A total of 12 fluid  
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pressure sensors, 15 mm in length and 3.8 mm in di-
ameter with a measurement accuracy of ±0.003p kPa 
(p, fluid pressure in kPa) in the range of 0 to 400 kPa 
at temperatures from 0 to 100 °C, were placed within 
the fractures. During the experimental processes, a 
multi-channel data acquisition instrument with an 
extension module was employed to record every 30 s 
the temperatures of the sensors with ±0.1 °C accuracy 
and the pressures of the pressure sensors with 
±0.1 kPa accuracy.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

As shown in Table 2, three groups of experi-
ments were carried out. The two experiments of group 
1 varied heat source temperature with constant water 
flux in the two vertical open fractures. The two ex-
periments of group 2 varied water flux in the two 
vertical open fractures with a constant heat source 
temperature. The two experiments of group 3 had a 
constant heat source temperature and a constant water 
flux in the two vertical fractures when filled with sand 
of diameters from 0.50 to 0.63 mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Parameters values of the granite for two different ambient temperatures 

Ambient temperature 
(°C) 

Density 
(g/cm3) 

Specific heat 
(J/(g·°C)) 

Thermal diffusion coefficient 
(mm2/s) 

Thermal conductivity 
(W/(m·°C)) 

  25 2.70 0.686 1.244 2.30 

125 2.70 0.812 1.013 2.22 

 

Table 2  Experimental schemes 

Serial of 
experiment 

Vertical fracture 
porosity 

Heat source  
temperature (°C)

Inflow water  
temperature (°C)

Water velocity in vertical fracture (mm/s) 

Fracture V1 Fracture V2 

Group 1 a 1   70 15.5 2.5 5.0 

b 1   95 15.5 2.5 5.0 
Group 2 c 1   95 16.2 5.0 5.0 

d 1   95 15.9 2.5 2.5 
Group 3 e 0.55   95 16.4 2.2 2.4 

f 0.55 120 16.4 2.2 2.4 
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Fig. 1  Schematic profile of the 
experimental setup (unit: mm) 
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The temperature of the inflow water was variable 
due to fluctuations of the ambient temperature in the 
laboratory. Three different heat source temperatures (70, 
95, and 120 °C) were employed in the experiments. 
 
 
3  Observations based on experimental data 
 

As shown in Fig. 2 for the water temperatures at 
the outlets of the two vertical fractures, the heat ad-
vection of water flow and the heat conduction be-
tween the rock blocks induced four stages of temper-
ature variations in the model system, from initial 
gradual increase and intermediate quick increase to 
later slow increase and final quasi steady state, in all 
six experimental schemes.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 shows distributions of the steady state 

temperature in the fractured rock model for the six 
experimental schemes in Table 2.  

Based on the experimental data, the following 
observations can be made: 

1. Heat advection due to water flow in the ver-
tical fractures took a certain percentage of the input 
thermal energy out of the model and impeded heat 
conduction in the transverse direction. Such an effect 
was the most prominent for fracture V1 due to its 
closeness to the heat source (Fig. 3a), while the 
maximum increase of temperature of the model pe-
riphery on the far side away from the heat source was 
only 0.5 °C for experiment a.  

2. Such thermal energy depravation and im-
pedance effects due to heat advection increased as the 
water flux in the fractures increased, and decreased as 
the heat source temperature and/or the distance of the 
fracture away from the heat source increased, as can 
be seen through comparisons between Figs. 3b, 3c, 
and 3d. 

3. Comparing Figs. 3e and 3f with Figs. 3d, one 
may see that due to the enhanced heat conduction 
when the fractures were filled with sand, transverse 
heat transfer became more pronounced than the cases 
with open fractures.  

4. Water in the two horizontal fractures remained 
standstill and thus mainly played a role of heat storage 
and conduction in the experimental processes, and 
under the experimental conditions the volumetric 
specific heat of water is about twice as large as that of 
the granite while the thermal conductivity of water is 
about 27% of that of the granite. 

5. There was no phase change of the water in the 
fractures, even when the temperature of water in the 
fracture most adjacent to the heater exceeded 100 °C. 
This phenomenon was not considered as an abnor-
mality of the experiment, because the system was 
essentially a closed system without direct exposure of 
the fractured rock model to the atmosphere, in addi-
tion, the fractured rock model was only permeable in 
the fractures and the percentage of the water with 
temperatures exceeding 100 °C was relatively small. 
The hydraulic head at steady state assumed nearly 
linear distribution along the vertical fractures (Fig. 4). 
 
 
4  Mathematical model and numerical scheme 

4.1  Governing equations 

Neglect the permeability and water storage of 
the granite blocks, and assume constant temperature 
across the apertures of the fractures. Within the  

Fig. 2  Temporal variations of outflow water temper-
atures of fracture V1 (a) and fracture V2 (b) 
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vertical fractures, since heat transfer is dominated by 
advection, the thermal diffusion and dispersion ef-
fects are comparatively small and assumed to be 
negligible.  Referring to the x-z system of coordinates 
shown in Fig. 1, the thermal energy conservation 
equation can be written as  
 

m m w w w w r r
r

( ) ( )

0, (1)
x e x e

e c T ve c T T T
K

t z x x

  
  

    
       


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
where v is the water velocity in the fracture; e is the 
aperture of the fracture; Tw, ρw, and cw are the tem-
perature, density, and specific heat of water, respec-
tively; , ρs, and cs are the porosity, density, and spe-
cific heat of the filling material within the fractures, 
respectively; Tr and Kr are the temperature and the 
thermal conductivity of the rock matrix, respectively; 

r

x e

T

x 




 and r

x e

T

x 




 are the derivatives evaluated at 

the left and right walls of the vertical fractures, re-
spectively; ρmcm is the composite volumetric specific 
heat of the fill and water in the fracture and ρmcm= 
ρwcw+(1−)ρscs.  

The governing equation for heat transfer in the 
horizontal fractures without water flow is 
 

2
w w w w r r

w r2

( )
0,

z e z e

e c T T T T
eK K

t x z z


  

    
        

(2) 
 
where Kw denotes the thermal conductivity of water, 

Fig. 4  Hydraulic head in vertical fractures at steady state
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Fig. 3  Temperature field of the fractured rock model at steady state for different experiments (unit: °C) 
(a)–(f) are experiments a–f, respectively 
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and r

z e

T

z 




 and r

z e

T

z 




 are the derivatives eva-

luated at the lower and upper walls of the horizontal 
fractures, respectively.  

The governing equation for heat transfer in the 
rock matrix is 
 

2 2
r r r r r

r 2 2

( )
0.

c T T T
K

t x z

    
      

            (3) 

 

Let T represent Tr or Tw, then the initial condition, 
the heat source boundary condition, the water inlet 
boundary condition, and the approximated adiabatic 
boundary conditions can be written as 
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                  (4) 

 

where T0 denotes the initial temperature and Th de-
notes the heat source temperature. Note that the front 
and rear boundaries of the model were also kept in-
sulated in the experiments, but the relevant boundary 
conditions are not needed here for heat transfer in the 
x-z plane, because there was no thermal gradient in 
the thickness direction. 

4.2  Finite difference scheme 

Referring to Fig. 5, the finite difference forms of 
Eqs. (1)–(4) can be expressed, respectively, as 
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                (8) 

 
where Tij stands for the temperature of grid point (xj, zi) 
at time t, and the subscripts w and r are for water and 
rock temperatures, respectively, have been omitted 
for brevity. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Eqs. (5)–(7) can all be expressed as 

 

( ),ij
ij

T
f T

t





                         (9) 

 
where f(Tij) stands for the right hand side of any of 
Eqs. (5)–(7). Equations in the form of Eq. (9) can be 
solved using the 4th order Runge-Kutta integration 
scheme based on the 1/3 Simpson’s rule: 

Fig. 5  Finite difference grid of the fractured rock 
model (Δx=Δz=50 mm) 

..
.
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where Δt denotes the time step and n
ijT  denotes the 

temperature of grid point (xj, zi) at time tn=nΔt, 
n=0, 1, 2, ···. 

According to Tao (2003), for the above explicit 
procedure to be applicable to Eqs. (5)–(7), the stabil-
ity conditions that the spatial and temporal divisions 
must satisfy can be expressed as 
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5  Comparisons between numerical results 
and experimental data 
 

Using the parameter values in Table 3, numerical 
calculations were carried out by using both the above 
numerical scheme and the TOUGH2 software. The 
EOS3 module of TOUGH2 was employed through an 
effective continua approach with a prescribed level of 
near full saturation for the fracture continuum ele-
ments, as described by Liu and Xiang (2012). The 
numerical results in comparison with the experi-
mental data are presented in terms of the surplus 
temperature relative to the initial temperature, as 
shown in Figs. 6 and 7 for experiment b, and in 
Figs. 8 and 9 for experiment e. 

For temporal variations of the temperature of the 
outflow water in the vertical fractures, one may see 

from Figs. 6 and 8 that there is generally good 
consistency between the numerical calculations and 
the experimental data, and that when approaching 
steady state the experimental data become smaller 
than the numerically calculated values. The effects 
due to some degree of unavoidable heat loss during 
the experiments, though relatively minor in general, 
can get more pronounced at locations further away 
from the heat source where the temperatures are 
significantly lower than the heat source temperature, 
as depicted in Figs. 7 and 9.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

6  Parameter sensitivity analyses 
 

While acknowledging the possibility of transient 
sensitivities of the system’s thermal behavior to some 
parameters, let T=T(a1, a2, ···) denote the temperature 
of the outflow water in any of the vertical fractures at 
steady state, as a function of a set of the major model 
parameters, {a}={a1, a2, ···}, which may include the 
heat source temperature and initial temperature, 
apertures of the open vertical fractures, porosities of 
the sand in the filled vertical fractures, water veloci-
ties in the vertical fractures, volumetric specific heat, 

and thermal conductivity of the rock matrix. Let ia  

be a base value of parameter ai and k
ia  be the kth 

chosen value of ai where the sensitivity is needed, 

then at * *
1 1{ } { , , , , },k

i i ia a a a     the relative sensi-

tivity coefficient of T with respect to ai can be ex-
pressed as 

 

* *
1 1{ } { , , , , }

, 1, 2, .
k

i i i

k i
i

i a a a a

aT
i

a T


 


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

 

      (11) 

Table 3  Averaged parameter values for the numerical 
calculations 

Material
Density 
(g/cm3)

Specific heat 
(J/(g·°C)) 

Thermal conduc-
tivity (W/(m·°C)) 

Water 1.00 4.18 0.60 

Granite 2.70 0.75 2.26 

Sand 2.70 0.75 2.26 

The parameter values for the granite are obtained by averaging 
the corresponding parameter values; the parameter values for 
sand are taken as surrogate approximations that are identical to 
the corresponding parameter values of the granite with similar 
mineral compositions 
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To evaluate the relative sensitivities numerically, 
Eq. (11) can be written in a finite difference form: 
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where Tk, Tk−, and Tk+ stand for the numerically 
calculated temperature values for {a} equating 
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being an increment of ,k
ia  usually taken as less than 

5% of .k
ia  

Using the parameter values in Tables 2 and 3 for 

experiment d as the base values of the parameters, ia  

(i=1, 2, …), the relative sensitivity coefficients of the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 

outflow water temperatures of the vertical fractures 
with respect to the major model parameters are shown 
in Fig. 10, in which the parameter stands for the heat 
source temperature Th, the initial rock model 
temperature T0, the vertical fracture V1 water velocity 
v1, the vertical fracture V2 water velocity v2, the 
volumetric specific heat of the rock matrix ρrcr, and 
the thermal conductivity of the rock matrix Kr, 
respectively. According to Table 4, the degrees of 
relative parameter sensitivities can be categorized 
into four different classes based on the range of values 
of the relative sensitivity coefficients, and the classes 
of parameter sensitivities for the outflow water 
temperatures of the vertical fractures are given in 
Table 5. Note that the temperature of water in fracture 
V2 is highly sensitive to the velocity of water in 
fracture V1, whereas the temperature of water in 

Fig. 6  Temporal variation of temperature of outflow 
water in open vertical fractures (experiment b) 
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Fig. 9  Steady state distributions of temperature along 
the height (experiment e) 

Fig. 8  Temporal variation of temperature of outflow 
water in filled vertical fractures (experiment e) 
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Fig. 7  Steady state distributions of temperature along 
the height (experiment b) 
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fracture V1 is rather insensitive to the velocity of 
water in fracture V2. The relative sensitivities to the 
apertures of the fractures and the porosities of sand in 
the filled fractures, which are not shown, are the same 
as the relative sensitivities to the relevant water 
velocities. 

 
 

7  Conclusions 
 

Water flow and heat transfer experiments and 
numerical calculations were conducted for a meter- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

scale rock model composed of granite blocks with 
two horizontal fractures and two vertical fractures of 
pre-set apertures under open or sand-filled conditions.  

The experiments indicated that the heat advec-
tion due to water flow in the vertical fracture nearest 
to the heat source played a major role in influencing 
the spatial distributions and temporal variations of the 
temperature, through carrying the input thermal 
energy out of the model and impeding heat conduc-
tion in the transverse direction, and such effects in-
creased with larger water fluxes in the fractures and 
decreased with higher heat source temperature and/or 
larger distance of the fracture from the heat source. 
Enhanced heat conduction was observed when the 
fractures were filled with sand, and transverse heat 
transfer became more pronounced than the cases with 
open fractures. Water in the two horizontal fractures 
essentially remained standstill and played a role of 
enhancing heat storage and conduction. There was no 
phase change of the water in the fractures, which was 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4  Classification of relative parameter sensitivi-
ties (Lenhart et al., 2002)  

Class Index Sensitivity 

I 0 | | 0.05k
i   Small to negligible 

II 0.05 | | 0.2k
i   Medium 

III 0.2 | | 1k
i   High 

IV 1 | |k
i  Very high 

 

Fig. 10  Relative sensitivity k
iβ  of the outflow water temperatures of vertical fractures V1 (a) and V2 (b) with re-

spect to parameter k
iα  with 

iα  being the base value 
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Table 5  Classes of parameter sensitivities for the outflow water temperatures of the vertical fractures 

Parameter 
Index Class 

Fracture V1 Fracture V2 Fracture V1 Fracture V2 

Water velocity in fracture V1  −0.64–−0.03 −0.73–−0.13 From I to III when the 
parameter increases 

From II to III when the 
parameter increases 

Water velocity in fracture V2  −0.09–−0.03 −0.89–−0.39 From I to II when the 
parameter increases 

III 

Heat source temperature  1.15–1.46 1.14–1.48 IV IV 
Initial temperature  −0.25–−0.09 −0.25–−0.09 From II to III when the 

parameter increases 
From II to III when the 

parameter increases 
Volume specific heat of rock 0.02–0.04 0.01–0.02 I I 

Thermal conductivity of rock 0.35–0.52 1.26–1.55 III IV 
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mainly due to the experimental arrangement of no 
direct exposure of the fractured rock model to the 
atmosphere, and the hydraulic head at steady state 
assumed nearly linear distribution along the vertical 
fractures.  

The numerical scheme was formulated and 
coded by using finite difference for the model domain 
and the fourth order Runge-Kutta method for the 
resulting 1st order ordinary differential equations 
with respect to time. In general, good consistency was 
observed for comparisons of the numerical calcula-
tions using both the developed code and the TOUGH2 
software with the experimental data, and it was found 
that the effects due to a certain degree of unavoidable 
heat loss during the experiments, albeit relatively 
minor in general, could get more pronounced at loca-
tions where the temperatures were significantly lower 
than the heat source temperature.  

Relative sensitivities of the temperature of the 
outflow water in the vertical fractures with respect to 
a set of major model parameters were calculated, 
which revealed that, in addition to the heat source 
temperature and the thermal conductivity of the rock 
matrix, the velocity of water in the fracture nearest to 
the heat source, when increased, changed from being 
an insensitive parameter into acting as a highly sen-
sitive parameter. 
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