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Abstract

This paper presents thermo-hydro-mechanical (THM) analyses simulating the Drift Scale Test (DST) performed at Yucca

Mountain. A double structure approach based on two superimposed domains is adopted. Intrinsic permeability changes with

deformations imply full THM coupling. Temperatures and gas permeabilities were measured during 4 years and are used to validate

the model. Measured gas permeability variations show patterns that are successfully explained by the model calculations. These gas

permeability variations may be attributed to thermo-hydraulic effects, and also to mechanical effects. Different cases of intrinsic

permeability variations have been considered in the model and their influence on the calculated temperatures, degree of saturations

and gas permeabilities are presented. Volumetric deformation, in contraction or dilatancy, implies changes in the aperture of rock

fractures that in turn lead to changes in intrinsic permeability. Dilatancy, caused by shear stresses, increases intrinsic permeability.

Consideration of this factor contributes significantly to improve the agreement of calculated gas permeability with the measured

values obtained during the DST experiment.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The in situ heating test Drift Scale Test (DST)
performed at Yucca Mountain is a challenging model-
ling problem because it involves several coupled
phenomena, concerning multiphase fluid flow in a
deformable rock. The in situ DST consists of a 47.5m
long, 5m diameter drift heated by nine heaters simulat-
ing waste canisters placed on the floor. Additional heat
is supplied by 50 wing heaters inserted into horizontal
boreholes drilled into each side wall [1,2]. Temperatures
above 200 1C are achieved at some points.
Thermal–hydrological simulations have been per-

formed by Birkholzer and Tsang [3] using the finite
e front matter r 2005 Elsevier Ltd. All rights reserved.
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volume simulator TOUGH2 [4,5]. These involve three-
dimensional (3D) analyses and the simulation covers 400
days which is the time for which measurements were
available at the moment the model was developed. The
thermo-hydrological model presented by these authors
has served as a relevant reference for the work presented
here. Most for thermo-hydrological parameters have
been taken from these authors [3].
In other reports containing modelling contributions

of the DST test, thermo-mechanical calculations were
performed in two dimensions using the calculated
temperatures from the 3D thermo-hydrological models
as input data for the mechanical calculations [2]. The
coupling considered in those calculations was only in
one direction, although temperatures were influenced by
the hydrological processes and vice versa; the thermo-
hydrological problem was not influenced by deforma-
tions, but deformations were influenced by the thermal
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field. However, one can expect that water and air flow,
which are controlled by intrinsic permeability, will be
influenced by deformations. Consequently, the tempera-
ture field may be modified because thermal conductivity
is a function of water content and because heat is
transported by advection due to fluid flows.
Thermo-hydro-mechanical (THM) investigations and

modelling are a subject of increasing interest, especially
in problems related to waste disposal. For instance,
Rutqvist et al. [6] present a comparison of programs
intended for THM modelling in rocks (ROCMAS,
FRACON, THAMES and AQCLAY) regarding the
THM formulation that is used in each of them. These
programs were used for modelling the THM behaviour
of Kamaishi Mine Heater Experiment. The main
discrepancies among the programs are related to the
treatment of the gas phase. In the case of CODE_B-
RIGHT [7,8], the program that is used in this paper, the
formulation of balance equations was made based on
the compositional approach and diffusion, dispersion
and advection are explicitly considered in the gas phase.
This means that vapour is transported by these various
mechanisms of transport and all vapour fluxes imply
energy transport.
In another contribution, Rutqvist et al. [9] and

Rutqvist and Tsang [10] explore the possibilities of
doing THM analyses by coupling TOUGH2 and
FLAC3D in a sequential way. This approach is
interesting because it exploits the capabilities of the
TH approach and the M approach coming from two
specialized programs. Couplings are introduced via
external modules. One of the applications performed
using THOUGH-FLAC is the problem of disposal of
nuclear waste in an unsaturated fractured porous media.
The stress field influences porosity, intrinsic permeability
and capillary pressure. Anisotropy is considered because
the intrinsic permeability variations depend on axis
direction according to changes in the stress tensor. It is
concluded that the sequential approach is sufficiently
appropriate because the hydro-mechanical changes are
slow in the examples investigated. A result regarding the
importance of the couplings is that the thermo-hydro-
logical problem shows moderate influence from the
mechanical part.
In another context, there are various applications of

THM problems using CODE_BRIGHT that should be
mentioned. The THM applications are related to
unsaturated soils and with temperatures limited below
100 1C because bentonitic clays considered in radio-
active waste schemes may undergo structure changes if
temperatures become too high. For instance, Gens et al.
[11] report THM analyses to investigate the behaviour
of an engineered clay barrier for radioactive waste
disposal in granitic rock. In addition, Olivella and Gens
[12] have investigated the vapour migration in low
permeability clays. In this work, it was found that gas
permeability plays an important role in the mobility of
vapour in the gas phase. Also in this paper, a discussion
on the effects of capillary pressure on phase change is
performed. It is recognized that there are two
approaches reported in the literature depending on the
porous medium retention properties. In the geo-
thermal reservoir (GR) approach, the small capillary
effects are neglected and this implies the absence
of a retention curve and, therefore, degree of saturation
is obtained from enthalpy balance. In contrast, the
non-isothermal unsaturated soil (NUS) approach is
based on the assumption that degree of saturation is
given by the retention curve and it is a function of
capillary pressure. In this paper, the NUS approach is
used. It is interesting to note, however, that the
fractured tuff in which the DST test was performed
contains fractures that desaturate at very low capillary
pressures (few kPa) while the matrix has smaller pores
and requires higher capillary pressures to desaturate
(hundreds of kPa).
This paper presents coupled THM analyses based on

the DST in situ test configuration. The coupled THM
analyses have been performed in two dimensions using
CODE_BRIGHT and a double structure is considered
by means of superposition of meshes. Comparison with
measurements of temperatures and gas permeabilities is
performed. Former, analyses of the DST test with
CODE_BRIGHT using single structure have been
described elsewhere [13,14] and were considered as a
first step towards this modelling work. For space
reasons, the single structure calculations are not
included here. Results from this single structure model-
ling are also used for comparison purposes by Rutqvist
et al. [15].
2. THM formulation and code description

The governing equations for the THM problem are
balance equations and constitutive equations. Mass
conservation equations apply to water and air. When
the porous medium is deformable, the momentum
balance equation (mechanical equilibrium) is also taken
into account. In non-isothermal problems, the internal
energy balance for the total porous medium must be
considered. The basic equations solved by the finite
element code CODE_BRIGHT are:
Mechanical equilibrium equations (1, 2 or 3 dimen-

sions)

r � r þ b ¼ 0, (1)

where r is the stress tensor and b is the body forces
vector. This equation should be combined with a
mechanical constitutive model (stress–strain equation)
and the strain–displacement equations.
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Conservation of component i is expressed in the
following way:

q
qt

ðoi
lrlSlfþ oi

grgSgfÞ þ r � ðjil þ jigÞ ¼ f i; i ¼ w; a,

(2)

where o is the mass fraction, r is the density, f is the
porosity, S is the degree of saturation, j are the total
fluxes and fi is a source–sink term. Subscripts l or g
correspond to liquid or gas phase, respectively. Super-
script i ¼ w or a leads to water or air balance,
respectively. The mass balance equations should be
combined with constitutive equations and equilibrium
restrictions. Darcy’s law and Fick’s law are used for the
calculation of the fluxes, respectively, for the phases and
for the components.
Internal energy balance is written as

q
qt

ðEsrsð1� fÞ þ ElrlSlfþ EgrgSgfÞ

þ r � ðic þ jEs þ jEl þ jEgÞ ¼ f Q, ð3Þ

where E is the internal energy, jE are fluxes of internal
energy and f Q is a source/sink term of heat. More details
Table 1

Tuff hydraulic properties for the lower, intermediate and upper rock units c

Property Lower I

Matrix Fractures M

Porosity (dimensionless) 0.13 0.00329 0

Intrinsic permeability (m2) 0.247� 10�15 0.187� 10�11 0

Capillary pressure parameter (Po)

in VGM for retention curve

(MPa)

0.354 0.0602 0

Shape parameter (m) in VGM for

retention curve

0.207 0.492 0

Residual saturation in VGM for

retention curve

0.08 0.0 0

Shape parameter (m) in VGM for

liquid relative permeability (krl)

0.207 0.492 0

Gas relative permeability (krg) 1� krl Sg
3 1

VGM, Van Genuchten model.

Table 2

Tuff thermal and mechanical properties for the lower, intermediate and upp

Property Lower

Porosity (dimensionless) 0.13

Dry thermal conductivity (W/mK) 1.59

Saturated thermal conductivity (W/mK) 2.29

Solid phase specific heat (J/kgK) 865

Elastic modulus (MPa) 36,800

Poisson modulus (dimensionless) 0.2

Thermal expansion coefficient (K�1) 0.2� 10�4
of the formulation and numerical method can be found
elsewhere [7,8].
3. Double structure approach

The specific nature of the host rock (fractured tuff)
makes it necessary to recognize that double porosity
and, hence, double permeability play a role in the
hydrological problem. Hydraulic properties that corre-
spond to the tuff are summarized in Table 1, mechanical
and thermal properties are summarized in Table 2.
Three units are distinguished in the rock and are
referred to in this paper as: Lower, Intermediate (where
the drift was excavated) and Upper. These correspond,
respectively, to the units tptpll, tptpmn and tptpul
referred in other works.
The intrinsic permeabilities together with relative

permeability (calculated using the van Genuchten [16]
parameters for retention curve) permit to obtain a
function of permeability versus capillary pressure that is
represented in Figs. 1 and 2, respectively, for the liquid
and for the gas. The curve is obtained by adding the
contribution of the matrix and the fracture. This plot of
onsidered

ntermediate Upper

atrix Fractures Matrix Fractures

.11 0.00260 0.154 0.00171

.124� 10�16 0.100� 10�12 0.525� 10�17 0.635� 10�12

.444 0.01027 0.0943 0.006369

.247 0.492 0.243 0.492

.18 0.0 0.06 0.0

.247 0.492 0.243 0.492

� krl Sg
3 1� krl Sg

3

er rock units considered

Intermediate Upper

0.11 0.154

1.67 1.15

2.10 1.70

865 865

36,800 36,800

0.2 0.2

0.2� 10�4 0.2� 10�4
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Fig. 1. Liquid permeability as a function of capillary pressure

(intermediate rock unit).
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Fig. 2. Gas permeability as a function of capillary pressure

(intermediate rock unit).
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equivalent permeability was very useful for approximat-
ing an equivalent permeability function for single
structure analyses [14]. Here, it is not necessary to
perform any simplification because matrix and fractures
are considered separately.
Figs. 1 and 2 show that the rock matrix, although it is

less permeable, may be dominant depending on the
capillary pressure. This happens for both, the liquid and
the gas phases. The field test undergoes large variations
of capillary pressure in space and time. For instance,
high capillary pressures develop near the drift due to
strong drying induced by heating.
Diffusion of vapour is calculated in the following

way:

i ¼ �t$ðfSgÞrgDðT ;PgÞIrowg , (4)

where t ¼ 1 is a tortuosity coefficient, $ ¼ S�n
g is an

enhancement factor, ðfSgÞ is an estimation of the
available area for diffusion, rg is the gas density, D(T,
Pg) is the molecular diffusion coefficient for vapour
which depends on temperature and gas pressure, I is the
identity matrix, and owg is the mass fraction of vapour in
the gas phase. Vapour diffusion takes place through the
rock matrix due to the higher porosity of the matrix.
The enhancement factor for vapour diffusion is justified
by several factors, i.e.: meniscus are short-cuts for
vapour migration [17], the temperature gradients are
locally higher than the average value in the porous
medium [17] and, finally, the gas permeability is high so
the dry-air is stationary (in a closed system, dry-air/
vapour binary diffusion induces an advective gas flow
that maintains the dry-air stationary) [12,18]. The
enhancement factor is calculated as a function of gas
degree of saturation. The value of the power n has been
set to 1 which means that vapour diffusion is highly
efficient even at high water contents.
The heat power introduced in the calculations in two

dimensions corresponds to both the heaters in the drift
and the wing heaters in the sidewall boreholes. Since the
model is 2D (per metre in the axial direction), the
following values have been considered:
Heat power in canister-heaters

QðW=mÞ ¼ Qtotal=ðn � sÞ

¼ 36; 400W=ð9 canister� 4:7mÞ

¼ 860W=m:

Heat power in inner wing-heaters

QðW=mÞ ¼ Qtotal=ðn � sÞ

¼ 37; 520W=ð50 wings� 1:87mÞ

¼ 401W=m:

Heat power in outer wing-heaters

QðW=mÞ ¼ Qtotal=ðn � sÞ

¼ 55; 300W=ð50 wings� 1:87mÞ

¼ 591W=m:

The total power (Qtotal) is divided by the number of
heaters (n) and the associated length (s). The total power
corresponds to 70% of the nominal power. This
reduction is based on a 3D–2D comparison for the
linear heat flow problem. An average reduction coeffi-
cient of the power is applied according to an exponential
decay law (Q ¼ Qo expð�atÞ). The exponential coeffi-
cient has been set to a ¼ 0:07884 yr�1 on the basis of the
actual decay of supplied power. The power is distributed
among the nodes in the corresponding length; however,
1D elements with high thermal conductivity and without
hydraulic properties connect the nodes in the drift wall
and connect the nodes inside the inner heater wing and
also inside the outer heater wing. The inner and the
outer heater wings are not connected with such 1D
elements.
Fig. 3 shows the geometry and the conceptual double

structure approach. Fig. 4 shows the finite element mesh
which is duplicated to consider the matrix and the
fractures. It can be observed that the concrete invert has
also been considered in the simulation. Since a 2D
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Fig. 3. Geometry and boundary conditions for THM calculations and detail of the approach for the treatment of the double structure using two

superimposed domains.

Fig. 4. Finite element mesh composed by 6508 nodes. Half of the nodes belong to the matrix and half belong to the fracture. In addition to the 2D

triangle elements, each pair of nodes is connected by a 1D element.
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analysis usually corresponds to 1m in the out of plane
direction, the model here uses 0.5m for the thickness of
each mesh.
1D elements connect the matrix and the fracture.

Each 1D element connects two nodes, one node in the
matrix and another in the fracture. The transport
properties of the connection elements (i.e., hydraulic
conductivity, thermal conductivity and vapour diffu-
sion) are equal to the properties of the matrix and the
travel distance between the matrix and the fracture
(length of the 1D elements) is set to 0.01m. These
connection elements do not have volume, i.e., do not
store mass or energy. However, for each node, the cross-
sectional area of the corresponding 1D element is set as
the area of the 2D cell associated to the node. The area
of the 2D cell associated to each node is obtained by
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means of the integral of the differential area times the
finite element 2D shape function associated to the node.
In this way, the connection is independent of the
refinement of the mesh because, although there are
more connections in the zone of refined elements, the
associated areas are smaller in these refined zones.
Due to the short length of the 1D elements, there is

practically equilibrium between the matrix and the
fracture (same pressure and temperature). However,
due to the different retention curves considered for the
matrix and the fracture, the initial degree of saturation is
	92% (matrix) and 	5% (fracture) at the drift horizon.
Longer lengths of the connection elements could be used
to represent larger spacing between fractures and, in
such case, pressures and temperatures would tend to be
different in the two media.
A key point in the model presented in this paper is the

mechanical coupling. Generally speaking, the coupling
between the mechanical and the hydraulic problem can
take place in different ways. One of the couplings that
may be relevant for the DST test is the variation of
intrinsic permeability induced by porosity changes.
Porosity changes induced by volumetric strains are

distributed equally between the matrix and the fracture
in this work. This can be written in the following way:

Df ¼ Dfmatrix þ Dffracture ¼ ð1� fmatrix � ffractureÞD�v,

Dfmatrix 

1

2
� fmatrix

� �
D�v ¼ ð1� 2fmatrixÞD�v=2,

Dffracture 

1

2
� ffracture

� �
D�v ¼ ð1� 2ffractureÞD�v=2,

ð5Þ

where it can be seen that the sum of the two variations
of porosity, respectively, for the matrix and for the
fracture equals the total variation of porosity. This latter
is proportional to the total volumetric strain variation.
Compression or dilation can be considered for volu-
metric strain and this will lead to reduction or increase
of porosity, respectively. Obviously, assuming an equal
distribution of deformations between fracture and
matrix is a simplifying approximation. Different dis-
tributions could be considered but this depends also on
the mechanical constitutive model used. Here, the
thermo-elastic approach is considered, which can be
written as

D�v ¼
Dp

K
þ 3aDT ; K ¼

E

3ð1� 2vÞ
,

D�s ¼
Dq

3G
; G ¼

E

2ð1þ vÞ
, ð6Þ

where E, n, K, G are elastic parameters, a is the thermal
expansion coefficient, T is the temperature, and p and q

are stress invariants (respectively, mean stress and
deviatoric stress).
Fracture aperture may be related with porosity
associated to the fractures, i.e., ffracture ¼ b=s, where b

is the aperture and s the spacing between fractures if a
family of parallel fractures is considered. The fact that
porosity and aperture are proportional permits to
conclude that the cubic law (k ¼ b3=ð12sÞ) of intrinsic
permeability [19] and Kozeny’s law are equivalent if
written in the following way:

kf ¼ kof
f3f

ð1� ff Þ
2

ð1� fof Þ
2

f3of

 kof

f3f
f3of

¼ kof
b3f

b3of
, (7)

where ff is the fracture porosity (fof is a reference value
for ff), bf is the fracture aperture (bof is a reference value
for bf) and kf is the intrinsic permeability due the
presence of fractures (kof is a reference value for kf). The
first part of Eq. (7) (Kozeny’s law) is applied either to
the matrix or to the fracture. However, volumetric
deformation has different effect on permeability depend-
ing on the porosity ranges. In this problem, volumetric
strains are relatively small and are caused by the
combined thermo-mechanical effect. For low porosities
(as happens in the fracture where porosity is less than
0.004) the changes of permeability are significant while
for high porosities (as happens in the matrix where
porosity is higher than 0.10) the changes of permeability
are negligible. The approach followed in this paper
implies heterogeneous and isotropic permeability dis-
tribution as deformation progresses. Finally, capillary
pressure is not modified by changes in porosity or
aperture as proposed by Rutqvist and Tsang (2003) [3].
This could be included and would imply a moderate
decrease of retention properties in the fracture. A factor
for capillary pressure variation can be calculated from
permeability changes as cubic law, k ¼ b3=ð12sÞ, and
Laplace’s law, pg � pl ¼ 2s=b, are combined. The
variation of intrinsic permeability expected in this
problem is less than one order of magnitude and this
implies a variation of the capillary pressure by a factor
less than 2.
4. Analyses performed

In this section, the results obtained in a set of three
cases are presented and compared with temperature and
gas permeability measurements. The main objective of
the paper was to investigate the effects of mechanical
coupling on the thermo-hydrological calculations. In
order to show the effect of such coupling, three cases are
described. The first one corresponds to minimum
coupling because intrinsic permeability is considered
constant, i.e., does not change with deformations. The
mechanical problem is solved using the linear standard
thermo-elastic model described above (Eq. (6)), how-
ever, leading to small porosity variations. The second
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case includes intrinsic permeability variations via the
cubic law (Eq. (7)), and deformations are calculated in
the same way (Eq. (7)). Finally, the third case presented
in this section, includes intrinsic permeability variations
via cubic law too, but deformations are calculated with a
thermo-elastic model modified with a dilatancy term.
Fig. 5 shows a schematic representation of the section

of the test with the location of measurements consid-
ered. Boreholes 158 and 160 contain temperature
sensors installed every 30 cm. This means that, e.g.,
158–55 and 160–55 are situated at 16.5m (55� 0.30m2)
away from the drift wall.
Fig. 5 shows also the position for gas permeability

tests at Boreholes 74 and 76, each one displaying two
intervals for gas permeability measurements. Boreholes
57 and 59 are situated in a similar position as 74 and 76
but in a different vertical section. In this way, if the host
rock was homogeneous, 57–3 and 57–4 would show
similar behaviour as 74–3 and 74–4, respectively, and
59–3 and 59–4 would show similar behaviour as 76–3
and 76–4, respectively.

4.1. Constant intrinsic permeability (BASE CASE)

This section shows the results of a THM simulation
with moderate coupling between the thermo-hydraulic
(TH) and the mechanical problem (M). Although the
mechanical part is included (thermo-elastic behaviour),
the intrinsic permeability is considered constant, i.e.,
independent on the changes of deformations in each
medium.
The calculated temperature for the 4 years

modelling can be compared with measurements
available. Fig. 6 shows the computed temperature
evolution up to 4 years of heating compared with
measurements for the Boreholes 158 (vertical from drift
roof) and 160 (horizontal from drift wall). The



ARTICLE IN PRESS

Fig. 7. Calculated saturation at 4 years. Matrix saturation using 0–1.0 range. Fracture saturation using 0–0.6 range. BASE CASE.
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calculated and measured temperatures agree well for
Borehole 158. For 158–10 and for 158–20, temperature
remains constant for some days at 100 1C in both
measurements and calculations. This is an evidence of
the water phase change which is associated with the
consumption and transport of the latent heat by the
water. Phase change is also evident in Borehole 160. All
the points, except the one located farther away (168–55)
undergo some temperature stabilization at 100 1C.
Temperatures show the largest discrepancies at points

160–5, 160–10 and 160–25. These sensors are located at
1.5, 3 and 7.5m from the drift wall in the horizontal
direction and, therefore, these sensors measure tempera-
tures very close the wing heaters. The wing heaters are
discrete sources separated 1.87m from each other in the
drift axis direction. This is not considered in the 2D
vertical model and, consequently, the calculated tem-
peratures are smoothed locally.
The distributions of degree of saturation at 4 years for

the matrix and the fracture are shown in Fig. 7. Due to
heating, a dried zone has developed that affects both
matrix and fracture. As water evaporates, it migrates
(diffusion plus gas phase advection) and condenses thus
creating a zone of higher saturation which is affected by
the gravity. A liquid water flux towards the drift appears
because the high capillary pressures developed in the
dried zone. Since liquid relative permeability is reduced
this flow back is not able to equilibrate the vapour
migration.
Finally, Fig. 8 shows the calculated and measured gas

permeability variations. This is defined as the gas
permeability ratio between the current value and the
initial value before heating. In the analysis presented in
this section, gas permeability variations are only caused
by the relative permeability variations induced by
changes in degree of saturation. It can be observed that
for points near the drift (see Borehole 76 in Fig. 5) gas
permeability decreases first and then increases again.
This indicates that a higher saturation front advances.
For points in a position far from the drift (see Borehole
74 in Fig. 5) gas permeability tends to decrease very
moderately and this means that the saturation front has
not reached these points.

4.2. Variable intrinsic permeability (CASE 1)

The analysis presented in this section uses variable
intrinsic permeability and the mechanical problem is
solved using conventional thermo-elasticity. Thermal
expansion induces changes in the stresses and the
variations of porosity depend not only on the elastic
parameters (Young’s modulus, Poisson’s ration and
thermal expansion coefficient) but also on the boundary
conditions and the presence of the drift. In a porous
rock free of stresses and without confinement, thermal
expansion would not tend to change porosity, in
principle. However, if the rock was fully confined, then
the only available space for solid expansion would be
the pores. These are two extreme cases; and the DST test
corresponds to an intermediate situation. If, e.g.,
displacements are not permitted along the external
boundaries, porosity reduces more than in the case of
constant stress on top and lateral boundaries. This latter
case has been considered here as indicated before.
In summary, thermo-mechanical effects cause poros-

ity variations and this induces intrinsic permeability
variations. Kozeny’s law is used for both the matrix and
the fracture. Eqs. (5) are used to calculate porosity
variations and Eq. (7) is used for intrinsic permeability.
Intrinsic permeability shows significant variations in the
fracture and negligible variations in the matrix because
the fracture has much lower porosity (given by the
fracture aperture).
Figs. 9–11 show temperatures, degree of saturation

and gas permeability. It can be seen that temperatures
are somewhat higher than in the BASE CASE and this is
caused by the reduction in the overall water movement
induced by intrinsic permeability reduction. If water and
gas flow are reduced, heat advection is also reduced and
this implies higher temperatures. In principle, tempera-
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Fig. 8. Measured and calculated gas permeability variations. BASE

CASE.
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Fig. 9. Calculated (thick lines) and measured (thin lines) temperatures

for selected points in Boreholes 158 and 160. CASE 1.
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ture could also show the influence of thermal con-
ductivity variations but the degree of saturation in the
matrix is quite similar in both cases and therefore the
temperature differences are attributed to differences in
energy advection. Degree of saturation in the fracture
shows higher values than in the previous case and this
implies an increase of liquid relative permeability and a
further decrease of gas permeability. However, degree of
saturation in the fracture does not affect thermal
conductivity in the rock due to its low porosity.
Gas permeability shows now the combined hydraulic
and mechanical effects. The saturation front is still
observed in Borehole 76, but permeability reduces more
than in the BASE CASE due to intrinsic permeability
reductions induced by mechanical effects. This is more
evident in Borehole 74 for which hydraulic effect was
very moderate while now porosity reduction induces
significant changes in permeability. Gas relative perme-
ability is generally lower in this case because of the
higher water content in the fracture.
4.3. Variable intrinsic permeability (CASE 2)

The analysis presented in this section uses again
variable intrinsic permeability in the same way as before
but now the mechanical problem is solved in thermo-
elasticity including dilatancy. This is a simplification
because plasticity would be required if dilatancy had to
be included, generally. However, as a first approxima-
tion, dilatancy in considered a function of the elastic
deviatoric strains.
A simplified model has been used. The basic assump-

tion is that shearing induces dilatancy. Elastic volu-
metric strain is then calculated in terms of the stress
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Fig. 10. Calculated saturation. Matrix saturation using 0–1 range. Fracture saturation using 0–0.6 range. CASE 1.

S. Olivella, A. Gens / International Journal of Rock Mechanics & Mining Sciences 42 (2005) 667–679676
invariants p and q in the following way:

D�v ¼
Dp

K
þ

ðtan cÞDq

3G
þ 3aDT , (8)

where c is a dilatancy angle. A value of 241 for the
dilatancy angle has been considered in the calculations.
Using this model, permeability will increase or decrease
depending on the shearing occurring in the different
zones. Compression by mean stress increase still induces
porosity reduction but the combined effect of compres-
sion and dilatancy may lead to zones where permeability
decreases and zones where it increases. Furthermore,
strains change with time because temperature increases
with time. The type of model described in Eq. (8) was
proposed in [20] for anisotropic elastic soils.
Temperatures, degree of saturation and gas perme-

ability are plotted in Figs. 12–14. This case shows
temperatures in between the two previous cases (BASE
CASE and CASE 1). This means that, globally, heat
flow due to water flow is higher than in CASE 1 but
somewhat lower than in the BASE CASE. The degree of
saturation distribution, both for the matrix and the
fracture, is rather close to the BASE CASE.
Gas permeability results show a significant improve-

ment (Fig. 14). A comparison of CASE 2 with the BASE
CASE and with CASE 1, evidences that CASE 2 contains
mechanical effects in a more appropriate way. For
Borehole 76, the calculated evolution of gas permeability
corresponds well with measurements except for the
permeability increase measured at 59–3 which seems to
indicate a local heterogeneity. For Borehole 74 dilatancy
plays a significant role because this is the only calculation
that permits the reproduction of the gas permeability
increase shown by the measurements during the 1st and
2nd year. According to the model, permeability increases
first due to shearing and afterwards it decreases due to
compression induced by heating.

5. Conclusions

A double structure calculation has been considered in
order to investigate the THM behaviour of the DST test
at Yucca Mountain. The model is mainly based on
previous TH calculations published in the literature [3]
and on single structure THM calculations performed by
the authors [14]. Comparison with temperatures and gas
permeabilities has been possible because the authors
participated in an international benchmarking exercise
in the context of DECOVALEX-III project. The main
phenomenon that has been considered in this work is the
influence of mechanical effects on the thermal–hydrolo-
gical problem.
The double structure approach is more appropriate to

model the DST test than the single structure for several
reasons: (a) hydrological calculations are more realistic
because the advective fluxes are more consistent due to
independent permeability functions considered for the
matrix and the fracture which are related to different
retention curves, (b) the characteristic temperature
signature due to water phase change is captured better
than in single structure calculations, (c) intrinsic
permeability variations with deformation can be intro-
duced in a more consistent way, specially because they
should be attributed to the fractures rather than to the
matrix.
In order to have a reference analysis, a BASE CASE

calculation was performed by assuming that intrinsic
permeability was not dependent on the mechanical part.
As permeability variations were incorporated (CASE 1),
it has been shown that using standard thermo-elastic
behaviour, the reduction of permeability due to com-
pression was sufficient to modify the moisture distribu-
tion, especially in the fracture. The flux of water was
reduced because of the intrinsic permeability reduction
but at the same time relative permeability was higher
due to higher water saturation in the fracture. However,
the temperature field indicates that globally there was
less energy transported by advection. In CASE 1, both
liquid and gas permeability were smaller. Intrinsic
permeability reduction implies also less evidence of the
water phase change and the periods of temperature
stabilization were reduced.
When comparing temperatures and gas permeabilities

with measurements in CASE 1, there are two aspects that
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Fig. 11. Measured and calculated gas permeability variations.
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seem to indicate that intrinsic permeability reduction was
not fully realistic. Firstly, the temperature stabilization
periods at 100 1C were shorter, and secondly, calculated
gas permeability reduced more than in the measurements.
Both aspects led to conclude that reduction of intrinsic
permeability was overestimated.
The third analysis presented in the paper incorporates

a modified version of elasticity which includes dilatancy
(CASE 2). This analysis leads to a quite different
distribution of intrinsic permeability variations, with
zones in which intrinsic permeability reduces because
compression dominates and zones where intrinsic
permeability increases because dilatancy dominates.
The overall behaviour obtained is improved and the
gas permeability model predictions show encouraging
agreement with measurements, even for the zones were
hydrological effects are small.
Finally, it can be concluded that in the case of DST

test at Yucca Mountain, several types of THM
couplings take place. The mechanical problem has been
solved considering a simplified model and the intrinsic
permeability variations induced by deformations have
been introduced. This permits a coupling from mechan-
ical to hydraulic and in turn to thermal. The cases
analysed show that both temperatures and gas perme-
abilities are influenced by deformations. The model is
able to reproduce the measured gas permeability
variations when dilatancy induced by shearing is
included. Temperature predictions indicate that there
could be a mechanical process (dilatancy) that tends to
increase intrinsic permeability at least to compensate the
compression induced by volumetric thermal expansion
of the rock.
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Fig. 13. Calculated saturation. Matrix saturation using 0–1.0 range. Fracture saturation using 0–0.6 range. CASE 2.
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