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1. Yucca Mountain Project Drift Scale Test 
 
 

1.1 Yucca Mountain Project Drift Scale Test 
 
    The DST in Yucca Mountain in Nevada, USA is a large scale, long term field thermal 
test being conducted for the U.S. DOE. In the DST a  ~5 m diameter drift, ~ 50 m long 
is being heated by electrical heaters to study the response of the surrounding rock mass 
to the heating and subsequent cooling.  The test is an integral part of DOE’s program of 
site characterization at Yucca Mountain to assess whether the mountain is suitable site 
for a repository for the disposal of high level nuclear waste and spent nuclear fuel. 
In Task 2 of DECOVALEX III project the DST is a test case in the process of 
developing and validating coupled process models.  Before the heating phase of the 
DST at Yucca Mountain was started in December 1997 modeling of various coupled 
processes was carried out to predict the measurements to be made in the test. These pre-
test simulations were performed by U.S. DOE sponsored research teams at the national 
laboratories.  Subsequently, Task 2 participants of DECOVALEX III project 
independently performed predictive modeling of the DST.   
    In the broadest sense the primary purpose of the DST is to develop a thorough 
understanding of the coupled thermal (T), mechanical (M), hydrologic (H), and 
chemical (C) processes in the rock mass immediately surrounding the proposed 
repository because of the decay heat from the nuclear waste.  To achieve this primary 
purpose a series specific sub-tier test objectives are established, categorized around the 
four principal processes of concern. These test objectives are: 
 

Thermal 
 Measure the temporal and spatial distributions of temperature 
 Evaluate influence of heat transfer modes 
 Investigate possible formation of heat pipes 
 Determine rock mass thermal properties 

 
Mechanical 

 Measure rock mass mechanical properties 
 Evaluate ground support response under controlled conditions 
 Measure drift convergence at elevated temperatures 
 Observe effect of thermal loading on prototypical ground support systems and 
overall room stability 

 
Hydrological 

 Measure changes in rock saturation 
 Monitor the propagation of drying and subsequent re-wetting, if any, including 
potential condensate cap and drainage 
 Measure changes in bulk-permeability (pneumatic) 
 Measure drift-air humidity, temperature, and pressure 

 
Chemical 

 Collect and analyze samples of water and gas 
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 Analyze changes in typical waste package material left in the heated drift 
 Observe changes in water and mineral chemistry from drying and reflux 
conditions 

 
 

1.2    Test setting and test facility 
 
    A description of the setting of the DST and the test facility can be found in Datta et 
al.(1999) which is the basis of the following descriptions.  
    Yucca Mountain, approximately 135 kilometers northwest of Las Vegas, Nevada is 
part of a series of north-trending ridges in the Great Basin physiographic province of 
North America. The mountain is underlain by 1000 to 1500 meters of Tertiary volcanic 
tuffs, formed from the ash of eruptions occurring between 8 and 16 million years ago.  
The volcanic tuffs are generally bedded, separated in beds that are generally non-welded 
to densely welded, and in addition, some are devitrified and others are vitric.  The 
proposed repository horizon is within a sequence of beds, up to 350 meters thick, of 
moderately to densely welded devitrified tuff known as the Topopah Spring Tuff of the 
Paintbrush Group.  The sub-units of the Topopah Spring Tuff are based primarily on the 
abundance of lithophysae which are cavities with dimensions on the order of 
millimeters to hundreds of millimeters, formed due to the presence of gases in the 
cooling ash flows.  The presence or absence of lithophysae can have a pronounced 
effect on the mechanical and hydrologic properties of the rocks.   
    Topopah Spring Tuff is divided into four sub-units: the upper and lower lithophysal 
and the middle and lower non-lithophysal.  The geologic symbols for the upper and 
lower lithophysal sub-units are Tptpul and Tptpll respectively while those for the 
middle and lower non-lithophysal sub-units are Tptpmn and Tptpln respectively. The 
lower non-lithophysal sub-unit (Tptpln) is stratigraphically the lower most, overlain by 
Tptpll, Tptpmn, and Tptpul in that order.  The bulk of the proposed repository will be 
located in the lower lithophysal (Tptpll) sub-unit, with small portions in the middle and 
lower non-lithophysal sub-units.  In the hydrologic stratigraphy of the Yucca Mountain 
area, the symbols for these sub-units of Topopah Spring Tuff are tsw33, tsw34, tsw35, 
and tsw36 with tsw36 being the lower most and tsw33 being the upper-most, 
corresponding to Tptpln and Tptpul respectively. 
    The DST is located entirely in the middle non-lithophysal sub-unit of Topopah 
Spring Tuff represented by Tptpmn or tsw34.  These geologic or hydrologic symbols 
are frequently employed in this report to specify the beds. 
     The DST consists of a 47.5m long, 5m diameter drift heated by nine canister heaters, 
each 1.7m diameter, 4.6m long, placed on the floor of the drift.  Additional heat is 
supplied by 50 rod heaters, referred to as “wing heaters” inserted into horizontal 
boreholes drilled into each sidewall. (Figure 1.1).  The drift cross-section and the 
canister heaters are approximately the sizes of drifts and waste packages, respectively, 
being currently considered for the potential repository. The wing heaters are used to 
simulate the heat that would come from adjacent drifts in a repository, and thus provide 
better test boundary conditions. Each canister heater can generate a maximum of 15kW.  
The wing heaters are each 10 meters long, and have inner and outer segments that can 
generate 1145W and 1719W, respectively.  Rockbolts and wire-meshes are installed as 
ground support along the entire length of the Heated Drift. In addition, the final 12.5m 
length of the drift was supported by a cast-in-place concrete liner to observe the 
performance of a concrete-lined drift at elevated temperatures. An access/observation 
drift excavated parallel to the heated drift, and a perpendicular connecting drift are 
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constructed around the periphery of the test block (Figure 1.1).  The heated length of the 
drift is isolated from the connecting drift by an insulated thermal bulkhead.  The 
bulkhead is not a pressure bulkhead.  This means that some heat exchange by 
convection through the bulkhead will occur.  Approximately 3300meters of boreholes 
are drilled from the heated drift, the connecting drift and the access/observation Drift 
into the test block (Figures 1.1 and 1.2) to house the wing heaters and approximately 
3500 sensors of various types.  By the end of the heating phase of the test extending 
over four years, approximately 15,000 m3 of rock will be heated above 100 degree 
Celcius.  For complete and full descriptions of the DST, refer to the reports, “Drift Scale 
Test Design and Forecast Results” (CRWMS M&O, 1997) and  “Drift Scale Test As-
Built Report” (CRWMS M&O, 1998). 
 
 
1.3     Measurements dada 
 
    The following measurements are being made or were planned to be made in the DST: 
1. Heater Power 
2. Rock temperature by thermocouples and resistance temperature devices 
3. Displacement in rock by multiple borehole extensometers 
4. Deformation of concrete lining by convergence monitors 
5. Strain in concrete by strain gages 
6. Moisture content of the rock by neutron logging 
7. Moisture content of the rock by electric resistivity tomography (ERT) 
8. Moisture content of the rock by ground penetrating radar (GPR) 
9. Acoustic or microseismic emissions 
10. Relative humidity, temperature, and air pressure in sections of boreholes isolated by 

packers 
11. Relative humidity, temperature, and air pressure in the Heated Drift and outside 
12. Changes in fracture permeability (k) by pneumatic methods (air permeability) and 

gas tracer tests 
13. Analyses of gas and water samples collected from the test block 
14. Thermal conductivity and diffusivity by REKA (rapid evaluation of K and alpha) 

probe 
15. Periodic video and infrared images of the inside of the Heated Drift 
16. Rock mass modulus of deformation by the plate-loading test 
17. Temperature on non-rock surfaces such as heaters, bulkhead, cable-trays, etc. using 

thermocouples 
18. Mineralogic-petrologic characteristics of the rock before and after the test 
19. Thermal, mechanical, and hydrologic properties of intact rock samples measured in 

the laboratory, before and after the test 
 
    In addition to the above, coupons of candidate materials for the waste container, 
cylindrical samples of concrete used for the cast-in-place liner, and native microbes 
have either been left in the Heated Drift or injected into the test block to study the 
effects of prolonged heating and cooling on them. 
    An approximately 6000 channel, automated data collection system (DCS) records 
measurements on an hourly basis.  The DCS scans and records the readings of 
temperature, humidity, air pressure, MPBXs, strain gages, convergence monitors, and 
current and voltage for heater power.  Other measurements, referred to as active testing, 
such as air-K measurements, neutron logging, ERT, acoustic emission, GPR, and 
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REKA probe measurements are recorded periodically using independent data 
acquisition systems. 
 

 

Figure 1.1.Location of the wing heaters, canister heaters and instrument holes in the 
Drift Scale Test. 

 
 

 

Figure 1.2.  a) Cross-section parallel to the heated drift; b) Cross-section orthopgonal 
to the heated drift. 
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2. Task 2B/2C – Thermo-mechanical  
    simulation 
 
    Task 2 of the DECOVALEX III project is centered around the DST. There are four 
sub-tasks in Task 2 to study the heat-driven coupled processes of interest. Task 2A is to 
study the TH response of the test block, while 2B/2C and 2D are to study the THM/TM 
and THC responses respectively. 
 
 
2.1  Task 2B/2C definition 
 
    Tasks 2B and 2C deal with the mechanical process in the DST during the heating and 
cooling phases of the test.  To model mechanical processes in the test it is necessary to 
have the time-evolution of temperature distributions in the test block which are inputs in 
the calculation of the mechanical effects.  The difference between task 2B and 2C is that 
in 2B the mechanical effects are simulated using modeled temperature distributions as 
inputs, while in 2C the mechanical effects are calculated using measured temperature 
distributions as inputs.  Otherwise, tasks 2B and 2C are defined as follows: 
 
Given 
a) Results of geologic, thermal, mechanical, hydrologic, and mineralogic/petrologic 

characterization of the test block of the DST 
b) As-built configuration of the test block, including locations of various sensors and 

measuring instruments 
c) Plans of heating and cooling, including expected heater powers at various times 
 
Tasks: 
Predict the time-evolution of the displacements in the test block measured in the MPBX 

holes;  a suitable time Interval such as 10, 30, 50, or 100 days may be used 
Predict the changes in the (fracture) permeability of the rock due to thermal-mechanical 

processes; a time interval of 10,30, 50, or 100 days may be used.   
 

 

2.2 The Task 2B/2C research teams 
 
       Besides the U.S.  DOE’s Office of Repository Development (ORD) formerly 
known as Yucca Mountain Site Characterization Office (YMSCO), the participants in 
Task 2B/2C are ENRESA of Spain, CEA of France and the NRC of the United States. 
The research team of ENRESA is led by Prof. Sebastia Olivella of the UPC in 
Barcelona, Spain. Sui-Min Hsiung of the Center for Nuclear Waste Regulatory 
Analyses of the Southwest Research Institute in San Antonio, Texas leads the NRC’s 
Task 2C research team.  Alain Millard is the leader of CEA’s Task 2C research team. 
The DOE’s research teams are led by Robin N. Datta. 
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3.  Comparison of results and overall  
     evaluation 
 
    The four research teams, namely UPC (for ENRESA), CEA, LBNL (for DOE), and 
CNWRA (for NRC) prepared reports on the outcome of each team’s research on Task 
2B/2C.  These reports are enclosed herewith in Attachments A (Olivella et al., 2004), B 
(Millard, 2004), C (Rutqvist, 2004) and D (Hsiung and Chodhury, 2004), respectively.  
A discussion of the results of the research follows. 
    The Yucca Mountain Drift Scale Test (DST) is a multiyear, large-scale underground 
heating test within the US Department of Energy’s program for the site characterization 
at Yucca Mountain, Nevada. The test is designed to study coupled thermal-
hydrological-mechanical-chemical (THMC) behavior in unsaturated fractured and 
welded tuff. As part of the international cooperative project DECOVALEX III 
(DEvelopment of COupled models and their VALidation against EXperiments, project 
phase III), four research teams used four different numerical models to simulate and 
predict coupled thermal-hydrological-mechanical (THM) processes at the DST.  The 
simulated THM processes included (above boiling) temperature changes, liquid and 
vapor water movements, rock stress and displacements, and THM-induced changes in 
fracture permeability. The predicted THM responses were compared to in situ 
measurements of temperature, water saturation (estimated through geophysical 
measurements), rock-mass displacements, and changes in air permeability.  
    The codes and basic approaches used by the four research teams within the 
DECOVALEX III project follows. The LBNL and UPC teams performed coupled THM 
analyses that included modeling of two-phase fluid flow (air and water), heat transfer 
(conduction and convection), and mechanical stress and strain. LBNL used a dual-
permeability (DKM) approach for simulation of TH processes, whereas UPC used an 
equivalent continuum model. CEA and CNWRA did not simulate fluid flow and heat 
transfer, but performed TM analyses in which the measured temperature field was 
imported to the numerical models. The measured temperature from the several thousand 
sensors in the DST test block was interpolated into a three-dimensional temperature 
field, which in turn was interpolated to nodal points in the numerical mesh of the CEA 
and CNWRA models. For simulation of rock-mechanical behavior, LBNL and UPC 
used elastic models, whereas CEA and CNWRA applied various elasto-plastic models. 
TM-induced permeability changes were modeled by three of the four teams: LBNL, 
UPC, and CNWRA. LBNL and CNWRA correlated permeability to fracture aperture in 
orthogonal fracture sets, where the fracture aperture is controlled by fracture normal 
stress. UPC correlated permeability to porosity, where porosity is controlled by 
volumetric strain.  
    In general, all teams discretized the DST test area into two-dimensional vertical cross 
sections through the center of the heated drift. A two-dimensional geometry was 
deemed sufficient for predicting TM-induced rock displacements and permeability 
changes at selected monitoring boreholes in the vertical x-z plane. However, the 
temperature in the heated drift may be overestimated in a two-dimensional model as a 
result of in situ three-dimensional out-of plane heat loss and because of heat loss 
through a bulkhead at the entrance of the heated drift. UPC therefore reduced the  heater 
power applied in its simulation to be 70% of the actual heat power. LBNL did not 
reduce the simulated heat power, but found a good agreement with the measured 
temperature if loss of heat and vapor through the bulkhead was explicitly simulated. To 
simulate the bulkhead, LBNL added an extra grid element with properties 
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corresponding to a heat-loss coefficient of 0.4375 W/ºK, determined through model 
calibration against early temperature data.  
    Model dimensions, boundary and initial conditions were assigned by each individual 
team based on site information. The lateral and vertical dimensions of the models used 
by each team vary from a few hundred to thousand meters. However, considering the 
limited extent of the heated rock volume during the four-year heating period, the 
boundaries of all four models are judged to be sufficiently far away from the drift to 
avoid adverse boundary effects on the simulated near field THM responses. The initial 
stress field varies somewhat among the research teams. In general at Yucca Mountain, 
the maximum principal stress is vertical, with its magnitude approximated by the weight 
of the overburden rock mass. Considering the depth of the DST, ground surface 
topography, densities of the overlying rock units, the vertical stress should be in the 
interval 4 to 6 MPa. The horizontal stresses are more uncertain because only a limited 
number of stress measurements have been conducted in the Tptpmn rock unit. The 
horizontal stresses at Yucca Mountain have been estimated to be about half of the 
vertical, but the ratio of horizontal to vertical stress could vary between 0.3 to1.0. 
Recent stress measurements around the ESF confirm that horizontal stresses are lower 
than the vertical and indicates a minimum horizontal stress around 2 MPa and 
maximum horizontal stress of about 2.5 to 4 MPa. Because the thermal and mechanical 
responses at the DST are caused by thermally induced stresses, which are independent 
of the initial stresses, the initial stress may have little effect on the simulation results. 
However, the magnitude of initial horizontal stress affects the potential for developing 
tensile failure and shear slip in regions of thermal stress relief away from the heated 
drift.   
    The individual research teams derived material properties suitable for their respective 
modeling approach using site data from Yucca Mountain project reports.  The 
hydrologic properties used by LBNL include water-retention and relative-permeability 
functions representing fractured and matrix continua, whereas UPC uses equivalent 
continuum properties representing a composite effect of matrix and fractures. The rock-
mechanical properties include rock-mass deformability and strength. The Young’s 
modulus adopted for the fractured rock mass by LBNL and CNWRA is about 50% of 
the values of intact rock, whereas UPC and CEA used intact-rock values. Strength 
properties used in the elasto-plastic ubiquitous joint models used by CEA and CNWRA 
are comparable. However, the two most important parameters for simulation of THM 
responses at the DST are coefficient of thermal expansion and a function defining the 
relationship between fracture normal stress and permeability. LBNL, CNWRA, and 
CEA adopted temperature dependent thermal expansion coefficients representing values 
determined from intact core samples. UPC used a constant value, which on the average 
is about twice the thermal expansion adopted by the other teams.  
    The permeability changes at the DST were predicted by LBNL, CNWRA, and UPC, 
using individually derived stress-versus-permeability functions. LBNL derived a stress-
versus-permeability function based on a conceptual model of highly fractured rock 
containing three orthogonal fracture sets.  
    CNWRA used a similar approach to that of LBNL, but the model contains only two 
orthogonal fracture sets (see schematic of fractured rock model for CNWRA in Fig. 4). 
A deformation-permeability relationship based on the Bandis hyperbolic fracture 
normal closure model was extended to include corrections for shear dilation.  UPC 
applied an empirical permeability-versus-porosity relationship.  
    The main difference between the three stress-versus-permeability models are that 
LBNL and CNWRA calculate changes in permeability based on the normal stress for a 
number of orthogonal fracture sets, whereas UPC calculates changes in permeability 
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based on changes in mean stress. Thus, changes calculated by LBNL and CNWRA can 
be anisotropic, depending on normal stress across different fracture sets, whereas UPC 
calculates isotropic changes in permeability controlled by changes in mean stress. Fig. 4 
compares the stress-permeability-functions of the three research teams, for a special 
case of isotropic changes in stress. For an isotropic stress change, the various functions 
show some similarity, although there are differences in slope and residual permeability.  
    Comparing simulated and measured rock temperatures is a first step in evaluating the 
models since temperature change is the driving force behind the coupled THM 
processes at the DST.  Comparisons of simulated and measured displacements and 
changes in air permeability allow further insights to be gained into model performance. 
    There are reasonably excellent agreement between simulated and measured 
temperature for LBNL’s modeling and a reasonably good agreement for UPC’s 
modeling. The difference in simulated temperature between LBNL and UPC can be 
explained by their respective approaches of simulating out of plane and bulkhead heat 
loss.  UPC reduced the heat power input to their two-dimensional model simulation to 
about 70% of the actual heat power.  Although this approach results in an overall 
reasonable agreement with measured temperature, it overestimates the heat loss during 
the first year and underestimates the heat loss towards the end of the heating period. The 
excellent agreement achieved by LBNL between simulated and measured temperature 
throughout the four-year heating period shows that the explicit simulation of the 
bulkhead with an additional element provides an accurate representation of heat loss. It 
correctly simulates heat loss as being proportional to the thermal gradient across the 
bulkhead, rather than being proportional to the heating power.   CEA and CNWRA 
research teams did not perform a temperature simulation, but imported the measured 
temperature into their models.   
    The research teams were asked to predict the time evolution of rock-mass incremental 
displacements along extensometer boreholes for a borehole array located at y = 21 m 
(i.e. close to the middle of the axial extension of the drift). Sensitivity analyses showed 
that displacement magnitudes are mainly dependent on the coefficient of thermal 
expansion, whereas the elastic modulus of the rock has a smaller impact.  The thermal 
expansion coefficient adopted by LBNL, CEA, and CNWRA are similar with intact-
rock values determined on core samples. The UPC team used a thermal expansion 
coefficient that on average was twice the value of any other team and consequently 
calculated displacement values about twice as large. Because the thermal expansion 
coefficient adopted by the UPC team is twice as high as any other team (and twice as 
high as the thermal expansion of intact rock), an intercomparison is not meaningful, and 
therefore, UPC’s displacement results are excluded in the discussion below.  
    In general, the displacements predicted by LBNL, CEA, and CNWRA are consistent 
for elastic models, with larger incremental displacement for anchors located farther 
away from the drift wall. Using elastic mechanical models, the simulated displacements 
along borehole 155 are very close to these measured for anchors 3 and 4, whereas the 
displacement for anchors 1 and 2 is underpredicted. The CEA’s elasto-plastic 
ubiquitous joint model overpredicts displacements, especially in anchors 3 and 4. The 
results for borehole 156 shows excellent predictions of displacement in anchor 3, 
whereas the displacements in anchors 2 and 4 are generally underpredicted. Most 
notably, the CEA’s elasto-plastic ubiquitous joint model provides the best prediction for 
anchor 4 of borehole 156, both in trends and magnitude.  
    The research teams were asked to predict the evolution of fracture permeability at 
specific borehole locations where air-injection tests are conducted at regular time 
intervals of about three months. In this paper, three borholes sections—denoted 76:4, 
74:4 and 76:1, located in a borehole array at y = 30.2 m—are selected for a detailed 
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comparison of simulated and measured evolution of fracture permeability. These 
borehole sections were selected for comparison because they represent characteristic 
responses of fracture permeability at various locations around the heated drift: near the 
heat source (Section 76:4), far above the heat source (Section 74:4), and far on the side 
of the heat source (Section 76:1).  
    Changes in air permeability are caused by the combined effect of TH-induced 
changes in fracture moisture content and TM-induced changes in fracture aperture. TH-
induced changes in fracture moisture content cannot be observed by direct 
measurements, since the moisture in the fracture system is only a small fraction of the 
total moisture content of the fracture-matrix system. However, the extent of the dryout 
zone at the DST is estimated by geophysical methods that include ground penetrating 
radar, electric resistivity tomography, and neutron log.  A comparison of those 
geophysical data with the results by LBNL and UPC indicates that the extent of the 
dryout zone is controlled by the boiling temperature isotherm, and is well captured in 
the numerical results. TM-induced changes in fracture permeability are controlled by 
thermal stress and the adopted stress-versus-permeability relationship. The calculated 
thermal stress is in turn a function of calculated temperature changes, the thermal 
expansion coefficient, and the modulus of rock-mass deformation. A direct comparison 
of the thermal stresses calculated by different teams was not performed. However, based 
on the thermal expansion coefficient and Young’s modulus adopted by each team, the 
thermal stress should be roughly a factor of four higher for UPC compared to LBNL 
and CNWRA. Such difference in the calculated thermal stress impacts the time 
evolution of TM-induced changes in fracture permeability.  
    Sensitivity studies by LBNL, UPC, and CNWRA show that the stress-versus-
permeability relationship is the most important parameter for predicting the evolution of 
the fracture permeability. Obviously, if a more sensitive relationship between stress and 
permeability is adopted in the analysis, stronger changes in permeability will be 
predicted. It was also shown by LBNL and CNWRA that the permeability changes in 
vertical and horizontal fractures could be very different in some areas around the drift. 
In general, though, the permeability changes more in vertical fractures than in horizontal 
one, because vertical fractures are exposed to greater TM-induced stress changes.  
    At Section 76:4, the three teams correctly predict a decrease in air permeability 
during the first two years. This decrease in air permeability is the combined effect of 
TM-induced fracture closure and TH-induced condensation in the fracture system. The 
analyses by LBNL and CNWRA show that TM-induced decrease in intrinsic 
permeability occurs both in vertical and horizontal fractures. Therefore, the measured 
decrease is also well captured using the mean stress based model by UPC. After about 
two years of heating, the measured air permeability appears to recover somewhat. 
LBNL and UPC capture this partial recovery of air permeability as a result of drying of 
the fracture system.  CNWRA, on the other hand, does not capture such recovery 
because they did not account for TH-induced changes in moisture content within their 
analysis.  
    At section 76:1, LBNL and UPC predict a slow gradual reduction in air-permeability 
with time. CNWRA predicted a slight increase during the first year, and thereafter a 
slight fluctuation between 1 and 1.2, until the end of the heating. The simulated results 
are roughly similar to the measured, with better agreement achieved by LBNL and 
UPC. The analyses by CNWRA and LBNL showed that at this location the intrinsic 
permeability of vertical fractures decreases, while the intrinsic permeability of 
horizontal fractures slightly increases. In the field, the net effect is a slight decrease in 
air permeability.   
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    For Section 74:4, measured air permeability increases during the first two years and 
then gradually decreases. Only LBNL appeared to be able to correctly simulate the 
magnitude of the increasing permeability during the first two years. The LBNL and 
CNWRA analyses showed that at 74:4, an increasing permeability can be explained by 
a reduction in horizontal stress that tends to increase the aperture of vertical fractures. In 
LBNL’s simulation, the increasing permeability of the vertical fractures is sufficiently 
large to induce a net increase in mean permeability. In CNWRA’s simulation, on the 
other hand, increasing permeability in the vertical fractures was completely offset by a 
decreasing permeability in horizontal fractures.  
    The generally good agreement between simulated and measured temperature, 
displacement, and changes in air permeability shows that the numerical models and 
underlying conceptual models are adequate for simulating coupled THM processes at 
the DST. From the analyses and discussions presented, the following specific 
conclusions can be drawn: 
 

 A continuum model approach is adequate for simulating relevant coupled 
THM processes at the DST.  
 TM-induced rock deformations are generally well simulated using an elastic 
model, although some individual displacements appear to be captured using an 
elasto-plastic model.  
 The highest potential for inelastic deformation in the form of fracture shear 
slip occurs near the drift wall and in a zone of thermal stress decrease located 
more than 15 m above the heated drift.  
 Despite potential shear slip along fractures, fracture closure/opening caused by 
change in normal stress across fractures is the dominant mechanism for TM-
induced changes in intrinsic fracture permeability, whereas fracture shear 
dilation appears to be less significant at the DST. 

 
    The last conclusion, made from the analysis of the heating phase at the DST, 
indicates that TM-induced changes in permeability at the DST, which are within one 
order of magnitude, tend to be reversible.  
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1. Yucca Mountain Project Drift Scale Test 
 
 

1.1 Yucca Mountain Project Drift Scale Test 
 
    The DST in Yucca Mountain in Nevada, USA is a large scale, long term field thermal 
test being conducted for the U.S. DOE. In the DST a  ~5 m diameter drift, ~ 50 m long 
is being heated by electrical heaters to study the response of the surrounding rock mass 
to the heating and subsequent cooling.  The test is an integral part of DOE’s program of 
site characterization at Yucca Mountain to assess whether the mountain is suitable site 
for a repository for the disposal of high level nuclear waste and spent nuclear fuel. 
In Task 2 of DECOVALEX III project the DST is a test case in the process of 
developing and validating coupled process models.  Before the heating phase of the 
DST at Yucca Mountain was started in December 1997 modeling of various coupled 
processes was carried out to predict the measurements to be made in the test. These pre-
test simulations were performed by U.S. DOE sponsored research teams at the national 
laboratories.  Subsequently, Task 2 participants of DECOVALEX III project 
independently performed predictive modeling of the DST.   
    In the broadest sense the primary purpose of the DST is to develop a thorough 
understanding of the coupled thermal (T), mechanical (M), hydrologic (H), and 
chemical (C) processes in the rock mass immediately surrounding the proposed 
repository because of the decay heat from the nuclear waste.  To achieve this primary 
purpose a series specific sub-tier test objectives are established, categorized around the 
four principal processes of concern. These test objectives are: 
 

Thermal 
 Measure the temporal and spatial distributions of temperature 
 Evaluate influence of heat transfer modes 
 Investigate possible formation of heat pipes 
 Determine rock mass thermal properties 

 
Mechanical 

 Measure rock mass mechanical properties 
 Evaluate ground support response under controlled conditions 
 Measure drift convergence at elevated temperatures 
 Observe effect of thermal loading on prototypical ground support systems and 
overall room stability 

 
Hydrological 

 Measure changes in rock saturation 
 Monitor the propagation of drying and subsequent re-wetting, if any, including 
potential condensate cap and drainage 
 Measure changes in bulk-permeability (pneumatic) 
 Measure drift-air humidity, temperature, and pressure 

 
Chemical 

 Collect and analyze samples of water and gas 
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 Analyze changes in typical waste package material left in the heated drift 
 Observe changes in water and mineral chemistry from drying and reflux 
conditions 

 
 

1.2    Test setting and test facility 
 
    A description of the setting of the DST and the test facility can be found in Datta et 
al.(1999) which is the basis of the following descriptions.  
    Yucca Mountain, approximately 135 kilometers northwest of Las Vegas, Nevada is 
part of a series of north-trending ridges in the Great Basin physiographic province of 
North America. The mountain is underlain by 1000 to 1500 meters of Tertiary volcanic 
tuffs, formed from the ash of eruptions occurring between 8 and 16 million years ago.  
The volcanic tuffs are generally bedded, separated in beds that are generally non-welded 
to densely welded, and in addition, some are devitrified and others are vitric.  The 
proposed repository horizon is within a sequence of beds, up to 350 meters thick, of 
moderately to densely welded devitrified tuff known as the Topopah Spring Tuff of the 
Paintbrush Group.  The sub-units of the Topopah Spring Tuff are based primarily on the 
abundance of lithophysae which are cavities with dimensions on the order of 
millimeters to hundreds of millimeters, formed due to the presence of gases in the 
cooling ash flows.  The presence or absence of lithophysae can have a pronounced 
effect on the mechanical and hydrologic properties of the rocks.   
    Topopah Spring Tuff is divided into four sub-units: the upper and lower lithophysal 
and the middle and lower non-lithophysal.  The geologic symbols for the upper and 
lower lithophysal sub-units are Tptpul and Tptpll respectively while those for the 
middle and lower non-lithophysal sub-units are Tptpmn and Tptpln respectively. The 
lower non-lithophysal sub-unit (Tptpln) is stratigraphically the lower most, overlain by 
Tptpll, Tptpmn, and Tptpul in that order.  The bulk of the proposed repository will be 
located in the lower lithophysal (Tptpll) sub-unit, with small portions in the middle and 
lower non-lithophysal sub-units.  In the hydrologic stratigraphy of the Yucca Mountain 
area, the symbols for these sub-units of Topopah Spring Tuff are tsw33, tsw34, tsw35, 
and tsw36 with tsw36 being the lower most and tsw33 being the upper-most, 
corresponding to Tptpln and Tptpul respectively. 
    The DST is located entirely in the middle non-lithophysal sub-unit of Topopah 
Spring Tuff represented by Tptpmn or tsw34.  These geologic or hydrologic symbols 
are frequently employed in this report to specify the beds. 
     The DST consists of a 47.5m long, 5m diameter drift heated by nine canister heaters, 
each 1.7m diameter, 4.6m long, placed on the floor of the drift.  Additional heat is 
supplied by 50 rod heaters, referred to as “wing heaters” inserted into horizontal 
boreholes drilled into each sidewall. (Figure 1.1).  The drift cross-section and the 
canister heaters are approximately the sizes of drifts and waste packages, respectively, 
being currently considered for the potential repository. The wing heaters are used to 
simulate the heat that would come from adjacent drifts in a repository, and thus provide 
better test boundary conditions. Each canister heater can generate a maximum of 15kW.  
The wing heaters are each 10 meters long, and have inner and outer segments that can 
generate 1145W and 1719W, respectively.  Rockbolts and wire-meshes are installed as 
ground support along the entire length of the Heated Drift. In addition, the final 12.5m 
length of the drift was supported by a cast-in-place concrete liner to observe the 
performance of a concrete-lined drift at elevated temperatures. An access/observation 
drift excavated parallel to the heated drift, and a perpendicular connecting drift are 
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constructed around the periphery of the test block (Figure 1.1).  The heated length of the 
drift is isolated from the connecting drift by an insulated thermal bulkhead.  The 
bulkhead is not a pressure bulkhead.  This means that some heat exchange by 
convection through the bulkhead will occur.  Approximately 3300meters of boreholes 
are drilled from the heated drift, the connecting drift and the access/observation Drift 
into the test block (Figures 1.1 and 1.2) to house the wing heaters and approximately 
3500 sensors of various types.  By the end of the heating phase of the test extending 
over four years, approximately 15,000 m3 of rock will be heated above 100 degree 
Celcius.  For complete and full descriptions of the DST, refer to the reports, “Drift Scale 
Test Design and Forecast Results” (CRWMS M&O, 1997) and  “Drift Scale Test As-
Built Report” (CRWMS M&O, 1998). 
 
 
1.3     Measurements dada 
 
    The following measurements are being made or were planned to be made in the DST: 
1. Heater Power 
2. Rock temperature by thermocouples and resistance temperature devices 
3. Displacement in rock by multiple borehole extensometers 
4. Deformation of concrete lining by convergence monitors 
5. Strain in concrete by strain gages 
6. Moisture content of the rock by neutron logging 
7. Moisture content of the rock by electric resistivity tomography (ERT) 
8. Moisture content of the rock by ground penetrating radar (GPR) 
9. Acoustic or microseismic emissions 
10. Relative humidity, temperature, and air pressure in sections of boreholes isolated by 

packers 
11. Relative humidity, temperature, and air pressure in the Heated Drift and outside 
12. Changes in fracture permeability (k) by pneumatic methods (air permeability) and 

gas tracer tests 
13. Analyses of gas and water samples collected from the test block 
14. Thermal conductivity and diffusivity by REKA (rapid evaluation of K and alpha) 

probe 
15. Periodic video and infrared images of the inside of the Heated Drift 
16. Rock mass modulus of deformation by the plate-loading test 
17. Temperature on non-rock surfaces such as heaters, bulkhead, cable-trays, etc. using 

thermocouples 
18. Mineralogic-petrologic characteristics of the rock before and after the test 
19. Thermal, mechanical, and hydrologic properties of intact rock samples measured in 

the laboratory, before and after the test 
 
    In addition to the above, coupons of candidate materials for the waste container, 
cylindrical samples of concrete used for the cast-in-place liner, and native microbes 
have either been left in the Heated Drift or injected into the test block to study the 
effects of prolonged heating and cooling on them. 
    An approximately 6000 channel, automated data collection system (DCS) records 
measurements on an hourly basis.  The DCS scans and records the readings of 
temperature, humidity, air pressure, MPBXs, strain gages, convergence monitors, and 
current and voltage for heater power.  Other measurements, referred to as active testing, 
such as air-K measurements, neutron logging, ERT, acoustic emission, GPR, and 
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REKA probe measurements are recorded periodically using independent data 
acquisition systems. 
 

 

Figure 1.1.Location of the wing heaters, canister heaters and instrument holes in the 
Drift Scale Test. 

 
 

 

Figure 1.2.  a) Cross-section parallel to the heated drift; b) Cross-section orthopgonal 
to the heated drift. 
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2. Task 2B/2C – Thermo-mechanical  
    simulation 
 
    Task 2 of the DECOVALEX III project is centered around the DST. There are four 
sub-tasks in Task 2 to study the heat-driven coupled processes of interest. Task 2A is to 
study the TH response of the test block, while 2B/2C and 2D are to study the THM/TM 
and THC responses respectively. 
 
 
2.1  Task 2B/2C definition 
 
    Tasks 2B and 2C deal with the mechanical process in the DST during the heating and 
cooling phases of the test.  To model mechanical processes in the test it is necessary to 
have the time-evolution of temperature distributions in the test block which are inputs in 
the calculation of the mechanical effects.  The difference between task 2B and 2C is that 
in 2B the mechanical effects are simulated using modeled temperature distributions as 
inputs, while in 2C the mechanical effects are calculated using measured temperature 
distributions as inputs.  Otherwise, tasks 2B and 2C are defined as follows: 
 
Given 
a) Results of geologic, thermal, mechanical, hydrologic, and mineralogic/petrologic 

characterization of the test block of the DST 
b) As-built configuration of the test block, including locations of various sensors and 

measuring instruments 
c) Plans of heating and cooling, including expected heater powers at various times 
 
Tasks: 
Predict the time-evolution of the displacements in the test block measured in the MPBX 

holes;  a suitable time Interval such as 10, 30, 50, or 100 days may be used 
Predict the changes in the (fracture) permeability of the rock due to thermal-mechanical 

processes; a time interval of 10,30, 50, or 100 days may be used.   
 

 

2.2 The Task 2B/2C research teams 
 
       Besides the U.S.  DOE’s Office of Repository Development (ORD) formerly 
known as Yucca Mountain Site Characterization Office (YMSCO), the participants in 
Task 2B/2C are ENRESA of Spain, CEA of France and the NRC of the United States. 
The research team of ENRESA is led by Prof. Sebastia Olivella of the UPC in 
Barcelona, Spain. Sui-Min Hsiung of the Center for Nuclear Waste Regulatory 
Analyses of the Southwest Research Institute in San Antonio, Texas leads the NRC’s 
Task 2C research team.  Alain Millard is the leader of CEA’s Task 2C research team. 
The DOE’s research teams are led by Robin N. Datta. 
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3.  Comparison of results and overall  
     evaluation 
 
    The four research teams, namely UPC (for ENRESA), CEA, LBNL (for DOE), and 
CNWRA (for NRC) prepared reports on the outcome of each team’s research on Task 
2B/2C.  These reports are enclosed herewith in Attachments A (Olivella et al., 2004), B 
(Millard, 2004), C (Rutqvist, 2004) and D (Hsiung and Chodhury, 2004), respectively.  
A discussion of the results of the research follows. 
    The Yucca Mountain Drift Scale Test (DST) is a multiyear, large-scale underground 
heating test within the US Department of Energy’s program for the site characterization 
at Yucca Mountain, Nevada. The test is designed to study coupled thermal-
hydrological-mechanical-chemical (THMC) behavior in unsaturated fractured and 
welded tuff. As part of the international cooperative project DECOVALEX III 
(DEvelopment of COupled models and their VALidation against EXperiments, project 
phase III), four research teams used four different numerical models to simulate and 
predict coupled thermal-hydrological-mechanical (THM) processes at the DST.  The 
simulated THM processes included (above boiling) temperature changes, liquid and 
vapor water movements, rock stress and displacements, and THM-induced changes in 
fracture permeability. The predicted THM responses were compared to in situ 
measurements of temperature, water saturation (estimated through geophysical 
measurements), rock-mass displacements, and changes in air permeability.  
    The codes and basic approaches used by the four research teams within the 
DECOVALEX III project follows. The LBNL and UPC teams performed coupled THM 
analyses that included modeling of two-phase fluid flow (air and water), heat transfer 
(conduction and convection), and mechanical stress and strain. LBNL used a dual-
permeability (DKM) approach for simulation of TH processes, whereas UPC used an 
equivalent continuum model. CEA and CNWRA did not simulate fluid flow and heat 
transfer, but performed TM analyses in which the measured temperature field was 
imported to the numerical models. The measured temperature from the several thousand 
sensors in the DST test block was interpolated into a three-dimensional temperature 
field, which in turn was interpolated to nodal points in the numerical mesh of the CEA 
and CNWRA models. For simulation of rock-mechanical behavior, LBNL and UPC 
used elastic models, whereas CEA and CNWRA applied various elasto-plastic models. 
TM-induced permeability changes were modeled by three of the four teams: LBNL, 
UPC, and CNWRA. LBNL and CNWRA correlated permeability to fracture aperture in 
orthogonal fracture sets, where the fracture aperture is controlled by fracture normal 
stress. UPC correlated permeability to porosity, where porosity is controlled by 
volumetric strain.  
    In general, all teams discretized the DST test area into two-dimensional vertical cross 
sections through the center of the heated drift. A two-dimensional geometry was 
deemed sufficient for predicting TM-induced rock displacements and permeability 
changes at selected monitoring boreholes in the vertical x-z plane. However, the 
temperature in the heated drift may be overestimated in a two-dimensional model as a 
result of in situ three-dimensional out-of plane heat loss and because of heat loss 
through a bulkhead at the entrance of the heated drift. UPC therefore reduced the  heater 
power applied in its simulation to be 70% of the actual heat power. LBNL did not 
reduce the simulated heat power, but found a good agreement with the measured 
temperature if loss of heat and vapor through the bulkhead was explicitly simulated. To 
simulate the bulkhead, LBNL added an extra grid element with properties 
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corresponding to a heat-loss coefficient of 0.4375 W/ºK, determined through model 
calibration against early temperature data.  
    Model dimensions, boundary and initial conditions were assigned by each individual 
team based on site information. The lateral and vertical dimensions of the models used 
by each team vary from a few hundred to thousand meters. However, considering the 
limited extent of the heated rock volume during the four-year heating period, the 
boundaries of all four models are judged to be sufficiently far away from the drift to 
avoid adverse boundary effects on the simulated near field THM responses. The initial 
stress field varies somewhat among the research teams. In general at Yucca Mountain, 
the maximum principal stress is vertical, with its magnitude approximated by the weight 
of the overburden rock mass. Considering the depth of the DST, ground surface 
topography, densities of the overlying rock units, the vertical stress should be in the 
interval 4 to 6 MPa. The horizontal stresses are more uncertain because only a limited 
number of stress measurements have been conducted in the Tptpmn rock unit. The 
horizontal stresses at Yucca Mountain have been estimated to be about half of the 
vertical, but the ratio of horizontal to vertical stress could vary between 0.3 to1.0. 
Recent stress measurements around the ESF confirm that horizontal stresses are lower 
than the vertical and indicates a minimum horizontal stress around 2 MPa and 
maximum horizontal stress of about 2.5 to 4 MPa. Because the thermal and mechanical 
responses at the DST are caused by thermally induced stresses, which are independent 
of the initial stresses, the initial stress may have little effect on the simulation results. 
However, the magnitude of initial horizontal stress affects the potential for developing 
tensile failure and shear slip in regions of thermal stress relief away from the heated 
drift.   
    The individual research teams derived material properties suitable for their respective 
modeling approach using site data from Yucca Mountain project reports.  The 
hydrologic properties used by LBNL include water-retention and relative-permeability 
functions representing fractured and matrix continua, whereas UPC uses equivalent 
continuum properties representing a composite effect of matrix and fractures. The rock-
mechanical properties include rock-mass deformability and strength. The Young’s 
modulus adopted for the fractured rock mass by LBNL and CNWRA is about 50% of 
the values of intact rock, whereas UPC and CEA used intact-rock values. Strength 
properties used in the elasto-plastic ubiquitous joint models used by CEA and CNWRA 
are comparable. However, the two most important parameters for simulation of THM 
responses at the DST are coefficient of thermal expansion and a function defining the 
relationship between fracture normal stress and permeability. LBNL, CNWRA, and 
CEA adopted temperature dependent thermal expansion coefficients representing values 
determined from intact core samples. UPC used a constant value, which on the average 
is about twice the thermal expansion adopted by the other teams.  
    The permeability changes at the DST were predicted by LBNL, CNWRA, and UPC, 
using individually derived stress-versus-permeability functions. LBNL derived a stress-
versus-permeability function based on a conceptual model of highly fractured rock 
containing three orthogonal fracture sets.  
    CNWRA used a similar approach to that of LBNL, but the model contains only two 
orthogonal fracture sets (see schematic of fractured rock model for CNWRA in Fig. 4). 
A deformation-permeability relationship based on the Bandis hyperbolic fracture 
normal closure model was extended to include corrections for shear dilation.  UPC 
applied an empirical permeability-versus-porosity relationship.  
    The main difference between the three stress-versus-permeability models are that 
LBNL and CNWRA calculate changes in permeability based on the normal stress for a 
number of orthogonal fracture sets, whereas UPC calculates changes in permeability 
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based on changes in mean stress. Thus, changes calculated by LBNL and CNWRA can 
be anisotropic, depending on normal stress across different fracture sets, whereas UPC 
calculates isotropic changes in permeability controlled by changes in mean stress. Fig. 4 
compares the stress-permeability-functions of the three research teams, for a special 
case of isotropic changes in stress. For an isotropic stress change, the various functions 
show some similarity, although there are differences in slope and residual permeability.  
    Comparing simulated and measured rock temperatures is a first step in evaluating the 
models since temperature change is the driving force behind the coupled THM 
processes at the DST.  Comparisons of simulated and measured displacements and 
changes in air permeability allow further insights to be gained into model performance. 
    There are reasonably excellent agreement between simulated and measured 
temperature for LBNL’s modeling and a reasonably good agreement for UPC’s 
modeling. The difference in simulated temperature between LBNL and UPC can be 
explained by their respective approaches of simulating out of plane and bulkhead heat 
loss.  UPC reduced the heat power input to their two-dimensional model simulation to 
about 70% of the actual heat power.  Although this approach results in an overall 
reasonable agreement with measured temperature, it overestimates the heat loss during 
the first year and underestimates the heat loss towards the end of the heating period. The 
excellent agreement achieved by LBNL between simulated and measured temperature 
throughout the four-year heating period shows that the explicit simulation of the 
bulkhead with an additional element provides an accurate representation of heat loss. It 
correctly simulates heat loss as being proportional to the thermal gradient across the 
bulkhead, rather than being proportional to the heating power.   CEA and CNWRA 
research teams did not perform a temperature simulation, but imported the measured 
temperature into their models.   
    The research teams were asked to predict the time evolution of rock-mass incremental 
displacements along extensometer boreholes for a borehole array located at y = 21 m 
(i.e. close to the middle of the axial extension of the drift). Sensitivity analyses showed 
that displacement magnitudes are mainly dependent on the coefficient of thermal 
expansion, whereas the elastic modulus of the rock has a smaller impact.  The thermal 
expansion coefficient adopted by LBNL, CEA, and CNWRA are similar with intact-
rock values determined on core samples. The UPC team used a thermal expansion 
coefficient that on average was twice the value of any other team and consequently 
calculated displacement values about twice as large. Because the thermal expansion 
coefficient adopted by the UPC team is twice as high as any other team (and twice as 
high as the thermal expansion of intact rock), an intercomparison is not meaningful, and 
therefore, UPC’s displacement results are excluded in the discussion below.  
    In general, the displacements predicted by LBNL, CEA, and CNWRA are consistent 
for elastic models, with larger incremental displacement for anchors located farther 
away from the drift wall. Using elastic mechanical models, the simulated displacements 
along borehole 155 are very close to these measured for anchors 3 and 4, whereas the 
displacement for anchors 1 and 2 is underpredicted. The CEA’s elasto-plastic 
ubiquitous joint model overpredicts displacements, especially in anchors 3 and 4. The 
results for borehole 156 shows excellent predictions of displacement in anchor 3, 
whereas the displacements in anchors 2 and 4 are generally underpredicted. Most 
notably, the CEA’s elasto-plastic ubiquitous joint model provides the best prediction for 
anchor 4 of borehole 156, both in trends and magnitude.  
    The research teams were asked to predict the evolution of fracture permeability at 
specific borehole locations where air-injection tests are conducted at regular time 
intervals of about three months. In this paper, three borholes sections—denoted 76:4, 
74:4 and 76:1, located in a borehole array at y = 30.2 m—are selected for a detailed 
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comparison of simulated and measured evolution of fracture permeability. These 
borehole sections were selected for comparison because they represent characteristic 
responses of fracture permeability at various locations around the heated drift: near the 
heat source (Section 76:4), far above the heat source (Section 74:4), and far on the side 
of the heat source (Section 76:1).  
    Changes in air permeability are caused by the combined effect of TH-induced 
changes in fracture moisture content and TM-induced changes in fracture aperture. TH-
induced changes in fracture moisture content cannot be observed by direct 
measurements, since the moisture in the fracture system is only a small fraction of the 
total moisture content of the fracture-matrix system. However, the extent of the dryout 
zone at the DST is estimated by geophysical methods that include ground penetrating 
radar, electric resistivity tomography, and neutron log.  A comparison of those 
geophysical data with the results by LBNL and UPC indicates that the extent of the 
dryout zone is controlled by the boiling temperature isotherm, and is well captured in 
the numerical results. TM-induced changes in fracture permeability are controlled by 
thermal stress and the adopted stress-versus-permeability relationship. The calculated 
thermal stress is in turn a function of calculated temperature changes, the thermal 
expansion coefficient, and the modulus of rock-mass deformation. A direct comparison 
of the thermal stresses calculated by different teams was not performed. However, based 
on the thermal expansion coefficient and Young’s modulus adopted by each team, the 
thermal stress should be roughly a factor of four higher for UPC compared to LBNL 
and CNWRA. Such difference in the calculated thermal stress impacts the time 
evolution of TM-induced changes in fracture permeability.  
    Sensitivity studies by LBNL, UPC, and CNWRA show that the stress-versus-
permeability relationship is the most important parameter for predicting the evolution of 
the fracture permeability. Obviously, if a more sensitive relationship between stress and 
permeability is adopted in the analysis, stronger changes in permeability will be 
predicted. It was also shown by LBNL and CNWRA that the permeability changes in 
vertical and horizontal fractures could be very different in some areas around the drift. 
In general, though, the permeability changes more in vertical fractures than in horizontal 
one, because vertical fractures are exposed to greater TM-induced stress changes.  
    At Section 76:4, the three teams correctly predict a decrease in air permeability 
during the first two years. This decrease in air permeability is the combined effect of 
TM-induced fracture closure and TH-induced condensation in the fracture system. The 
analyses by LBNL and CNWRA show that TM-induced decrease in intrinsic 
permeability occurs both in vertical and horizontal fractures. Therefore, the measured 
decrease is also well captured using the mean stress based model by UPC. After about 
two years of heating, the measured air permeability appears to recover somewhat. 
LBNL and UPC capture this partial recovery of air permeability as a result of drying of 
the fracture system.  CNWRA, on the other hand, does not capture such recovery 
because they did not account for TH-induced changes in moisture content within their 
analysis.  
    At section 76:1, LBNL and UPC predict a slow gradual reduction in air-permeability 
with time. CNWRA predicted a slight increase during the first year, and thereafter a 
slight fluctuation between 1 and 1.2, until the end of the heating. The simulated results 
are roughly similar to the measured, with better agreement achieved by LBNL and 
UPC. The analyses by CNWRA and LBNL showed that at this location the intrinsic 
permeability of vertical fractures decreases, while the intrinsic permeability of 
horizontal fractures slightly increases. In the field, the net effect is a slight decrease in 
air permeability.   
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    For Section 74:4, measured air permeability increases during the first two years and 
then gradually decreases. Only LBNL appeared to be able to correctly simulate the 
magnitude of the increasing permeability during the first two years. The LBNL and 
CNWRA analyses showed that at 74:4, an increasing permeability can be explained by 
a reduction in horizontal stress that tends to increase the aperture of vertical fractures. In 
LBNL’s simulation, the increasing permeability of the vertical fractures is sufficiently 
large to induce a net increase in mean permeability. In CNWRA’s simulation, on the 
other hand, increasing permeability in the vertical fractures was completely offset by a 
decreasing permeability in horizontal fractures.  
    The generally good agreement between simulated and measured temperature, 
displacement, and changes in air permeability shows that the numerical models and 
underlying conceptual models are adequate for simulating coupled THM processes at 
the DST. From the analyses and discussions presented, the following specific 
conclusions can be drawn: 
 

 A continuum model approach is adequate for simulating relevant coupled 
THM processes at the DST.  
 TM-induced rock deformations are generally well simulated using an elastic 
model, although some individual displacements appear to be captured using an 
elasto-plastic model.  
 The highest potential for inelastic deformation in the form of fracture shear 
slip occurs near the drift wall and in a zone of thermal stress decrease located 
more than 15 m above the heated drift.  
 Despite potential shear slip along fractures, fracture closure/opening caused by 
change in normal stress across fractures is the dominant mechanism for TM-
induced changes in intrinsic fracture permeability, whereas fracture shear 
dilation appears to be less significant at the DST. 

 
    The last conclusion, made from the analysis of the heating phase at the DST, 
indicates that TM-induced changes in permeability at the DST, which are within one 
order of magnitude, tend to be reversible.  
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A1. Introduction 
 
    This is the final report of the THM modelling of DST in situ test performed at Yucca 
Mountain. The modelling has been performed at UPC using CODE_BRIGHT, a finite 
element program developed to study a variety of problems, among them those involving 
unsaturated soils and rocks. The program solves the coupled equations of mechanical 
equilibrium, water flow, air flow, and energy flow. CODE_BRIGHT has been used to 
model THM mechanical problems in soils so it has been developed with several features 
typical of the analyses of that type of problems.  
    This report contains the description of THM 2-D calculations of the in situ test DST. 
This report is complemented by two previous reports from UPC (Apr 2002, Feb 2003) 
that contain description of TH calculations using a single porosity model (UPC, Apr 
2002) and a double porosity model (UPC, Feb 2003). The complete THM analysis 
presented in this report is based on single porosity calculations.  Although, the single 
porosity TH calculations were already described in the previous report (UPC, Apr 2002) 
the results are included here for a better understanding of the coupled problem. Herein, 
the comparisons with the measurements of temperature for the four years duration of the 
DST-test are included whereas in the previous report measurements were only available 
for the first two years. 
    The emphasis of this work is the coupling between the mechanical and the thermo-
hydraulic problems. In particular, deformations may have an impact on water flow via 
permeability, especially because the medium is fractured. Although the model presented 
here does not consider fractures in an explicit way, variations of permeability induced 
by deformations are considered in an equivalent way. Conceptually, closure of fractures 
may lead to strong changes of permeability that could affect the moisture distribution in 
the rock. Since fractures are not explicitly considered, the intrinsic permeability is 
assumed to vary with porosity in such a way that the variations are in the range that 
would be expected to take place in the field due to closure of fractures. Increase of 
permeability due to changes in shear stress is also considered.  
 
 
A2. Formulation 
 

A2.1 General balance equations  
 
    In order to model the DST test the following set of equations is solved:  

a) Balance of water, which includes liquid water and vapor. Vapor 
concentration depends on temperature and capillary pressure according to 
psychometric law and phase diagram of water. 

b) Balance of air, which includes air in the gas phase and also dissolved air. 
Henry's law is used for calculating the amount of dissolved air.  

c) Balance of energy, which includes enthalpy stored in the solid, liquid and 
gas phases.  

d) Stress equilibrium, which expresses balance of momentum for the medium 
as a whole. This equation is solved coupled to the balance equations.  

 
    Each balance equation has an associated unknown. For the equations considered here 
the unknowns are the following: 
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Liquid pressure: Pl  
Gas pressure: Pg=Pv+Pa Due to the high permeability of 

the medium gas pressure remains 
almost at atmospheric pressure 

Temperature: T  
Displacements: [u,  δφ = (1-φ)∇⋅δu] Porosity changes as a function of 

volumetric strain changes ∇⋅δu 
 
 
A2.2. Constitutive Equations 
 
    The complete set of equations is obtained after incorporation of constitutive equations 
in the balance equations. The constitutive equations that are necessary for the THM 
modeling of the DST in situ test are: 
 
Retention curve/Saturation-
capillary pressure: 

van Genuchten, with Po(=1/α) and λ (=m) 

Intrinsic Permeability/Darcy's law: Variable with φ 
Relative Permeability/Darcy's law:
  

van Genuchten, m'. In principle m=m' but non-
equal coefficients can be considered in order to 
represent a double structure medium 

Vapor diffusion/Fick's law: depends on temperature and pressure 
Thermal conductivity/Fourier's law: geometric mean including porosity and 

saturation dependences 
Elasticity/Stress-strain law: Mechanical and thermal effects with linear 

formulations 
 
    Figure A2.1a shows representative retention curves that are considered by Birkholzer 
and Tsang (2000) for DST modelling. It can be observed that the matrix has a higher 
desaturation capillary pressure compared to the fractures, that desaturate at lower 
capillary pressures. Therefore, assuming equilibrium between fracture and matrix, 
desaturation in the rock will progress in the following way: first the fracture will 
desaturate and only when the fracture is practically desaturated (for instance at 0.1 
MPa), the matrix is starting to desaturate.  
    The modified functions of relative permeability for the single structure analysis are 
shown in Figure A2.1b, that consider m =0.04 for liquid and n = 0.8 for gas. It must be 
noted that m = 0.04 is only considered for liquid relative permeabilities while the values 
of m for the retention curve of the matrix are maintained. In other words, the shape 
parameter is not the same in the retention curve and in the relative permeability 
functions because of the different importance of matrix and fracture. While matrix is 
important for storage of water, the fracture is important for the flow of water. 
 
 
A2.3. Equilibrium Restrictions 
 
    Psychometric Law and Henry’s Law are equilibrium restrictions. They give the 
partitioning coefficients for calculating the species mass present in each phase.  
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A2.3.1 Additional Hypothesis  
 
    The present analysis ignores the concrete invert at the base of the drift. The heat 
power is applied to the canister and the wings with a 70 % reduction of the actual value 
in order to consider, in an approximate manner, 3D thermal dissipation effects since the 
analysis is performed in 2D. This power reduction is a simplification of the actual 
situation. The adopted power values in canister and wings are:  
 

•Canisters:  36400W/canister/(9 canister x 4.7 m) = 860 W/m 
•Inner wing heaters:  37520 W/wings/(50 wings x 1.87 m) = 401 W/m 
•Outer wing heaters: 55300 W/wings/(50 wings x 1.87 m) = 591 W/m 

 
    Figure A2.2 describe the power evolution in the time, a) canister and b) wings, 
according to experimental data, the line fit to actual power and the function considered. 
    The application of a reduction of the power in the two-dimensional calculation is 
justified by thermal calculation of the three-dimensional problem (Appendix). 
    Liquid pressure at the bottom of the domain was calibrated in order to obtain a 92% 
degree of saturation in the initial phase taking into account the infiltration. 
    These parameters have been obtained from previously reported experimental data. 
Parameters are summarized in Table A2.1.  
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Figure A2.1. a) Retention curves for matrix and fractures, b) Relative permeability 
functions used in single structure analysis.  
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Figure A2.2. Power in the differen elements: a) in canisters, b) in wings. The function 
considered corresponds to a fit for 2 years and 70% reduction.  
 
 
A3. Geometry, boundary conditions and mesh 
 
    We performed a two-dimensional (2-D) analysis on a rectangular model 180 m wide 
and 250 m high containing the 5 m diameter heated drift at the centre. The boundary 
conditions are shown in Figure A3.1. Initial conditions are obtained simply by 
calculating a steady state regime under isothermal conditions. This steady state was first 
obtained in a one-dimensional case. The negative water pressure imposed at the bottom 
boundary is selected in such a way that the initial degree of saturation in the vicinity of 
the drift is about 92%. 
    This analysis has been performed with a mesh containing 2439 nodes and 4802 
triangular elements, see Figure A3.2.    Figure A3.3 shows the points where temperature 
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was measured and calculated. The distributions of temperature and degree of saturation 
after 90, 365 and 1460 days of heating are shown in Figures A4.1-4.6. It can be seen 
that the temperature distribution shows clearly the presence of the heaters. Degree of 
saturation is of the order of 0.92 at the level of the drift before heating started. Due to 
heating effects, drying takes place and degree of saturation decreases down to 0.25, 
 
 

 

Table A2.1. Parameters used in the modeling 

Mechanical 
Elastic parameters  
Young modulus, E 3.68E+04 
Poisson coeff. ν 0.2 
Thermal expansion coef. 2.00E-05 

Thermal 
Thermal conductivity  

Dry 1.67 
Saturated 2.10 

Solid phase properties  
Specific heat 865 

Density 2510 
Hidrological 

 Mat 3 Mat 2 Mat1 
Porosity,  0.154 0.11 0.13 
Retention curve    

Po (1/α) 0.0943 0.444 0.354 
λ=m 0.243 0.247 0.207 

Residual saturation 0.06 0.18 0.08 
Maximum saturation 1 

Molecular Diffusion  

( )273.15 n
vapor
m

g

T
D D

P

⎛ ⎞+
= τ ⎜ ⎟⎜ ⎟

⎝ ⎠
 

 
D=5.9 10-6 m2/s/K-nPa 

n=2.3 
Dispersion  

αl 10 m 
αt 1 m 

m1 (lower)  0.187x10-11 
m2 (intermediate)  0.1x10-12 Intrinsic permeability 

Initial ko m3 (upper)  0.635x10-12 
m1 (lower) 
m2 (intermediate)

Intrinsic permeability k 

m3 (upper) 

Exponential law: Variable with 
porosity ( )( )expo ok k b= − φ − φ   
b = 500, 1000, 2000 and -1000  

Liquid relative permeability: Van Genuch. 
model, value of λ=m=0.04  in VG model 

λ is the shape parameter in the VG 
retention curve. Also referred as m 

Gas relative permeability: (1 ) g
rg g ek A S λ= − Ag = 1; λg = 0.8 
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which implies very high capillary pressures. After 365 days (1 year) of heating, the 
desaturated zone has a shape remarkably influenced by the wing heaters. After 1460 
days (4 years) of heating, the desaturated zone is approximately elliptical. 
 

T = 24º C 
Pg = 0.1 
ql = 0 
ux = 0 

T = 24º C   Pg = 0.1MPa 
Pl = -0.3 MPa     uy = 0 

T = 24º C      
Pg = 0.1 
ql = 0            
ux = 0 

T = 24º C   Pg = 0.1MPa 
ql = 0.36mm/year  
σy = 8 MPa 

x

y

180 m

25
0 

m
 

 
 
Figure A3.1 Geometry and boundary conditions for the THM problem. 
 

 

 
 

Figure A3.2. Finite element mesh used in THM calculations. 
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Figure A3.3 Points with measurements and calculations of temperatures (x = 0 and y = 
0 is the center of the drift). This plot shows the actual location of the measurement 
points in boreholes 158 and 160 and the corresponding nodes in the finite element mesh 
that were used for comparison. 
 
 
A4. Results of temperature and water saturation  
 
    Figures A4.7-4.16 show the temperature evolution at different nodes (points) as 
indicated in Figure A4.1. Comparison with measurements (which are included in each 
plot) indicates that temperatures are quite good in some points and show some 
deviations in others. Also, for the first two years results are better than for the third and 
fourth year.  
    Measurements were available for only two years when the TH modelisation was set 
up. For the first and second year, constant power (with only a slow decay) was 
considered appropriate. The constant power corresponds to 70% of the nominal value 
(see Figure A2.3 and Appendix A1). Power after two years would probably require a 
higher decay factor. This is confirmed by the very high temperatures calculated at some 
points for the 3rd and 4th year. However, since this is a 2D model, and uses a modified 
power, it was considered that further attempts to use a more realistic power were not 
justified.  
    Finally, profiles of temperature are represented in Figures A4.18-A4.26 for boreholes 
158, 160 and 162. The effect of the wing heaters is clearly observed in borehole 160 
(this borehole is indicated in Figure A4.1). Profiles for the first and second year show 
good accuracy, but for longer times, temperature is over-predicted due to the reasons 
explained before.  
    As additional information, Figures A4.26 and A4.27 show gas pressure development. 
Figure A4.27 is the gas pressure development reported by Datta (2002) and Figure 
A4.27 is the gas pressure development obtained with this model. It can be observed that 
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the shape is similar, however, the gas pressures in the model calculations presented here 
are higher than the ones obtained by Datta (2002). This is probably due to the gas 
relative permeability curve that, in this simple porosity model, depends on the averaged 
gas saturation. 
    In order to understand completely the process of water flux, both in the liquid and in 
the gas phase according to this model, Figures A4.28 and 4.29 are included. Figure 
A4.28 shows liquid fluxes around the heated area. It can be observed that at one year the 
heating process is very active and water fluxes show the combined effects of drying and 
gravity. At four years, the dried zone is developing very slowly and diverts the vertical 
fluxes of liquid water due to its very low conductivity. Figure A4.28 shows that, for gas 
fluxes, gravity is not important due to the low density of gas. In fact, the gas phase is 
dominated by vapor and, hence, as the drying progresses these gas fluxes decrease near 
the heaters, but they are significant in the drying front. The drying front corresponds 
well with the elliptical shape observed in Figure A4.6. 
 
 
A5. Results of displacements and gas permeability  
 
    The stress-strain problem has been solved coupled to the thermo-hydraulic problem 
in order to investigate several processes that may have an influence on the overall THM 
behaviour. First of all, in order to check whether elastic calculations give reasonable 
results, computed displacements are compared with extensometer measurements. The 
points where the extensometers were anchored are indicated in Figure A5.1 (MPBX-7, 
MPBX-8, MPBX-10) together with the corresponding node in the finite element mesh 
that was used for displacement calculation. Table A5.1 contains the location of these 
points. 
    Calculated and measured displacements are represented in Figures A5.2 to A5.5. It 
can be observed that computed displacements are of the same order of magnitude as the 
measured ones. The fact that the computed displacements using an elastic model are 
only somewhat higher than the measured ones could be considered as an indication that 
plasticity is not very relevant. In general, plasticity would tend to increase 
displacements. On the other hand, displacements are essentially induced by thermal 
expansion of the rock. Therefore, over prediction of displacements could simply 
indicate that the thermal expansion was smaller than the actual value or the elastic 
modulus higher.  
    Finally, it must be mentioned that boundary conditions may also affect these 
displacements. Constant stress are applied on top of the domain and horizontal 
displacement are not allowed on vertical boundaries seems to be the most realistic 
assumption. The inner boundary of the domain, i.e the drift was assumed without any 
lining. 
 
 
 
 



                                                                   20 
 
 

Figure A4.1 Temperature distribution at  
90 days. 

Figure A4.4 Degree of saturation distribution at 
90 days. 

 
Figure A4.2 Temperature distribution at  
365 days 

 
Figure A4.5 Degree of saturation distribution  
at 365 days. 

Figure A4.3 Temperature distribution at  
1460 days. 

Figure A4.6 Degree of saturation distribution at 
1460 days. 
 
 

DECOVALEX III- Project : task 2B
Temperature evolution (borehole 158)
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Figure A4.7 Time History of Temperature at the 
point (borehole 158-5). 

DECOVALEX III- Project : task 2B
Temperature evolution (borehole 158)
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Figure A4.8 Time History of Temperature at the 
point (borehole 158-10). 
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DECOVALEX III- Project : task 2B
Temperature evolution (borehole 158)
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Figure A4.9 Time History of Temperature at the 
point (borehole 158-20). 

DECOVALEX III- Project : task 2B
Temperature evolution (borehole 158)
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Figure A4.10 Time History of Temperature at the 
point (borehole 158-45). 

DECOVALEX III- Project : task 2B
Temperature evolution (borehole 158)
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Figure A4.11 Time History of Temperature at the 
point (borehole 158-55). 

DECOVALEX III- Project : task 2B
Temperature evolution (borehole 160)
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Figure A4.12 Time History of Temperature at the 
point (borehole 160-5). 
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Temperature evolution (borehole 160)
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Figure A4.13 Time History of Temperature at the 
point (borehole 160-10). 

DECOVALEX III- Project : task 2B
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Figure A4.14 Time History of Temperature at the 
point (borehole 160-25). 

DECOVALEX III- Project : task 2B
Temperature evolution (borehole 160)
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Figure A4.15 Time History of Temperature at the 
point (borehole 160-45). 
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Figure A4.16 Time History of Temperature at the 
point (borehole 160-55). 
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DECOVALEX III-Project: task 2A
borehole 158 (3 months)
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Figure A4.17 Evolution of Temperature in 
borehole 158 at 90 days. 

DECOVALEX III-Project: task 2A
borehole 160 (3 months)
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Figure A4.20 Evolution of Temperature in 
borehole 160 at 90 days. 

DECOVALEX III-Project: task 2A
 borehole 158 (1 year)

20
40
60
80

100
120
140
160
180
200
220
240

0 4 8 12 16 20
distance  [m]

te
m

pe
ra

tu
re

 [º
C

]

365 days

exp. data

 
Figure A4.18 Evolution of Temperature in 
borehole 158 at 365 days. 

DECOVALEX III-Project: task 2A
borehole 160 (1 year)
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Figure A4.21Evolution of Temperature in borehole 
160 at 365 days. 

DECOVALEX III-Project: task 2A
borehole 158 (4 years)
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Figure A4.19 Evolution of Temperature in 
borehole 158 at 1460 days. 

DECOVALEX III-Project: task 2A
borehole 160 (4 years)
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Figure A4.22 Evolution of Temperature in 
borehole 160 at 1460 days. 
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DECOVALEX III-Project: task 2A
borehole 162 (3 months)
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Figure A4.23 Evolution of Temperature in 
borehole 162 at 90 days. 

 

DECOVALEX III-Project: task 2A
borehole 162 (1 year)
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Figure A4.24 Evolution of Temperature in 
borehole 162 at 365 days. 

 

DECOVALEX III-Project: task 2A
borehole 162 (4 year)
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Figure A4.25Evolution of Temperature in 
borehole 162 at 1460 days. 

 

 

 
Figure A4.26 Evolution of Gas Pressure from 
 literature. 
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Figure A4.27 Evolution of Gas Pressure 
from ours model. 
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Liquid fluxes for 1 year.                                              Gas fluxes for 1 year 

                   
Liquid fluxes for 2 years.                                                  Gas fluxes for 2 years 

               
Liquid fluxes for 4 years.                                            Gas fluxes for 4 years 

 
 
 

Figure A4.28 Liquid fluxes for 1, 2 
and 4 years. All flux vectors are 
represented with the same scale.  

Figure A4.29 Gas fluxes for 1, 2 and 4 
years. All flux vectors are represented 
with the same scale.  
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Figure A5.1 Locations of points for presenting results of  displacements and 
permeability. 

 
Table A5.1 Points considered for comparison of displacements and gas permeability 

 
     Figures A5.6 and A5.7 show calculated and measured permeabilities to gas at several 
points near the drift. Gas permeability is modified by both the hydraulic and by the 
mechanical problem in this coupled THM analysis. Firstly, gas permeability depends on 
relative permeability, and this later is a function of gas degree of saturation. In this 
particular model, the following power function is used: 
 

0.8
rg gk S=                                                                                                                      (A.1) 

 
which has been plotted in Figure A2.2. This function is appropriate for simple 
permeability calculations because it gives high gas permeability as soon as the medium 
starts to desaturate. 

DECOVALE
X points x z y 

nodes 
mesh x z 

Borehole 
74-4 -28.65 7.077 30.18 1711 -29.269 6.81 
Borehole 
76-2 -29.2 5.775 30.18 1683 -30.577 4.537 
Borehole 
59-3 -28.9 3.512 10.06 1621 -29.266 2.364 
Borehole 
57-4 -28.677 4.816 10.06 1641 -28.039 4.494 
MPBX -7 3 5.044 21 1068 3.312 5.633 
MPBX -8 -5 8.508 21 1322 -5.118 8.038 
MPBX -9 0 14.929 21 1450 0 14.929 
MPBX -10 0 -11.09 21 581 0 -11.09 
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Figure A5.2. Calculated and measured 
displacements at extensometer MPBX-7 
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Figure A5.3. Calculated and measured 
displacements at extensometer MPBX-8 
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Figure A5.4. Calculated and measured 
displacements at extensometer MPBX-9 
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Figure A5.5. Calculated and measured 
displacements at extensometer MPBX-10 

 
 
    This is a feature of the fractured medium because the desaturation of the fractures, 
which takes place before the desaturation of the matrix, controls de flow of gas.   
    Secondly, gas permeability depends on intrinsic permeability, which is a function of 
the void structure and volume. As a first approximation, relative permeability has been 
considered a function of porosity with the following form: 
 

( )( )intrinsic expo ok k b φ φ= − −                                                                                         (A.2) 
 
where a reference porosity and permeability are included and b is a parameter that has 
been considered to be equal to 1000 in the reference calculations. This value intends to 
reproduce the behaviour of a series of fractures with a 0.5 mm of aperture and spacing 
of 10 cm (see Figure A5.6). The result is that when the medium is compressed, porosity 
reduces due to fracture closure and the intrinsic permeability also reduces.  
    The combined effect of hydraulic and mechanical changes is that gas permeability 
may reduce or increase depending on time and location. Hydraulic conductivity to gas is 
calculated as: 
 

intrinsic( , , ) ( ) ( ) g
g rg g

g
K S T k k S

ρ
φ = φ

µ
                                                                            (A.3) 

    Strong reduction of gas permeability means that a wetting front is passing through the 
point where permeability is measured or calculated. Increase of gas permeability implies  
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Figure A5.6 Permeability as a function of porosity 
 
 
that drying is taking place. And added to the hydraulic effect, according to this model, a 
reduction of intrinsic permeability takes place as heating progresses due to compression 
of the rock induced by thermal expansion. In the following chapter a sensitivity analysis 
is performed with respect to the variations of permeability induced by porosity. The 
case of permeability increasing due to shear deformation is also considered as one of the 
sensitivity cases. 
    Figure A5.7 shows normalized gas permeability for boreholes 74 and 76. Borehole 74 
is situated 17 m above the drift. Measured permeability decreases in the central part of 
the borehole (74-2 and 74-3) and shows and increment in the 74-1 and 74-4. For point 
74-1 the increment is also obtained by the calculations but with a smaller magnitude. 
Points 74-2 and 74-3 are very well captured by the model predictions. Borehole 76 
shows a different behaviour because it is situated 5 m above the drift, and this means 
that the drying front is influencing permeability at this borehole. A sharp decrease of 
gas permeability was measured in 76-3 and 76-4 and this is an indication that gas degree 
of saturation decreased practically to zero. As the front passes, gas permeability 
increases again. These features are well captured by the model for points 76-3 and 76-4. 
Points 76-1 and 76-2 do not show the same behaviour when measurements are 
observed. The permeability does not decrease strongly but smoothly. This smooth 
reduction is associated probably to fractures closure rather than hydraulic effects. The 
model results at these points are still showing the combined effect of strong 
permeability reduction, then an increase and finally, slow reduction towards a final 
value lower than the initial one.  
    Figure A5.8 shows the same calculated gas permeability, but this time against the gas 
permeability for boreholes 57 and 59 that correspond to another vertical plane. The 
tendencies of the measurements are similar but not identical. An interesting feature of 
these measurements is that at some points (see for instance 59-3) permeability increases 
for the third and fourth year, which seems an indication of shear stress induced increase 
of permeability (fracture opening). 
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Figure A5.7 Gas permeability calculated and measured (borehole 74 and 76, axial distance: 30 m) 
 

74-1

74-2
74-3 74-4

76-4

76-3
76-276-1



 29

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

19/10/97

01/06/98

12/01/99

25/08/99

06/04/00

17/11/00

30/06/01

10/02/02

k/
k p

re
-h

ea
tin

g

57-3

1512

 

0

0.2

0.4

0.6

0.8

1

1.2

19/10/97

01/06/98

12/01/99

25/08/99

06/04/00

17/11/00

30/06/01

10/02/02

k/
k p

re
-h

ea
tin

g

57-2

1522

 
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

19/10/97

01/06/98

12/01/99

25/08/99

06/04/00

17/11/00

30/06/01

10/02/02

k/
k p

re
-h

ea
tin

g

57-4

1496

 

0

0.2

0.4

0.6

0.8

1

1.2

19/10/97

01/06/98

12/01/99

25/08/99

06/04/00

17/11/00

30/06/01

10/02/02

k/
k p

re
-h

ea
tin

g

57-1

1563

 

0

5

10

15

20

-15 -10 -5 0 5 10 15

 
0

0.2

0.4

0.6

0.8

1

1.2

19/10/97

01/06/98

12/01/99

25/08/99

06/04/00

17/11/00

30/06/01

10/02/02

k/
k p

re
-h

ea
tin

g

59-4

1045

 

0

0.2

0.4

0.6

0.8

1

1.2

19/10/97

01/06/98

12/01/99

25/08/99

06/04/00

17/11/00

30/06/01

10/02/02

k/
k p

re
-h

ea
tin

g

59-1

1273

 
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

19/10/97

01/06/98

12/01/99

25/08/99

06/04/00

17/11/00

30/06/01

10/02/02

k/
k p

re
-h

ea
tin

g

59-3

1095

 
0

0.2

0.4

0.6

0.8

1

1.2

19/10/97

01/06/98

12/01/99

25/08/99

06/04/00

17/11/00

30/06/01

10/02/02

k/
k p

re
-h

ea
tin

g

59-2

1200

 
 
Figure A5.8 Gas permeability calculated and measured (borehole 57 and 59, axial distance: 10 m) 
 

57-3 57-2
57-4

59-4

59-2

59-1

57-1

59-3



 30

A6. Sensitivity analyses to permeability variation due 
to strain 

 
    This chapter is devoted to investigating the effect of permeability variations on the 
thermo-hydraulic problem. In order to do this study in a systematic way, the intrinsic 
permeability function of porosity has been used with different parameters and this 
implies different permeability changes as deformations take place. Figure 6.1 shows the 
different functions that have been adopted. The case with b = 1000 corresponds to the 
analyses previously described and implies a maximum reduction of permeability of two 
orders of magnitude approximately. For b = 500 the maximum intrinsic permeability 
variation is one order of magnitude and for b = 2000 the variation is four orders of 
magnitude. For b=0, the constant permeability case will be solved. This maximum 
reduction is based on the maximum porosity reduction obtained in the THM 
calculations and takes place near the drift were the maximum temperature occurs 
(Figure A6.2). 
    In Figure A6.1, Kozeny’s law and the Cubic law are also included for reference. It 
can be observed that using Konzeny’s law would not make any effect at all because 
permeability changes would be negligible. In contrast, the Cubic law is appropriate for 
this problem. It is worth mentioning that intrinsic permeability affects both liquid and 
gas flow.  
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Figure A6.1: Permeability as a function of porosity. Exponential function is considered 
in the sensitivity calculations. 
 
    Temperature shows practically negligible influence of these changes in permeability 
variations. Table A6.1 is a summary of temperatures at selected points. The small 
influence of permeability on temperature is due to two reasons: firstly because 
conduction through the solid phase is the main heat transport process, and, secondly, 
because permeability changes affect a relative reduced zone in the vicinity of the drift 
and heater where deformations are important. As will be shown below, this 
phenomenon is responsible for the change in the dried zone, but even with a different 
dried zone the effects on temperature are small.  
    Figure A6.3 shows degree of saturation for 1 year for each case analysed. It can be 
clearly seen that the development of the dried zone is smaller as permeability is smaller. 
However, for the case with b = 1000 (two orders of magnitude maximum reduction of 
permeability), the effect of permeability variations is moderate as can be seen by 
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comparison with the case b = 0. At 4 years, the elliptical shape of the dried zone is 
modified only for b = 2000 while for the other cases the variation is negligible (Figure 
A6.4). Figure A6.5 shows the gas pressure development at 1 year for the different cases 
analysed. It can be observed that the pressure gradients are substantially higher when 
permeability is reduced by deformation.  
 
 

 
 

Figure A6.2 Porosity variation near the drift at 1 (left) and 4 year (right). 
 
 

Table A6.1Temperature at points for the cases analyzed. 
da ys b=500 b=1000 b=2000

30 60.68 60.46 60.20
90 81.38 79.07 80.76
150 99.04 99.47 96.36
200 110.59 109.94 109.73

30 43.56 43.35 43.11
90 65.70 65.85 64.52
150 78.15 79.12 79.35
200 90.17 89.08 90.05

30 24.00 24.00 24.00
90 24.01 24.01 24.01
150 24.20 24.19 24.16
200 24.62 24.62 24.54

30 48.74 48.43 48.07
90 76.37 77.44 78.49
150 90.88 93.55 96.95
200 105.10 102.75 109.47

node : 1021

node : 1037

node : 1450

node : 996

 
 
    Finally, the effect of increasing permeability due to shear deformation is studied. In 
order to investigate this effect, the same law has been used but with a different sign. For 
b = -1000, increase of permeability by two orders of magnitude would be obtained. 
Deviatoric strain is the expected cause of inducing increase of permeability, but the 
medium is still under compression induced by heating. This may mean that total 
porosity reduces but the fractures are opening due to shearing. In order to justify this 
assumption, the ratio between deviatoric and mean stress has been plotted for some 
selected points in Figure A6.6. Since this ratio remains rather constant during heating, it 
can be assumed shear stress develops similarly as mean stress, therefore dilatancy 
should develop also similarly as compression.   
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b = 0 b = 500 

 
b = 1000 b = 2000 

 
Figure 6.3. Degree of saturation after 1 year of heating for different cases. 
 

b = 0 b = 500 

  
b = 1000 b = 2000 

 

Figure A6.4. Degree of saturation after 4 year of heating for different cases. 
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b = 0 b = 500 

  
b = 1000 b = 2000 

 
Figure 6.5 Gas pressure after 1 year of heating for different cases 
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Figure A6.6 Ratio between deviatoric and mean stress for some points. 

 
    Using b = 0 (constant permeability) , b = +2000 (reducing permeability due to 
fracture closure) and b = -1000 (increasing permeability due to fracture opening), the 
shape of the dried zone is different (see Figure A6.7). It can be observed that both 
variations of permeability induce changes in the shape of the dried zone. If permeability 
reduces, the elliptical shape is flattened and there is less area dried up. This can be 
explained by the reduced gas flow that will take place because the lower gas 
permeability. If permeability increases, the elliptical shape shrinks in the horizontal 
direction and again there is less area dried up. This can be explained by the higher water 
flow compensating the gas flow.  



 34

a) 

b) 

 
c)

Figure A6.7. Shape of the dried zone for different cases: a) Constant permeability; b) 
Decreasing permeability due to compression; c) Increasing permeability induced by shearing.
 
 
 
A7. Conclusions 
 
    A 2D coupled thermo-hydro-mechanical (THM) analysis of the DST in situ test at 
Yucca mountain has been performed. A single porosity model has been used in which 
the retention curve and relative permeability relationships have been selected to 
represent the dominant phenomena occurring in rock matrix and fractures. 
    The time histories of temperatures at different points are generally well reproduced, 
especially in the early stages of the tests. A heat power reduction has been assumed to 
account for the three dimensional effects of heat dissipation. 
The computed pattern of liquid flow is very much affected by the presence of a dry zone 
around the heated drift. Whereas liquid flow is mainly driven by gravity, gas flow 
exhibits a more radial pattern moving away from the drift. 
    The consideration of a strong dependence of intrinsic permeability with porosity (to 
simulate the important effect of deformation on fracture permeability) allows the 
consideration of coupled THM effects. The evolution of gas permeability as the test 
progresses is quite well reproduced in a number of points of the problem. 
    A program of sensitivity analyses has led to a better understanding of the mechanical 
effects on the hydraulic problem, in particular on the size and shape of the dried zone. 
Consideration of permeability increase due to shear deformation leads to a smaller dried 
zone, a similar effect as that obtained by a permeability reduction due to thermally-
induced compression. 



 35

References 
 
Birkholzer, J.T. and Y.W. Tsang, Modelling the thermal-hydrologic processes  
    in a large-scale underground heater test in partially saturated fractured tuff. Water  
    Resources Research, vol 36, no 6, pp: 1431-1447. 2000. 
Olivella, S., A. Gens, J. Carrera, E. E. Alonso. Numerical Formulation for a Simulator  
    (CODE_BRIGHT) for the Coupled Analysis of Saline Media. Engineering  
    Computations, Vol. 13, No 7, 87-112. 1996. 
TRW Environmental Safety Systems Inc.,  Ambient Characterization of the Drift Scale  
    Test Block. 1997. 
TRW Environmental Safety Systems Inc.,  Drift Scale Test design and forecast results.  
    1997. 
Datta, R.N. DECOVALEX III PROJECT, Task 2A, Interim Report (Revised).  
    Thermal-Hydrological Predictive Simulation of the Yucca Mountain Project Drift  
    Scale Test, February 2002. 
 
 

Attachment 1: Heat power in 2D calculations 
 
    In order to perform THM calculations in 2D, a heat power is applied to the canister 
and the wings with a 70 % reduction of the nominal value. This power reduction is a 
simplification of the actual situation and compensates for the three dimensional effects 
associated with heat flow in the direction that is not considered. 
    To validate such a hypothesis a 3D thermal model that uses the total power of the 
heater is compared with a 2D thermal model that uses a reduced power. The 3D model 
uses a mesh with 23525 nodes and 21864 elements and it is shown in Figure A-1 
together with the mesh that was used for 2D calculations (single porosity). Figure A-2 
indicates selected points that were used for comparison of temperatures. 
    Figures A-3 and A-4 show the temperature evolution for the 3D and the 2D models. 
It can be seen that the power reduction to 70% of the nominal values is sufficiently 
accurate and that 100% would not be appropriate for the 2D calculations. 
 

  
Figure A-1: Mesh 3D (left) and Mesh 2D (right) both used for thermal calculations. 
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B1. Introduction 
 
    The CEA/DM2S/LM2S has performed various Thermo-Mechanical analyses of the 
Drift Scale Test of the Yucca Mountain Project, in the framework of Task 2C of the 
DECOVALEX III project. At this occasion CEA/DM2S/LM2S was acting as the 
research team of the CEA/DESD/SAMRA funding organization.  
    The objective of the Task 2C is to calculate the mechanical response of the DST, 
starting from the original temperature fields measured in-situ. The calculations were 
performed using the CASTEM2000 finite element code, developed by CEA.  
    In this report, we present the modelling assumptions for the TM calculations, and we 
present the various results obtained, to be compared to the experimental measurements.  
 
 
B2. Mathematical setting 
 
    The first assumption is to consider the rock-mass, which contains fractures, as a 
continuum. Therefore, the equations solved, in the Castem2000 computer code, are the 
classical non-linear continnum equations : 
 
*  kinematics :     ε =  0.5  ( grad ξ + t grad ξ ) 
*  equilibrium :    div σ + f =0 
*  behaviour law :   σ = D εe = D ( ε – εp –εth ) 
 
    In the above equations, ξ is the displacement field, ε the strain tensor, σ the stress 
tensor, f the body forces. The total strain ε is partitioned into  an elastic strain εe, a 
thermal strain εth, and in case of a non linear mechanical behaviour such as plasticity, a 
plastic strain εp. D denotes the fourth-order elasticity tensor. In case of an isotropic 
elastic medium, it may be characterized only by two coefficients, the elasticity modulus 
E, and the Poisson’s ratio ν.  
    For the TM calculations three different behaviour laws have been investigated : 
 

 a linear elastic law 
 an elasto-plastic law  
 an elasto-brittle law. 

 
    The elasto-plastic law, called ubiquitous, is defined by a yield criterion, consisting, in 
two dimensions, of two Mohr-Coulomb type criteria, along two predefined directions 
characterized by  their normal vectors n1 and n2. 
 
Fi(σ) = Fi(σni,τi) = σni . tgφi +  |  τi |  - Ci  ≤ 0  ,  where  i = 1 or 2.                                (B.1) 
 
    In this expression, σni  and  τi  represent  respectively the normal stress and the shear 
stress acting on the plane orthogonal to ni, φi  is the friction angle and Ci is the cohesion. 
The plastic flow is non associated and derives from a potential Gi, which has a similar 
expression: 
 
Gi(σni,τi) = σni . tgψi  +  |  τi |                                                                                        (B.2) 
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where ψi  is the dilation angle.  The elasto-brittle law is also defined according to 
predefined orthogonal failure directions. The criterion is simply defined by a limit on 
the normal stress: 
 
Fi(σni) =  σni  - Rt  ≤ 0                                                                                                      (B.3) 
 
where Rt  is the uniaxial traction resistance of the material. 
    Once this limit is reached, the stress decreases in a linear way down to 0., 
corresponding to the rupture strain εr. In case of unloading before the complete rupture 
of the material, the full resistance of the material in compression is recovered, while the 
elasticity properties in traction have decreased.  
 
 
B3. Basic modelling assumptions 
 
    Because of the very large size of the DST and our reduced computer power available, 
we decided to restrict the TM analysis to a limited portion of the DST, but still 
representative of the important phenomena. Because of the periodicity of the wing 
heaters, the first idea is to consider a vertical slice of the DST, perpendicular to the drift 
axis, and comprising two opposite wing heaters. Moreover, assuming symmetry 
between left and right sides of the drift axis, and similarly symmetry between left and 
right sides of a wing heater, only one quarter of this sub-domain can be modelled. Such 
a three dimensional model is displayed on Figure B1.  
 

              
 
Figure B1. Mesh of one quarter of a periodic pattern containing one wing heater 
 
    Although the geometry of the DST enables these symmetry assumptions, it is not 
totally true when considering on one hand the material properties, and on the other hand 
the boundary conditions. For the first point, the rock-mass is fractured mainly in three 
directions which are not exactly coinciding with the planes xy, yz and xz. We will 
however further assume that the fractures are located in these reference planes. 
Therefore, if we consider a pattern located in the middle of the DST, it is possible to 
treat it with mechanical symmetry boundary conditions. Moreover, in view of the length 
of the DST tunnel, a further approximation by a two dimensional plane strain 
calculation, in a xz plane, can be considered. 
    This point has been checked, in the case of a purely elastic material behaviour, by 
comparing the results obtained on one hand with a three dimensional calculation 
including the wing heater borehole, and on the other hand with a two dimensional plane 
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strain calculation without taking into account the wing heater borehole. It has been 
shown that the mechanical perturbation caused by the wing heater borehole is localised 
around it, which can be explained by its very small diameter (9.6 cm), and it does not 
affect the overall thermo-mechanical behaviour. 
    Therefore, in the following, we will restrict the study to two dimensional plane strain 
analysis. In order to be able to compare the predicted displacements to the measured 
ones, we chose initially as vertical plane, the plane located at abscissa y=21m, which 
contains boreholes 154, 155, 156 and 157, instrumented for radial displacements 
measurements. In order to be far from possible perturbations induced by the observation 
drift, we studied the half space corresponding to positive x abscissa. However, because 
of strong oscillations of the temperatures measured in the boreholes instrumented for 
displacements,  as will be shown later in this report, and following the suggestion of  
Robin Datta, we decided to change to plane Y=23m. 
 
 
B4. Mesh, initial and boundary conditions, calculation    
       sequences 
 
 
B4.1. Mesh 
 
    At a first stage, the size of the two dimensional domain has been adapted to the 
temperature fields supplied for Task2C. These temperature distributions have been 
measured at 2662 locations in the DST area, at interval of two days. For each instant, 
the measured temperatures have been smoothed in a rectilinear volume, containing the 
DST, and extending from –35m to +35m in the x direction, from –5m to +55m in the y 
direction, and from –35m to +35m in the z direction. Consequently, we meshed a 2D 
domain ranging from 0 to +35m in the x direction, and from –35m to +35m in the z 
direction. The mesh is shown on Figure B2.  
    Some transient calculations on long periods (1000 days) have shown that the size of 
this domain was too small. It was then decided to extend it to 285m in the x direction, 
and from –150m to +150m in the z direction. The resulting new mesh is plotted on 
Figure B3. It comprises 5686 nodes and 2273 quadratic elements. 
 
 

                             
Figure B2 First mesh used for                  Figure B3 Final mesh for the two-dimensional 
the two-dimensional analysis.                  Analysis. 
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B4.2. Initial conditions  
 
    The data have been taken from (CRWMS M&O, 1997). The rock mass is supposed to 
be initially in a state of stresses characterized by a diagonal stress tensor, with 
horizontal stresses σxx= -1.7 MPa,  σyy = -2.9 Mpa, and a vertical stress σxx due to the 
over-burden load, thus varying with depth. The initial temperature is given as well as 
the other temperature fields. In fact, it is homogeneous and nearly equal to 24.°C. 
 
 
B4.3. Boundary conditions  
 
    Because of symmetry, the horizontal displacement has been prescribed to zero on the 
left side of the domain. On the right side, since the boundary is far enough (285 m), we 
also assumed a zero horizontal displacement. The vertical displacement was prescribed 
to zero on the bottom side, and on the topside, the over-burden load was applied.  
 

 
B4.4. Calculation sequences 
 
    Starting from the initial in-situ state of stresses in the undisturbed rock mass, the 
excavation of the tunnel is first simulated. The resulting displacements are reset to zero, 
in order to stay with the nominal dimensions of the tunnel.  
    Then, the concrete floor is emplaced. The interface between the concrete and the 
rock-mass is supposed to be perfect. The initial stresses in the concrete are assumed to 
be 0., however, the concrete is loaded by its dead weight.  
    Finally, the thermo-mechanical response of the DST is simulated over a 1460 days 
period, using the supplied temperature fields. However, these fields could not be used as 
such, as explained in the next paragraph. 
 
 
B5. Temperature distributions 
 
    As already mentioned, the temperature fields were supplied  in a rectilinear volume, 
at intervals of two days. These fields were obtained by a first smoothing and 
extrapolation procedure from the actual measured temperatures. From these data, we 
applied an interpolation procedure in order to get the temperature values at the nodes of 
our  two dimensional mesh. This operation was repeated for all the spatial temperature 
fields.  
Unfortunately, when we plotted the temperature evolutions at the locations where the 
mechanical displacements are measured ( MPBX7, MPBX9, MPBX10), we observed 
very disturbed histories, as shown on Figure B4(a). 
    A first idea was to smooth the temperatures. Another suggestion, done by Robin 
Datta, was to use the temperatures supplied in plane Y=23m. The evolution of the 
temperature thus obtained  at the same point is plotted on Figure B4(b). 
    Some remaining oscillations are visible on figure B4(b). Their effect will be clearly 
seen on the thermo-mechanical results later on. 
    The next Figures B5(a) and B5(b) show the temperature field for example at t=450 
days, on one hand as supplied, and on the other hand, as interpolated on the 
corresponding part of the mesh used for the calculations. 



 44

    Moreover, since we extended the size of the domain, we had to assume a constant 
temperature, equal to 24°C, outside the volume where temperatures were given. 
 
 

 
Figure B4(a). Temperature history as measured at MPBX7 collar, in plane Y=21m. 
 

 
Figure B4 (b)  Temperature history at MPBX7 collar, in plane Y=23m. 
 
 
B6. Material properties 

 
    The material properties have been taken mainly from two documents, which are 
firstly the Table 1: Yucca Mountain Drift Scale Test Rock Properties, and secondly the 
more recent reference (CRWMS M&O, 1999).  
    The first calculations have been performed using, for the elastic properties, the values 
given in Table 1, and for the non-linear properties, some engineering judgment.  
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                               (a)                                               (b) 
 
Figure B5:  a) Temperature field at 450 days, as supplied in plane Y=23m;  
b) Temperature field at 450 days, as interpolated on the calculation mesh. 
 
 
    Because of the extent of the mesh, the properties had to be defined for the Tptpmn, 
Tptpll and Tptpul layers. The corresponding properties are: 
 
Ttptpmn     
Young’s modulus: 32.93 Gpa 
Poisson’s ratio: 0.21 
Mean Thermal Expansion Coefficient (MTCE): variable, from 7.6 µs/°C between 25°- 
    50°C to 53.17 µs/°C between 275°-300°C 
Uniaxial traction strength: 3.95 Mpa 
Friction angle: 30° 
Dilation angle: 10° 
  
   The MTCE has been taken from(CRWMS M&O, 1997), as the mean value for the 
ESF-SDM-MPBX2-B. 
 
Tptpll 
Young’s modulus: 27.54 GPa 
Poisson’s ratio: 0.21 
Mean Thermal Expansion Coefficient (MTCE): 6.41 µs/°C 
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Uniaxial traction strength: 3.30 Mpa 
Friction angle: 30° 
Dilation angle: 10° 
 
Tptpul 
Young’s modulus: 20.36 GPa 
Poisson’s ratio: 0.23 
Mean Thermal Expansion Coefficient (MTCE): variable, from 6.29 µs/°C between 25°- 
    50°C to 34.24 µs/°C between 150°-250°C 
Uniaxial traction strength: 2.44 MPa 
Friction angle: 30° 
Dilation angle: 10° 
 
    The above values are related to the intact rock. Since we are dealing with a 
continuum approach, where the fractures are not explicitly modelled, it is more relevant 
to introduce the rock mass parameters, if they are available.  
    Unfortunately, it does not seem to be the case for the variable thermal expansion 
coefficients. However, table 23 in reference (CRWMS M&O, 1999) indicates some 
lower values of the MTCE, which are a priori more appropriate. 
    Therefore, we performed new calculations, with the following updated properties, 
taken from reference (CRWMS M&O, 1999): 
 
Tptpmn     
Young’s modulus: 14.77 GPa 
Poisson’s ratio: 0.2 
Mean Thermal Expansion Coefficient (MTCE): variable, from 6.89 µs/°C between 25°- 
    50°C to 41.46 µs/°C between 275°-300°C (dry material) 
Uniaxial traction strength: 1.54 MPa 
Friction angle: 57° 
Dilation angle: 29° 
 
Tptpll 
Young’s modulus: 14.77  Gpa 

            Poisson’s ratio: 0.21 
Mean Thermal Expansion Coefficient (MTCE): variable, from 6.41 µs/°C between 25°-   
    50°C to 33.40 µs/°C between 275°-300°C (dry material) 
Uniaxial traction strength:  1.54 MPa 
Friction angle: 57° 
Dilation angle: 29° 
 
Tptpul 
Young’s modulus: 19.40 Gpa 
Poisson’s ratio: 0.23 
Mean Thermal Expansion Coefficient (MTCE): variable, from 7.41 µs/°C between 25°- 
    50°C to 48.83 µs/°C between 275°-300°C 
Uniaxial traction strength:  1.35 MPa 
Friction angle: 46° 
Dilation angle: 23° 
 
    Apart from the MTCE, the other properties have been taken for a rock mass quality 3. 
It may be noted that the Young’s moduli (except for the tptpul) as well as the MTCEs 
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for high temperature values, have been approximately divided by two. We will refer to 
these properties as ‘low E, low alpha’ values. The old properties will be referred to as 
‘high E, high alpha’. The two intermediate cases, with the intact rock elasticity moduli 
and the reduced MTCEs, and vice versa,  have been considered,  and will be referred to 
as ‘high E, low alpha’, and ‘low E, high alpha’. 
    For the concrete floor, the properties used in all calculations are: the Young’s 
modulus of 38.5 GPa, the Poisson’s ratio of 0.24 and the mean thermal expansion 
coefficient: 10 µs/°C 
    As indicated above, three different types of calculations have been performed, one 
purely elastic, and two others non linear, corresponding to the ubiquitous model and to 
the brittle model. The various results will be presented below. 
 
 
B7. Results 
 
    In this section, we first present the relative radial displacements, to be compared to 
the ones measured in situ with probes MPBX7, MPBX9 and MPBX10. These 
displacement components are obtained as the relative displacements between given 
anchors (1 to 4) and the collar of the borehole, projected along the axis of the borehole.  
    In the following Figures B6 to B17, we present the comparison of the results obtained 
by the three different calculations: elastic (using the last updated thermo-elastic 
properties, i.e. low E and low alpha), ubiquitous and brittle.  
    The results indicate that the overall thermo-mechanical response of the rock-mass is 
mostly linear. The largest differences are visible at MPBX7 – anchor 4 and MPBX9 – 
anchor 4. Both are located above the heat sources, and the length of the probe may 
amplify the differences.  
    It is possible to locate zones where non-linear events are occurring, by looking for 
example either at the strains that are normal to the planes of weakness, in the case of the 
ubiquitous model, or at the openings of the potential fractures in the case of the brittle 
model.  
 
 
B8. Ubiquitous model 
 
    In the case of the ubiquitous material model, some opening strain of horizontal weak 
planes is noticeable as early as 100 days, at the boundary of the drift. This is 
accompanied by shear strains. In fact this localisation of damage is due to the combined 
effect of heating which tends to reduce the radius of the drift, and the presence of the 
concrete floor which restrains this convergence. Consequently, some damage occurs in 
the rock just above the concrete floor level. With time and heating, this phenomenon is 
amplified. The final pattern of the opening strains of horizontal weak planes, after 1460 
days of heating, is shown on Figure B18. On the vertical weak planes, some opening as 
well as shearing  strains are occurring around 500 days, below the outer end of the wing 
heater,  which is a zone where shear stresses take place. It must be recalled that since 
there is a significant dilation angle (29°), shear straining can cause opening strains even 
if the weak planes are subjected to compressive stresses. The final pattern of these 
opening strains on vertical weakness planes, after 1460 days of heating, is shown on 
Figure B19. 
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Figure B6. Displacement at MPBX7 – Anchor 1. 
 
 
 

 
Figure B7. Displacement at MPBX7 – Anchor 2. 
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Figure B8. Displacement at MPBX7 – Anchor 3. 
 
 
 

 
 
Figure B9. Displacement at MPBX7 – Anchor 4. 
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Figure B10. Displacement at MPBX9 – Anchor 1. 
 
 
 

 
 
Figure B11. Displacement at MPBX9 – Anchor 2. 
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Figure B12. Displacement at MPBX9 – Anchor 3. 
 
 
 

 
 
Figure B13. Displacement at MPBX9 – Anchor 4. 



 52

 
 
Figure B14. Displacement at MPBX10 – Anchor 1. 
 
 
 

 
Figure B15. Displacement at MPBX10 – Anchor 2. 
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Figure B16. Displacement at MPBX10 – Anchor 3. 
 
 
 

 
 
Figure B17. Displacement at MPBX10 – Anchor 4. 
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Figure B18. Tensile strains of horizontal weak planes at t = 1460 days. 
 
 
 

 
 
Figure B19. Tensile strains of vertical weak planes at t = 1460 days. 
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B9. Brittle model 
 
    Concerning the boundary of the drift, at an early stage of heating, the results are 
similar to the ubiquitous model: horizontal cracks are forming at 100 days, close to the 
horizontal diameter of the drift. However, the crack is here due only to tensile stresses, 
and is therefore not located exactly at the same place as predicted by the ubiquitous 
model. Then as heating goes on, the damage evolves in a zone located between this 
point and the concrete floor level, as shown on Figure B20. For vertical cracks, the 
situation is different from the ubiquitous model one: A vertical crack appears around 
700 days, above the heated zone, along the vertical symmetry axis. This is due to the 
fact that the whole heated zone pushes the above layers upwards and therefore tends to 
crate a bending fracture. Note that this fracture is separated from the drift by a 
compressed zone, because of the vicinity of the heating source. The final  vertical 
fracture is displayed on Figure B21. However, since this fracture is vertical, it should 
have only a limited impact on the radial displacements which are measured at MPBX9 
anchors.  
    From these various results, it seems that the hypothesis of an elastic behaviour for the 
rock mass is acceptable, provided that the ‘low’ values introduced for the Young’s 
moduli and the mean thermal expansion coefficients of the different layers are 
confirmed. Some other calculations performed earlier with higher values for these 
parameters have shown more pronounced non linear behaviours.  
 
 
B10. Comparison of elastic calculations 
 
    In this section, we present some results of purely elastic calculations, performed with 
different values of Young’s moduli and MTCEs. The values have been detailed before.  
We compare again the predictions of the relative radial displacements, for the various 
anchors of the measuring probes (Fig. B22- B33).  
    The general comments that can be done from the above results is that the influence of 
the elastic thermo-mechanical properties differs with the position of the measured 
displacements. For the probes MPBX7 and MPBX9, located above the drift, the radial 
displacements close to the drift  (anchors 1 and 2) are mostly influenced by the thermal 
expansion coefficient, and not so by the elastic modulus, which may be attributed to the 
fact that these point undergo mostly a thermal strain that is predominant over their 
elastic strain. For the anchors 3 and 4 located further, the influence of the elasticity 
modulus is noticeable. 
    For the probe MPBX10, the situation is different, since all the anchors show an 
influence of the two parameters, but this influence is not monotonous. However, the 
bounds are always given by the two extreme cases: low E, low alpha, and high E, high 
alpha. 
    Finally, from these results, it can be observed that the differences predicted on these 
radial displacements is not so important, although the variations introduced on the 
thermo-mechanical parameters seem to be significant.  
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Figure B20. Horizontal cracks openings at t = 1460 days. 
 
 

 
 
Figure B21. Vertical cracks openings at t = 1460 days. 
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Figure B22. Displacement at MPBX7 – Anchor 1. 
 
 

 
 
Figure B23. Displacement at MPBX7 – Anchor 2. 
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Figure B24. Displacement at MPBX7 – Anchor 3. 

 
 
 

 

 
 
Figure B25. Displacement at MPBX7 – Anchor 4. 
 



 59

 
 
Figure B26. Displacement at MPBX9 – Anchor 1. 
 
 
 
 

 
 
Figure B27. Displacement at MPBX9 – Anchor 2. 
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Figure B28. Displacement at MPBX9 – Anchor 3. 
 
 
 

 
 
Figure B29. Displacement at MPBX9 – Anchor 4. 
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Figure B30. Displacement at MPBX10 – Anchor 1. 
 
 
 

 
 
Figure B31. Displacement at MPBX10 – Anchor 2. 
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Figure B32. Displacement at MPBX10 – Anchor 3. 
 
 
 
 

 
 
Figure B33. Displacement at MPBX10 – Anchor 4. 
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B11. Conclusion 
 
    The results presented in this report were obtained after many assumptions, which 
were made on the rock-mass (orientation of the fractures, material properties, etc), on 
the temperature field (temperatures smoothed and extrapolated from in-situ measures), 
on the geometrical and mechanical modelling (two dimensional model, assuming 
symmetry of the domain and of the boundary conditions, plane strain hypothesis, 
material models such as elasticity, ubiquitous or brittle inelastic behaviour, etc).  
    Concerning the non linear behaviour, the presence of the concrete floor; which 
restrains the thermal deformation of the rock mass around the drift, may be responsible 
for some horizontal fractures close to the drift. Other fractures are predicted by the two 
models, but they differ from one model to the other. 
    Some parametric studies have been performed to appraise the influence of some of 
these assumptions, and they showed that the overall behaviour of the rock-mass, so as 
can be judged from the only point of view of the mechanical radial displacements 
measures at MPBX7, MPBX9 and MPBX10, is mostly elastic.  
    These results must now be compared to the actual measures for more valuable 
conclusions. 
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C1. Introduction 
 
    The Yucca Mountain Drift Scale Test (DST) is one of several test cases in the 
DECOVALEX III project—an international co-operative project for development of 
coupled models and their validation against experiments. As a test case in the 
DECOVALEX III project several independent research teams from various 
international organizations will analyze coupled thermal-hydrological-mechanical 
(THM) processes at the DST using various coupled THM models. At the end of the 
DECOVALEX III project, the simulation results obtained by various research teams 
will be compared to each other and to actual field measurements at the DST. This report 
presents modeling work conduced by the research team at the Lawrence Berkeley 
National Laboratory (LBNL), representing the US Department of Energy (DOE).  
    The Yucca Mountain Drift Scale Test is denoted Task 2 in the DECOVALEX III 
project. It consists of three different subtasks, Task2a, 2b and 2c. Task 2a is focused 
thermal-hydrological (TH) processes at the DST including evolution of temperature and 
fluid saturation in the DST area. Task 2b is focused on thermal-mechanical (TM) 
processes including the evolution of TM-induced rock mass deformations and fracture 
permeability changes. Task2c is similar to Task 2b, (focusing on TM processes), but 
with a difference in the treatment of the temperature field: In Task2b the temperature 
field is calculated, whereas in Task2c the temperature field is not calculated, but the 
measured temperature field is directly imported into the calculation. Task2c was 
designed to enable participation of research teams that do not have the capabilities of 
calculating temperature fields for above boiling, two-phase flow condition.  
    The US DOE Research Team provide predictions for Task 2a and Task 2b, having 
the capability of conducting coupled TH and THM analyses for above boiling, two-
phase flow conditions. The LBNL simulations of TH processes using the TOUGH2 
code have been presented to the  DECOVALEX III Task 2 coordinator in an earlier 
report. This report presents modeling results for DECOVALEX III Task 2b conducted 
with the coupled THM simulator TOUGH-FLAC (Rutqvist et al., 2002). The model 
conceptualization for this THM analysis is build upon previous experiences with 
modeling of TM processes at the Yucca Mountain site by Sobolik et al., (1998 and 
1999) and Blair (2001). Specific output results from this report to the DECOVALEX III 
project and the Task2 coordinator are predicted displacement and air-permeability 
changes at selected measurement locations in the rock mass around the DST heated 
drift.   
 

C2. Description of the coupled THM simulator 
    The two computer codes TOUGH2 (Pruess et al. 1999) and FLAC3D (Itasca 
Consulting Group 1997) have been coupled for the analysis of coupled multiphase flow, 
heat transport, and rock deformations in fractured porous media (Rutqvist et al. 2002). 
The TOUGH2 code is designed for hydrological analysis of multiphase, 
multicomponent fluid and heat transport, while FLAC3D is designed for rock and soil 
mechanics. TOUGH2 has been successfully applied in the Yucca Mountain Project 
(YMP) to predict the temperature and moisture distribution of field experiments, 
including the Single Heater Test (Tsang and Birkholzer 1999) and the Drift Scale Test 
(DST) (Birkholzer and Tsang, 2000). FLAC3D has the capability to analyze coupled 
HM and TM responses of soil, rock, or other types of materials that may undergo plastic 
flow when their yield limit is reached. The codes are coupled through external modules: 
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one that calculates changes in effective stress as a function of multiphase pore pressure 
and thermal expansion, and one that corrects porosity, permeability, and capillary 
pressure as a function of stress (Figure 1). Because these coupling functions are material 
specific, specially designed coupling modules have been constructed and qualified for 
Yucca Mountain. 
    The stratigraphic unit in which the DST is located (middle nonlithophysal [Tptpmn] 
unit of the Topopah Spring Tuff) is highly fractured and well connected (Kicker and 
Kemeny, 2000, Section 6.7 and Figure 8). In this rock unit, three dominant sets of 
fractures are oriented almost orthogonal to each other, two subvertical and one 
subhorizontal, and the mean fracture spacing is around less than 0.4 m (Nieder-
Westermann, 1998, Section 7.4.5). Because of the high density and connectivity of the 
fracture network, the conceptual model used is a dual-permeability continuum model 
with interacting fractured and matrix continua. Previous analyses of TM-induced 
displacements at two major heater tests at Yucca Mountain have shown that mechanical 
deformations in the Tptpmn unit can be reasonably well captured with a linear-elastic or 
nonlinear-elastic mechanical model (Sobolik et al. 1998; Blair 2001, pp. 115–125; 
Sobolik et al. 1999, p. 735). Furthermore, previous comparisons of the discrete-fracture 
approach and continuum approach for the modeling of mechanical displacements in the 
DST show minor differences, indicating that the continuum approach is sufficient for 
accurately representing the in situ TM behavior at Yucca Mountain (Blair 2001, p. 125). 
This implies that the bulk-rock mass behavior is essentially elastic, although locally a 
small slip may occur on fracture planes. Next to the drift wall, on the other hand, more 
significant inelastic shear slip or tensile fracturing may occur because of the strong 
stress redistribution and a lack of confinement in that region (Figure C1a).  
    To couple changes in the three-dimensional stress field to rock-mass permeability, a 
cubic-block conceptual model is utilized (Figure 1b). Although, a two-dimensional 
analysis is conducted, the permeability field in the plane of the model depends on the 
three-dimensional stress field. The three-dimensional stress field is calculated in the 2-D 
plane strain mechanical analysis performed in FLAC3D. Using the conceptual model in 
Figure 1b, the porosity, permeability, and capillary pressure in the fractured continuum 
are corrected for any change in the stress field according to: 
 

iF φφ φ=                                                                                                                        (C.1) 

ixkxx kFk = , iykyy kFk = , izkzz kFk =                                                                            (C.2) 

ciPcc PFP =                                                                                                                    (C.3) 

where F denotes various correction factors and subscript i denotes initial conditions. 
Porosity and permeability correction factors are calculated from the initial and current 
apertures in Fracture Sets 1, 2, and 3 according to: 
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where fractures in Fracture Sets 1, 2, and 3 are assumed to be equally spaced and 
oriented normal to x, y, and z directions, respectively, and a parallel-plate fracture flow 
model (Witherspoon et al. 1980) is adopted. The capillary pressure is corrected with 
porosity and permeability changes according to the Leverett (1941) function: 

φF
F

F k
Pc =                                                                                                                   (C.6) 

where  
3

kzkykxk FFFF =                                                                                                          (C.7) 

In this study, the current fracture aperture b depends on the current effective normal 
stress nσ , according to the following exponential function (Rutqvist and Tsang 2003): 

( )[ ]nrmr bbbbb σαexpmax+=+=                                                                                (C.8) 

where br is a residual aperture, bm is mechanical aperture, bmax is the maximum 
mechanical aperture, and α is a parameter related to the curvature of the function 
(Figure C2). This relationship can also be expressed in terms of an initial aperture, bi, 
and changes in aperture, ∆b, as: 
 

( ) ( )[ ]ninii bbbbb ασασ expexpmax −+=∆+=                                                             (C.9) 
 
where σni is the initial stress normal to the fractures. This expression can be inserted 
into Equation (5) to derive expressions for rock-mass permeability-correction factors in 
x, y, and z directions. In this formulation, the permeability changes as a function of 
normal stress across each fracture set, while no shear induced permeability changes are 
considered. It is expected to be sufficient because closure of vertical fractures caused by 
thermally-induced horizontal stresses are expected to have a dominating impact on the 
permeability changes. If shear-induced permeability changes turned out to be 
significant, it could be readily included into the formulation as an additional correction 
of permeability with fracture shear displacements.  
    Because fractured porous media is always assumed to be in a static equilibrium, the 
three-dimensional stress is equivalent in the fracture and matrix continua. Therefore, the 
mechanical dual-continuum model reduces to a lumped fracture-matrix continuum 
model (equivalent continuum model). For fluid and heat transport, the dual continuum 
stills exists, but with fracture and matrix continua that may not be in equilibrium, and 
hence can have different fluid pressure and temperature. 
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Figure C1. Schematic of Coupling between TOUGH2 and FLAC3D. NOTE: In the 
special case of Yucca Mountain, the illustrated transfer of multiphase fluid pressure 
from TOUGH2 to FLAC3D is not significant and therefore neglected. Only 
temperature has to be transferred from TOUGH2 to FLAC3D. 
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(a) Fractured rock-mass system       (b) Conceptual stress-permeability model 

Figure C2. Schematic of the fracture rock system near a drift and the conceptual model 
used. NOTE:The illustrated inelastic zone near the drift wall may or may not exist 
depending on rock mass strength properties. 
 

Normal Stress, σn

Fr
ac

tu
re

A
pe

rtu
re

,b

br

bmax

1/α  
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C3. Model conceptualization of the drift scale test 
 
 
C3.1. Geometry and boundary conditions 
 

    The DST model domain is a two-dimensional representation of the DST in a section 
crossing the heated drift perpendicular to its axis (Figure C4a). The two-dimensional 
model is half-symmetric with a vertical symmetry plane along the center axis of the 
Heated Drift. The model domain extends vertically 250 m from the top of the Tptpul 
stratigraphic unit (z = 100) down to the bottom of the Tptpll stratigraphic unit (z = -150 
m) (The stratigraphy of the geological units is extracted from the nearby borehole USW 
SD-9.) The lateral model boundary is placed at a distance of 100 m from the center of 
the Heated Drift. Model components include the three geological units (Tptpul, Tptpmn, 
and Tptpll), the Heated Drift, the concrete invert, and wing heaters. The Heated Drift is 
represented by a gridblock that is assigned a large permeability and heat conductivity to 
allow for advective, conductive, and radiative transport of heat. An extra grid element is 
added to simulate loss of heat and vapor through the bulk head at the end of the Heated 
Drift. This is a necessary step to obtain an accurate temperature at the drift wall. 
    The mechanical, hydraulic, and thermal boundary conditions (as well as initial 
conditions) are presented in Figure C4b to d. The initial vertical stress is estimated using 
an average density of 2,200 kg/m3 for the overlying rock units, leading to a vertical 
stress of about 5.8 MPa at the depth of the Heated Drift (267.5 m). The average value of 
the rock bulk density was calculated for the overlying rock mass using values of 
saturated rock densities given in a Yucca Mountain Project geotechnical rock property 
report (CRWMS M&O, 1999a). The magnitude of maximum and minimum principal 
compressive horizontal stresses are a factor of 0.6 and 0.5 of the vertical stress, with the 
maximum stress oriented normal to the drift axis given in the Yucca Mountain Site 
Geotechnical Report (CRWMS M&O, 1997, Table 3-2, pp. 3–23). The stress normal to 
the top boundary (representing the stress produced from the overlying rock mass) and 
the left lateral boundary (representing the remote maximum principal compressive 
stress) are fixed throughout the simulation. The top and bottom model boundary 
conditions are identical to the ones used in the Thermal Tests Thermal-Hydrological 
Analyses/Model Report (Wagner et al. 2001a, Section 6.1.2). The fixed hydraulic and 
thermal boundary conditions on the top and bottom of the model shown in Figure 4c 
and d were obtained from an independent TH simulation of a one-dimensional model 
domain extending from the ground surface to the water table.  
    The total heating power applied to the DST model domain reflects average values of 
the actual heating power. Average values were calculated for various time periods. The 
periods of identical average power output, as applied to the model, are given in Table 1 
separately for the drift heaters and the wing heaters. The heat power for the two-
dimensional model was calculated from the total heat power in Table C1, divided by 
47.5 m (the length of the heat source along the Heated Drift). In addition the heat power 
for the drift heater in the half-symmetric model is divided by two, and the power of the 
wing heaters are distributed with 43.1% to the inner wing heaters and 56.9% to the outer 
wing heaters. This is in accordance with a ratio of heat power between the outer and 
inner wing heaters of 1.32 as given in Wanger et al. (2001a), p. 43. 
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(a) Geometry    (b) Mechanical boundary conditions 
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(c) Hydrological boundary conditions  (d) Thermal boundary conditions 
 
Figure C4. Two-dimensional representation of the DST in a section crossing the heated 
drift perpendicular to its axis presented with (a) geometry; (b) mechanical; (c) 
hydrological; and (d) thermal boundary conditions. Note:  Pg = gas pressure, Sl = 
liquid saturation, zd = depth below ground surface. 



                                                                                                      72 
 

 

 Table C1.Total Average Heater Power at Various Times of Heating in the DST 
Time Drift Heaters 

(kW) 
Wing Heaters 

(kW) 

12/03/1997-05/31/1999 52.1 132.1 

06/01/1999-03/02/2000 50.0 125.1 

03/02/2000-05/02/2000 47.9 120.4 

05/02/2000-08/15/2000 45.8 114.6 

08/15/2000-03/31/2001 43.3 106.4 

04/01/2001-05/02/2001 43.4 106.7 

05/02/2001-08/22/2001 41.4 101.6 

08/22/2001-09/30/2001 39.4 96.3 

10/01/2001-01/14/2002 39.4 96.8 

 
 
 
C3.2. Rock properties 
 
    The properties utilized in the DST model domain are summarized in Table C2. TH 
properties are taken from the site-specific rock-property set called DKM-TT99. The 
rock-mass mechanical properties (Young’s Modulus and Poisson’s Ratio) are extracted 
from a Yucca Mountain geotechnical rock properties report (CRWMS M&O, 1999a, 
Tables 10 and 11 for 40% cumulative frequency). These elastic parameters, which 
represent the bulk rock mass (including the effect of fractures) have been estimated 
using an empirical method based on the Geological Strength Index (GSI). The adopted 
rock-mass Young’s modulus is about 50% lower than the Young’s modulus of intact 
rock determined on core samples from the site.  
    Table C3 presents HM and TM properties have been developed as explained in the 
remainder of this section. The thermal expansion coefficient adopted in this analysis is 
derived from laboratory measurements on intact rock samples (Figure C5). The thermal 
expansion coefficient in the field could theoretically be equal or lower than the intact 
value because of the presence of fractures. At the Single Heater Test (SHT), the in situ 
thermal expansion coefficient was determined to be slightly lower than the 
corresponding values for intact rock (CRWMS M&O 1999b, p. 9-10). On the other 
hand, analysis of MPBX displacements at the early part of the DST by Sobolik et al. 
(1999), p. 741 and Blair (2001), pp. 21 and 115–125) indicate that the displacements are 
well predicted if intact-rock thermal expansion coefficient is used. In addition, both 
laboratory and field measurements have shown that the thermal expansion coefficient 
increases with temperature (Brodsky et al. 1997). Figure C5 shows that the adopted 
function closely represents intact-rock thermal expansion coefficients for various rock 
units at Yucca Mountain. Therefore, the linear function shown in Figure C5 is adopted 
for all rock units in the Drift-Scale THM Model. Moreover, in Figure C6, the function 
for a temperature-dependent thermal expansion coefficient is compared to measured 
thermal expansion coefficients on intact rock samples from the DST block. The figure 
shows that the adopted thermal expansion coefficient is close to the site-specific values 
of the intact-rock thermal expansion coefficient for a temperature up to 200oC 
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Table C2.Rock properties of geologic Units Tptpul, Tptpmn and Tptpll in the model 
domain of the DST.  

Stratigraphic  Unit > Tptpul Tptpmn  Tptpll 

Matrix Thermal and Hydrological Properties 
Permeability km (m2) 5.25E-18 1.24E-17 2.47E-16 

Porosity fm (-) 0.154 0.11 0.13 

van Genuchten �  �m (1/Pa) 1.06E-5 2.25E-6 2.82E-6 

van Genuchten m (or �) mm (-) 0.2431 0.2471 0.2071 

Residual saturation Slrm (-) 0.06 0.18 0.13 

Rock grain density � (kg/m3) 2510 2530 2540 

Specific heat capacity Cp (J/kg K) 917 953 953 

Dry thermal conductivity �dry (W/m K) 1.15 1.67 1.59 

Wet thermal conductivity �wet (W/m K) 1.7 2.0 2.29 

Tortuosity t (-) 0.7 0.7 0.7 
Fracture Hydraulic Properties 

Permeability kf (m2) 6.353E-13 1.00E-13 1.87E-13 

Porosity ff (-) 0.171E-3 0.263E-3 0.392E-3 

van Genuchten � �f (1/Pa) 1.57E-4 9.73E-5 1.66E-5 

van Genuchten m (or �) mf (-) 0.4921 0.4921 0.4921 

Residual saturation Slrf (-) 0.01 0.01 0.01 

Fracture frequency f (m-1) 0.81 4.32 3.16 

Tortuosity t (-) 0.7 0.7 0.7 

Rock-Mass Mechanical Properties 

Young’s Modulus E (GPa) 19.40 14.77 14.77 

Poisson’s Ratio ν (-) 0.23 0.21 0.21 
 

 

Table C3. Developed TM and HM parameters and properties for the rock mass in the 
model domain of the DST.  

Stratigraphic  Unit > Tptpul Tptpmn Tptpll 

Initial hydraulic aperture bi (µm) 167 52 153 

Parameters bmax and �  for 
the stress-aperture 
function 

bmax (µm) 
� (1/MPa) 

200 
0.52 

200 
0.52 

200 
0.52 

Thermal Expansion 
Coefficient  

α��°C) 5.0+0.0583×
T 

5.0+0.0583
×T 

5.0+0.0583
×T 

NOTE:  T = Temperature in °C 



                                                                                                      74 
 

 

TEMPERATURE, T (oC)

TH
E

R
M

A
L

E
X

P
A

N
S

IO
N

C
O

E
F.

(1
0-6

/o C
)

50 100
0

5

10

15

20

αT = 5.0 + 0.0583*T

Intact Rock Values TCw TM Unit
Intact Rock Values PTn Unit
Intact Rock Values TSw1 TM Unit (Tptpul)
Intact Rock Values TSW2 TM Unit (Tptpmn, Tptpll)

 
Figure C5. Temperature-dependent thermal expansion coefficient in the DST model 
domain with comparison to values of intact rock samples for various TM units. 
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Figure C6.Temperature-dependent thermal expansion coefficient used in the DST 
Model domain and comparison to laboratory-determined values on intact rock. 
 

    The parameters bmax and α in the stress-aperture function (Equation C.9) are 
estimated through model calibration against air-permeability measurements conducted 
at several field experiments at Yucca Mountain. It is essential that these parameters are 
determined in situ, at a relevant scale, because of possible scale dependency of the 
coupled HM properties of rock fractures (Rutqvist and Stephansson 2003). The 
parameters bmax and α are uniquely determined from three air-permeability 
measurements, conducted at different stress levels, that represent three points on the 
stress-aperture function (Figure C7). The first data point on the stress-aperture function 
is defined by the initial aperture (back-calculated from the measured initial 
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permeability) and the initial stress (estimated from in situ stress measurements). The 
initial aperture is estimated from the mean fracture frequency, f, and isotropic initial 
permeability, assuming an ideal cubic block model, leading to the formula: 

 

 3 6 fkb ii =                                                                                                             (C.10) 

    The second point on the stress-aperture function represents the conditions at high 
stress, when fractures are completely closed from a mechanical standpoint but still open 
to conduct water due to their residual aperture. This point is abstracted from observed 
air-permeability changes at the DST (Figure C7). At the DST, the temperature in the 
rock increases up to 200°C, inducing strong thermal stresses expected to compress 
fractures to a smaller aperture. In general, the permeability at DST decreases at by one 
order of magnitude during the heating phase. A specific values of a permeability 
decrease by a factor of 0.125 was extracted as the maximum decrease at the end of the 
heating phase.  
    Applying a very high normal stress, σn to Equation (C-9), the residual aperture in 
each of the three fracture sets can be calculated directly. In this calculation, the initial 
aperture, bi, is estimated to 51.8 µm, using Equation (C-1), an initial hydraulic 
permeability of 1e-13 m2, and a mean fracture frequency of 4.32. The calculated 
residual aperture is then inserted into Equation (C-5) to calculate the residual 
permeability-correction factors Fkxr, Fkyr, Fkzr in the x, y, and z direction. Finally, the 
geometric mean of the residual permeability correction factors is calculated as: 
 

3
kzrkyrkxrkr FFFF =                                                                                                     (C.11) 

 
    A third data point on the stress-aperture curve (Figure C7) is obtained from numerical 
back-analyses of air-permeability measurements conducted at three excavated niches in 
the Tptpmn unit and one excavated niche in the Tptpll unit. These tests were conducted 
to study permeability changes near a drift wall caused by excavation effects (i.e., 
mechanical unloading of the rock mass near the drift wall causing fracture opening and 
consequent permeability increase). In the Tptpmn unit, the air permeability was 
measured before and after excavation in 0.3-meter packer-isolated sections along three 
boreholes located about 0.65 meters above the niches ((Wang et al., 2001, Section 
C6.1)). In general, the permeability at the niche tests was found to increase by a factor 
of about 1 (no change) to 1,000 (an increase by three orders of magnitude) averaging 
about one orders of magnitude. It was also found that permeability generally changes 
more in initially lower-permeability sections. 
    In this study, the niche excavations were modeled using the FLAC3D code to 
calculate changes in the stress field. Thus, the stress relief illustrated in Figure C7 was 
calculated with the FLAC3D V2.0 model of the niches and using the mechanical 
properties of the rock mass given in Table 2. Based on the calculated stress field, new 
fracture apertures for each fracture set can be calculated from Equation (C-9). The new 
apertures are then inserted into Equation (C-5) to calculate the excavation permeability 
correction factors Fkxe, Fkye, Fkze in the x, y and z direction. Finally, the geometric mean 
of the excavation permeability correction factors are calculated as: 
 

3
kzekyekxeke FFFF =                                                                                                     (C.12) 
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    As a matching point, a permeability correction factor of Fke = 9 is abstracted from 
Wang et al.,  (2001) (Figures 6.1.2-11 to 6.1.2-15). In these figures, a permeability 
correction factor of Fke = 9 is in good agreement with the observed trend lines for the 
measured data at Niche 3107, 4788, and CD 1620 at an initial permeability of 1e-13 m2. 
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Figure C7. Schematic of calibration of stress-aperture function using three air-
permeability measurements conducted at three different stress levels. Note: the 
subscripts n = normal, i = initial conditions, e = conditions after excavation and 
subscript r represents conditions at high stress when fracture aperture and fracture 
permeability is close to their residual values.  Hence, Fke is permeability correction 
factor after excavation and Fkr is permeability factor at high stress when fracture 
aperture and fracture permeability is close to their residual values.      
 

    Figure C8 presents the results of calibrating the parameters bmax and α. The two 
curves in Figure C8 shows different combinations of bmax and α that satisfy the 
condition of Fkr = 0.125 (red curve) and Fke = 9 (blue curve). The red curve is 
determined by a trial and error iterative calculation in which bma is kept fixed at 
different discrete values between 100 to 400 µm, and for each bmax  α is adjusted until 
the condition Fkr = 0.125 is satisfied. Similarly, the blue curve is determined by keeping 
bmax fixed and then α is adjusted until the condition Fke = 9 is satisfied. A unique 
solution, satisfying both the condition of Fkr = 0.125 and Fke = 9, is obtained for bmax = 
200 µm and α = 0.52 MPa-1 (Figure C8). These values of bmax and α are adopted for all 
rock units in the model of the DST.  
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Figure C8. Determination of parameters bmax and α by model calibration against air-
permeability measurements from the DST and Niche Tests. NOTE: Fke = permeability 
correction factor (k/kI) as a result of stress relief after excavation of a niche, Fkr = 
Permeability correction factor (k/kI) as a results of stress increase cause by thermal 
stress at the DST, ki = Initial fracture permeability.  
  
 
C4. DST simulation results 
 
 
C4.1. Modeling of temperature field 
     
    For the purpose of predicting TM and HM processes, the calculated temperature field 
must be in reasonable agreement with measured temperature. This is essential because 
the temperature field is the driving force behind both TM and THM processes. In 
modeling the DST, an accurate agreement between the calculated and measured 
temperature was obtained if heat loss through the bulkhead was simulated. A bulk-head 
heat-loss coefficient of 0.4375 W/ºK was determined by calibrating the model for a 
drift-wall temperature of 150oC at 12 months. Without considering the heat loss through 
the bulkhead, the temperature at the drift wall would be overestimated, and 
consequently, TM forces and displacements would also be overestimated. 
    Figures C9 and C10 show the comparison of measured and simulated temperature 
profiles. The measured temperature includes data from four borehole arrays located at y 
=12, 23, 32 and 39 m along the heated drift. These borehole arrays are located well 
inside the axial extensions of the heated drift and wing heaters. In Figures C10 and C11, 
the calculated temperatures are well within the range of measured values. Furthermore, 
it can be concluded from Figures C9 and C10 that the two-dimensional and half-
symmetric model approximation is justified and accurate for predicting temperatures in 
boreholes located well within the extension of the heated drift. Figure C11 shows 
calculated temperature after 12 months of heating and the location of thermal boreholes 
used for validation of the temperature calculation. 
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(c) 36 Months      (d) 48 Months 

 

Figure C9. Measured and simulated temperature profiles along vertically-up boreholes 
at the drift crown. 
 
 
 C5. Prediction of MPBX displacements 
 

    Figure C12 shows calculated displacements relative to the drift axis and the locations 
of radial MPBX boreholes and their anchors, which are used for validation of the 
calculated thermal expansion.  Measured data includes displacements from MPBX 
borehole arrays located at y = 41.1, 21.0, and 13.7. All these arrays are within the axial 
extensions of the Heated Drift, with the one at y = 41.1 being farthest out, located about 
4.6 m from the edge of the heated area. In general, the measured displacements show a 
larger spread than temperature measurements. This reflects the fact that mechanical 
displacements are more sensitive to local heterogeneities in the rock mass, such as  
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Figure C10. Measured and simulated temperature profiles along vertically-down 
boreholes extending downward from the drift floor. 

 
fractures. In addition there are a few anchors in which the measured data were not 
good—either erratic, unreasonable or missing—and therefore excluded from this 
analysis. The quality of displacement measured at various anchors is commented in the 
thermal testing measurements report (Wagner et al. 2002, section 6.3.3.1.1).  
    The measured displacements at various points in the rock mass are grouped according 
to their radial distances from the drift wall. That is, measurements taken at anchors 1, 2, 
3, and 4, respectively located at 1, 2, 4, and 15 m from the drift wall, are compiled into 
four groups regardless of their angular direction and axial location along the Heated 
Drift. The measured and simulated displacements for Anchors 1, 2 ,3 and 4 for MPBX 7 
to 10 are shown in Figures C13 to C16. These are the four MPBX for which model 
predictions are requested in the DECOVALEX III task of the DST. The measured and  
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Figure C11. Calculated temperature distribution after 12 months of heating and 
location of thermal boreholes for comparison of simulated and measured temperature 
profiles. 
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Figure C12. Simulated vertical displacement (UZ) after 12 months of heating and 
location of mechanical MPBX Boreholes for Comparison with measured displacement. 



                                                                                                      81 
 

 

 

TIME (Months)

D
IS

P
LA

C
E

M
E

N
T

(m
m

)

0 10 20 30 40 50
-2

0

2

4

6

8

10

12

Simulated

Measured

TIME (Months)

D
IS

P
LA

C
E

M
E

N
T

(m
m

)

0 10 20 30 40 50
-2

0

2

4

6

8

10

12

Simulated

Measured

 
(a) MBBX 7 (BH 154)   (b) MPBX 8 (BH 155) 

TIME (Months)

D
IS

P
LA

C
E

M
E

N
T

(m
m

)

0 10 20 30 40 50
-2

0

2

4

6

8

10

12

Simulated

Measured

TIME (Months)

D
IS

P
LA

C
E

M
E

N
T

(m
m

)

0 10 20 30 40 50
-2

0

2

4

6

8

10

12

Simulated
Measured

 
(a) MBBX 9 (BH 156)   (b) MPBX 10 (BH 157) 

 
Figure C13.  Simulated and measured displacement in Anchor 1 of MPBX 7 to 10.  
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Figure C14. Simulated and measured displacement in Anchor 2 of MPBX 7 to 10. 
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Figure C15. Simulated and measured displacement in Anchor 3 of MPBX 7 to 10. 
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Figure C16. Simulated and measured displacement in Anchor 4 of MPBX 7 to 10. 
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(a) Anchor 1                                                                    (b) Anchor 2 

Figure C17. Measured and Simulated Evolution of Displacement in all radial MPBX 
Boreholes. 
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    (c) Anchor 3                                                         (d) Anchor 4 
 
Figure C17. (Continued) Measured and Simulated Evolution of Displacement in all 
radial MPBX Boreholes. 
 
 
simulated displacements for each group including all radial MPBX at the DST are 
compared in Figure C17. With the exception of the very early time, the simulated 
displacements are within the range of measured displacement.  
   It appears that the agreement is best for anchors 2 and 3, whereas the calculated 
displacement in Anchor 1 is a lower-bound prediction. In Anchor 4, the displacement is 
slightly underpredicted during the first half the heating period, whereas a good 
agreement is obtained at the end of the heating period.  
    A quantitative evaluation of model predictions is provided by statistical measures 
according to Wagner et al. (2001b). Three statistical measures were considered in the 
quantitative evaluation: root-mean-square-difference (RMSD), mean-difference (MD) 
and normalized-absolute-mean difference (NAMD). The three statistical measures are a 
function of simulated (Vsim, i) and measured (Vmeas, i) variables that in this case are the 
simulated and measured displacements.     The root-mean-square-difference (RMSD), 
which for a specific time is described as: 
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RMSD is a classic statistical measure that has a bias towards larger differences between 
measured and simulated responses. The smaller the RMSD the better agreement 
between simulated and measured responses. N is the number of measurements for a 
specific time. 

    The mean-difference (MD), which for a specific time is described as: 
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A positive MD indicates a general overestimation of the measured variable, whereas the 
converse applies for a negative MD.  
    The normalized-absolute-mean-difference (NAMD) for a specific time is described 
as: 
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where V0
meas,i  in this case is measured displacement. NAMD provides a percentage of 

the absolute difference between measured and simulated variables relative to the 
measured variable.  
    Figure C18 presents the RMSD, MD and NAMD for all simulated and measured 
displacements shown in Figure C17. In Figure C18a, the root-mean-square-difference 
(RMSD) increases from about 1 mm at 6 months to about 2 mm at the end of the 
heating. The increasing RMSD with time reflects the increasing variability in measured 
displacement. The mean-difference (MD) shows that the overall displacement field 
during the first 30 months is underestimated by about 1 mm a number that is reduced to 
about 0.5 mm at the end of the heating period (Figure C18b). The normalized-absolute-
mean-difference (NAMD) is about 45% at 6 months but gradually reduces to less than 
25% after 24 months of heating. Thus, as a whole, the displacement are well predicted 
at the DST and clearly within the validation criterion of ±50% discussed in Section 
C7.1. 
    The general agreement in the magnitude of displacement over the entire heating 
period confirms the findings by Sobolik et al. (1999), p. 741 and Blair (2001), pp. 21 
and 115–125), suggesting that the intact-rock thermal expansion coefficient is an 
appropriate representation of the in situ thermal expansion coefficient at the DST. Also, 
the SHT was simulated using the intact-rock thermal expansion coefficient and showed 
generally good agreement with measured results (CRWMS M&O 1999b, p. 9-10).  
    The finding that the intact rock thermal expansion coefficient is appropriate seems to 
contradict results from separate determinations of what is described as a “rock mass 
thermal expansion coefficient” at the SHT and DST (CRWMS M&O 1999b, p. 9-11 
and Wagner et al,  2002, p. 6.3-35). In that case, the in situ thermal expansion 
coefficient was back-calculated directly from measured deformations and temperature 
changes along certain extensometers at SHT and DST. It was found that the in situ 
thermal expansion coefficient determined by this method is about 50% lower than 
intact-rock thermal expansion coefficient. The 50% lowering of the in situ thermal  
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Figure C18. Statistical measures for displacement comparative analysis 
 
 
expansion coefficients were attributed to some of the displacements being 
accommodated by closure of fractures. The apparent contradiction between the results 
of numerical modeling (which generally shows that the intact-rock thermal expansion 
coefficient is appropriate) and the direct back-calculated in situ thermal expansion 
(which indicates that a 50% lower thermal expansion coefficient would be appropriate) 
can have two contributing causes:   
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1) The in situ back-analyzed thermal expansion coefficients at SHT and DST were 
determined from measurements in horizontal boreholes, whereas the comparison of 
measured and simulated displacements in this Model Report was conduced for 
vertical or subvertical boreholes. The in situ thermal expansion coefficient along 
horizontal boreholes may be lower because vertical fractures are most abundant.  

2) The in situ back-analyzed thermal expansion coefficient at SHT and DST is 
impacted by a simultaneous increases in temperature and thermal stress may 
therefore be different from the basic thermal expansion coefficient that is part of the 
input to a numerical model. The basic thermal expansion coefficient is a measure of 
the expansion of the rock for a temperature increase under constant stress. If the 
thermal expansion coefficient is determined under an increasing thermal stress some 
of the rock expansion will be prevented and thereby the basic thermal expansion 
coefficient would be underestimated.  

 
    The back-analyzed thermal expansion is expected to provide a lower bound of the 
basic in situ thermal expansion coefficient whereas the intact-rock thermal expansion 
coefficient is expected to be an upper bound. It was shown that in the vertical direction 
at the DST the intact-rock thermal expansion coefficient is appropriate.  
 
 
C6. Prediction of air-permeability changes 
 
    Figure C19 presents the simulated liquid fracture saturation after 12 months of 
heating and the location of boreholes for air-permeability measurement. The figure 
shows that a dry-out zone has formed around the Heated Drift and wing heaters. Just 
outside the dry-out zone, a zone of higher-than-ambient saturation forms because the 
produced vapor condenses in cooler areas. The dry-out zone and the condensation zone 
progressively moves away from the heated drift over time. This movement is controlled 
by the flow of vapor away from the heat source along the thermal gradient and a 
reversed liquid flow along the pressure gradient toward the inner, dryer regions. In 
addition, there is a gravity-driven liquid flow that tends to drain the condensation zone  
above the heated drift. Air-permeability measurements performed in the condensate 
zone should exhibit a decrease in air permeability. Corresponding moisture-induced 
changes in relative permeability caused by the wetting and drying of fractures are 
shown in Figure C20a. This figure shows that the increased fracture liquid saturation in 
the condensate zone causes a reduction in relative permeability to about 30% of its 
original value. In the dry-out zone, the relative permeability has increased slightly from 
its original value, because fractures in this zone are completely dry.  Figure C20b shows 
the total permeability changes, combining TH-induced relative permeability changes 
with TM-induced changes in intrinsic permeability. The figure shows that TM effects 
cause the permeability to decrease around the drift and wing heaters, including the inner 
dry-out zone and the outer condensate zone. In the condensate zone, the permeability 
has now decreased to about 10% of its original value. In Figure C20b, a zone of 
increased permeability appears above the Heated Drift at about z = 20 m. This zone of 
increased permeability is caused entirely by TM effects, which is caused by open 
vertical fractures. Vertical fractures open in this area because of a reduction in 
horizontal stresses. This reduction causes the redistribution of horizontal stresses 
towards the Heated Drift to balance high thermal stresses near the heat source. 
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Figure C19. Simulated 
distribution of fracture 
liquid saturation (sl) after 
12 months of heating and 
location of borehole 
sections where simulated 
and measured air 
permeability is compared. 
Note: The initial fracture 
liquid saturation is 
approximately 0.09. 

Figure C20a. Simulated 
changes in air 
permeability at the drift 
scale test after 12 months 
of heating expressed in 
terms of permeability 
correction factor (fk = 
k/ki) relative to 
preheating permeability 
(ki). Note: Changes in 
relative air permeability 
caused by TH-induced 
moisture redistribution. 

Figure C20b. Simulated 
changes in air permeability at 
the drift scale test after 12 
months of heating expressed 
in terms of permeability 
correction factor (fk = k/ki) 
relative to preheating 
permeability (ki). Note: 
Change in absolute air 
permeability caused by the 
combined effect of moisture 
redistribution and 
stress-induced changes in 
intrinsic permeability. 
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.     The calculated permeability changes are compared to air-permeability 
measurements in Figure C21. The comparisons between calculated and measured 
responses are made at three locations about 6, 12, and 18 m above the center of the drift. 
At z = 6 m, four boreholes sections—76:3, 76:4, 59:3, and 59:4—are located 
symmetrically around x = 0 (see Figure C20). In these sections, the air permeability first 
decreases with time to reach a minimum at about 24 months. Thereafter, the 
permeability increases slightly in three of four boreholes sections and dramatically in 
the fourth (Figure C21a). The figure compares measured changes in air permeability at 
the four borehole sections with calculated changes in permeability. The solid line 
indicates the calculated changes in air permeability, which are the product of the 
intrinsic permeability (TM effect) and gas relative permeability (TH effect). The figure 
shows that the solid line representing the combined TH and TM effects matches three of 
four measurements best. In the fourth section, 59:3, the measured changes appear to 
match a pure TH response the best. 
    At about z = 12, three borehole sections—75:3, 75:4, and 58:3—are located 
symmetrically around x = 0 and between z =10 and 14 m. Measured responses in these 
three boreholes are very consistent, with an initial increase in air permeability during the 
first 9 months, followed by a gradual decrease with time until the end of heating (Figure 
C21b). The decrease in permeability can be interpreted either as a change in intrinsic 
permeability (TM), or as a change in relative permeability (TH), or a combination of the 
two (THM). However, the initial increase during the first 9 months can only be 
explained as a TM response. 
    For the measurements located farthest away from the drift—74:4 and 57:4 at z ≅ 18 
m— there is an increase in air permeability caused solely by TM-induced changes in 
intrinsic permeability (TM in Figure C21c). At this location, far away from the Heated 
Drift, no effect from TH-induced changes appears until about 36 months, when a slight 
wetting starts to take place. 
    The results in Figure C21 are calculated with the parameters bmax = 200 µm and α = 
0.52 MPa-1 as developed before. The predicted THM responses are on average stronger 
than the measured ones, and hence the stress-aperture function defined by the parameter 
bmax = 200 µm and α = 0.52 MPa-1 can be considered conservative. As a sensitivity 
case, a second simulation is conducted with a more moderate stress-aperture function 
defined by bmax = 150 µm and α = 0.6 MPa-1. The results of this simulation show a 
somewhat better agreement with the “average” observed HM behavior at the DST 
(Figure C22). 

 
 
C7. Discussion 
 
    The comparison of the coupled THM model results against DST heating-phase data 
supports the contention that all relevant processes are well represented by the model. In 
general, calculated responses are within the range of measurements. Only a few minor 
aspects of the model predictions could be improved. One of those is the calculated 
displacement during the first few months of heating, which disagrees slightly with 
measurement results. More precise matching of calculated and measured air 
permeability is also possible for the groups of boreholes located at z = 12 m.  However, 
the present analysis of the DST heating phase shows that the coupled THM model and 
the underlying conceptual model is sound. 
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(a) Group located at z ≅6 m 
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(b) Group located at z ≅12 m 
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(c) Group located at z ≅18 m 

Figure C21. Measured and simulated evolution of permeability correction factors (fk = 
k/ki) for three groups located at various distances above the heated drift. bmax = 200 
µm, α = 0.52 MPa-1 
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 (c) Group located at z ≅ 18 m 

Figure C22. Measured and simulated evolution of permeability correction factors (fk = 
k/ki) for three groups located at various distances above the heated drift. bmax = 150 
µm, α = 0.6 MPa-1 

 
    Furthermore, the analysis shows that the conceptual model for HM coupling is 
appropriate to describe the in situ coupled THM behavior at the site. This analysis 
indicates that fracture opening and closing caused by changes in normal stress is the 
dominant mode of permeability changes. Mechanical responses in the DST indicates 
that no significant shear slip occurs, except possibly in isolated instances such as the 
event in Anchor 1 of borehole 154 (Figure C13a). The measured change in air 
permeability at the DST does not show any widespread increase. Although a few 
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increases in permeability have been observed, they appear to be isolated to one packed-
off section, while no such increase can be noticed in neighboring sections. 
    The air-permeability measurement during the natural cooling phase of the DST will 
be extremely helpful for confirming the stress-aperture function and for observing 
potential irreversible (permanent) permeability changes. For an elastic rock mass, 
mechanical deformations and permeability changes would be fully reversible, meaning 
that after the temperature declined to ambient, MPBX displacements and air 
permeability would go back to their original values (see Figure C23a). However, 
irreversible changes will almost certainly occur in permeability and displacement after 
the temperature has declined to ambient (Figure C23b). Although rock-mass behavior is 
essentially elastic, small irreversible inelastic changes are still expected. The question is, 
how large these irreversible changes will be? Trends in displacement and permeability 
changes at the DST so far indicate that the irreversible changes in permeability will be 
small, most certainly not larger than one order of magnitude. 
    The findings here are generally supported by studies of similar heater tests such as 
Stripa Mine, Fanay-Augéres, and Kamaishi Mine. In particular, the temperature field 
and the bulk thermal expansion of the rock can be predicted with confidence using a 
simple thermo-elastic model. Analyses of Fanay-Augéres (Rejeb et at., 1996) and 
Kamaishi Mine (Rutqvist et al., 2001) experiments indicate that predicting the 
magnitude displacements at individual points of the rock mass and over individual 
fractures can be difficult. There is, however, one important difference in the rock-mass 
characteristics at Yucca Mountain compared to those at these other heater tests: The 
rock mass at the proposed repository units at Yucca Mountain is heavily fractured 
volcanic tuff, while the above-mentioned experiments have been conducted in sparsely 
fractured granitic rock. This implies that the rock mass at Yucca Mountain is more 
homogeneously fractured, leading to less heterogeneous THM behavior. This is one of 
the main reasons why the Drift-Scale THM Model, with its underlying conceptual 
model and continuum approach, consistently captures all relevant THM responses at 
Yucca Mountain. 

 

C8. Conclusions  
 
    The analysis of the heating phase of the DST show that the THM model can capture 
relevant THM processes in the DST block and that the underlying conceptual model is 
sound. In particular, the analysis of the Drift Scale Test helped to clarify fundamental 
questions about the approach used for coupled THM modeling at Yucca Mountain. The 
conclusions related to the present approach for analysis of coupled THM processes at 
Yucca Mountain: 

• A continuum approach is appropriate for analysis of drift scale coupled THM 
processes at the Yucca Mountain Drift Scale Test.  

• A linear elastic or non-linear elastic mechanical model is sufficient for analysis of 
drift scale coupled THM processes at the Yucca Mountain Drift Scale Test.  

• At the Yucca Mountain Drift Scale Test, the dominant mode of mechanically 
induced permeability changes are fracture opening or closure caused by changes in 
stress normal to the fractures.  
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(a) Fully reversible elastic rock mass behavior 
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(b) Irreversible inelastic rock mass behavior 

Figure C23. Concepts of Possible Evolution of Air Permeability at the Drift Scale Test 
Showing the Expected Responses for the Case of (a) Elastic Fully Reversible Rock-
Mass Behavior and (b) Inelastic Irreversible Rock-Mass Behavior. NOTE: These are 
not simulation results, nor an exact representation of the field data. 
 
 

• Overall, the mechanical displacement was predicted within 30% (normalized-
absolute-mean-difference), although a few individual displacements deviated up to 
100%.  
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• Overall, the measured changes in air-permeability could be predicted reasonable 
well in trends and magnitude, with the predicted magnitudes being within one order 
of the measured one.   

 
    These conclusions are derived from the analysis of the heating phase of the DST. The 
natural cooling phase will be extremely important for verifying the above conclusions. 
In particular it will be very important to observe how large the irreversible changes in 
rock mass deformation and fracture permeability will be after the rock mass temperature 
have cooled to ambient.    
 
 
C9. Ouputs for the DECOVALEX III project 
 
    The DECOVALEX III Task 2b definition specifies predictions of displacements and 
air permeability changes at specific anchors and borehole segments, respectively. The 
outputs from US DOE Research Team are provided in Table C4 and C5. These outputs 
will be compared to the results of other research teams within the DECOVALEX III 
group as well as with measured data.  
 
Table C4. Predicted displacements (in mm) at specified anchors for Task 2B 

 MPBX MPBX 7 and 8 MPBX 9 MPBX 10 
BH BH 154 and 155 BH 156 BH 157 

Anchor A1 A2 A3 A4 A1 A2 A3 A4 A1 A2 A3 A4 
3 months 0.6 0.8 0.8 0.1 0.8 0.9 0.7 0.0 1.3 1.4 1.3 0.5 

1 year 1.4 2.1 2.9 2.4 1.5 2.8 1.9 1.6 2.9 3.5 4.1 3.0 
4 years 2.5 4.2 6.2 9.0 2.8 6.0 4.1 7.8 5.6 6.9 8.4 10.

2 
 
Table C5. Predicted air-permeability changes (relative to pre-heating permeability) at 
specified borehole segments for Task 2B 
Borehole segment 57:4 59:3 74:4 76:2 
3 months 1.04 0.48 1.04 1.03 
1 year 1.37 0.08 1.37 0.22 
4 years 1.09 0.13 1.25 0.07 
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D1. Introduction 
 
D1.1  Background 
 
    DECOVALEX (acronym for the DEvelopment of COupled models and their 
VALidation against Experiments in nuclear waste isolation) is an international 
cooperative project to support the development of mathematical models for coupled 
processes in the geosphere and their applications and validation against experiments in 
the field of nuclear waste isolation.  The DECOVALEX project has been designed to 
increase understanding of coupled thermal-hydrological-mechanical processes as they 
affect rock-mass responses and radionuclide release and transport from a repository to 
the biosphere and also to assess how these processes can be described by mathematical 
models.  The DECOVALEX project also attempts to identify contributions of these 
coupled processes to the overall performance assessment in both the near and far fields.  
DECOVALEX includes three phases.  DECOVALEX I began in 1991 and was 
completed in 1995.  In this phase, the activities focused on modeling laboratory 
experiments and benchmark problems.  The U.S. Nuclear Regulatory Commission 
(NRC) was one of the funding members as well as an active participant of 
DECOVALEX I.  The Center for Nuclear Waste Regulatory Analyses (CNWRA) 
assisted NRC in performing the analyses.  DECOVALEX II started in 1995 and 
concluded in 1999.  This phase focused on using the modeling experience gained during 
the first phase to simulate experiments conducted in the field.  Attention was also given 
to relating the effects of the thermal-hydrological-mechanical processes to the 
performance of nuclear waste isolation facility.  NRC and CNWRA did not participate 
in this second phase of the project.  DECOVALEX III, the current phase, began in 1999 
and includes four tasks: 
 
• Task 1 involves modeling the in-situ, full-scale engineered barriers experiment.   
• Task 2 involves modeling the thermal-hydrological-mechanical-chemical 

behavior of the drift-scale heater test at Yucca Mountain, Nevada.   
• Task 3 includes three benchmark problems.  The first problem presents the 

implication of thermal-hydrological-mechanical coupling on the near-field 
performance of a nuclear waste repository.  The second problem investigates the 
effects of upscaling thermal- hydrological-mechanical processes on performance 
assessment results.  The third problem studies the effects of glaciation on rock-
mass behavior surrounding a nuclear waste repository.   

• Task 4 addresses inclusion of thermal-hydrological- mechanical-chemical 
processes in performance assessment.   

 
    NRC, with the assistance of CNWRA, is actively participating in the DECOVALEX 
III project.  Task 2 is the focus of the NRC involvement because this task is most 
relevant to the high-level waste program in the United States.  The drift-scale heater test 
of Task 2 has been conducted by the U.S. Department of Energy in the Exploratory 
Studies Facility at Yucca Mountain, Nevada.  This task includes four subtasks.   
 
• Subtask 2A focuses on performing thermal-hydrological modeling analyses of 

the drift-scale heater test to predict the temperature and saturation distribution in 
the rock during the heating phase of the test.  The outcome of this predictive 
analysis forms the basis for comparison with measured temperatures and  
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saturations to validate the models used to represent thermal-hydrological 
processes.  

• Subtask 2B is related to modeling thermally induced rock-mass deformation and 
the thermal-mechanical effect on rock-mass permeability at various times during 
the heating phase of the test using the temperature distribution obtained from 
Subtask 2A.  The predicted and measured displacements and permeability 
changes and variations are compared to validate the thermal-mechanical models.  
The specific locations required by Task 2 for displacement and permeability 
estimations are discussed in detail in Section 3. 

• Subtask 2C involves the same thermal-mechanical modeling activities as those 
in Subtask 2B.  Subtask 2C, however, uses the measured temperatures, provided 
by the Task 2 technical monitoring research team, for analyses instead of the 
predicted ones from Subtask 2A. 

• Subtask 2D includes modeling of thermal-hydrological-chemical processes 
associated with the drift-scale heater test. 

 
    The NRC and CNWRA modeling effort for Task 2 focuses on Subtasks 2A and 2C.  
The two-and three-dimensional thermal-hydrological analyses of the drift-scale heater 
test for Subtask 2A used the computer code MULTIFLO (Lichtner, et al., 2000).  Both 
two- and three-dimensional thermal-hydrological analyses have been completed.  A 
report documenting the two-dimensional thermal-hydrological analyses results for 
Subtask 2A was submitted to NRC and the DECOVALEX project Secretariat in May 
2001 (Green, et al., 2001).  A similar report documenting the three-dimensional 
thermal-hydrological analyses results for Subtask 2A was submitted to NRC and the 
DECOVALEX project Secretariat in October 2002 (Green, et al., 2002).   
    Thermal-mechanical analyses for Subtask 2C have been conducted using the finite 
difference code FLAC.  These analyses used the measured temperatures provided by the 
Task 2 technical monitoring research team.  Subtask 2C was designed originally to 
include three stages (i) blind prediction, (ii) calibration of the models using measured 
data, and (iii) final modeling.  Because of schedule limitations of the research teams 
involved, only the first stage was performed.  A report documenting the thermal-
mechanical analyses results was submitted to NRC in September 2002 (Hsiung and 
Chowdhury, 2002).  Since then, the Task 2 technical monitoring research team has 
provided revised temperature distribution data for final thermal-mechanical analyses for 
Subtask 2C. 
 
 
D1.2 Objective and scope  
 
    This study conducted thermal-mechanical analyses of the drift-scale heater test using 
the revised temperature distribution data provided by the Task 2 technical monitoring 
research team.  Compared with earlier thermal-mechanical analyses (Hsiung and 
Chowdhury, 2002), these analyses focus on investigating the effects of (i) rock-mass 
quality, (ii) different rock-mass failure criteria, and (iii) thermal expansion coefficient 
on thermally induced deformation and thermal-mechanical effects on rock-mass 
permeability.  The analyses also introduced a continuum representation of the 
deformation-permeability conceptual model for assessing the thermal-mechanical 
effects on permeability. 
    This report presents the thermal-mechanical analyses results for Subtask 2C modeling 
using the finite difference computer code FLAC Version 4.0.  Specific topics addressed 
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in this report are (i) technical approach, (ii) thermal-mechanical models used in the 
analysis, and (iii) modeling results and their comparison with the measured data. 
 

 
D2. Technical approach and theoretical background 
 
    Two fundamentally different approaches are available for numerically modeling the 
behavior of rock mass.  The first modeling approach, often called the continuum 
approach, assumes that a rock mass behaves as a continuous material.  In this modeling 
approach, the presence of discontinuities may be accounted for by making various 
assumptions.  It is a common understanding that discontinuities in rock media make the 
rock softer and weaker.  A softer rock tends to deform more than a stiffer one at the 
same loading condition and can be reflected by systematically adjusting rock stiffness 
parameters.  A weaker rock can be modeled by reducing the rock strength parameters.  
The finite element and finite difference techniques are well suited for modeling this type 
of material.  The second approach for modeling rock mass is to include discontinuities 
explicitly into the model by assuming appropriate material and strength properties to 
them.  This approach is referred to as the discontinuum approach.  Discrete element and 
discontinuous deformation analysis methods are among the techniques currently 
available and used for direct modeling of discontinuities in the numerical analysis. 
    In the modeling effort for Subtask 2C, to analyze the thermal-mechanical behavior of 
the rock mass surrounding the drift-scale heater test, both discontinuum and continuum 
approaches may be used.  It was decided to use continuum approach for Subtask 2C.  
FLAC Version 4.0 was used to conduct the continuum analysis.  FLAC is a two-
dimensional explicit finite difference program used to solve a wide range of complex 
problems in mechanics.  This computer program simulates the behavior of structures of 
soil, rock, or other materials that may undergo plastic flow when their yield limits are 
reached.   
    FLAC is controlled by the CNWRA software quality assurance procedure (Technical 
Operating Procedure–018, Development and Control of Scientific and Engineering 
Software).  The theoretical background of the FLAC computer code and the conceptual 
model used to describe fracture-aperture changes as a result of rock-mass deformations 
using a continuum approach are discussed in the following sections.  The theoretical 
background of the FLAC computer code was taken from the FLAC user’s manual 
(Itasca Consulting Group, Inc., 2000). 
 
 
D2.1 Field equations 
 
    FLAC uses a time-marching method to solve a set of algebraic equations of motion 
and constitutive relations.  In a continuous solid body, the equation of motion can be 
generalized from Newton’s law of motion for a mass and spring system as follows 
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where ρ is the mass density, t  is time, iu& are components of velocity vector, xj are 

components of coordinate vector, ijσ  are components of stress tensor, gi are 
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components of body force, and indices i and j are components in a Cartesian coordinate 
system. 
    Subjected to the equation of motion in Eq. (D.1), the associated strain rate may be 
derived from the velocity gradient using the following equation 
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where ije&  are the strain rate components. With the strain-rate known, the constitutive 
relation that describes the stress-strain relationship of s deformable body for an isotropic 
elastic material can be represented by 
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where δij is the Krönecker delta, ∆t is the time-step, and K and G are bulk and shear 
modulus, respectively. 
    In FLAC, the large-strain condition can be accounted for, if the option is selected, by 
adding the rotation-induced stress component expressed in the following term to the  
stress components in Eq. (D.3) 
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D2.2. Formulation of thermally induced stresses 
 
    FLAC has a thermal option that allows simulation of transient heat conduction and 
calculation of thermally induced displacements and stresses in materials.  This thermal 
option requires a prescribed heat-generating source function as input.  The heat source 
input along with the thermal conductivity and specific heat of the material are used to 
compute temperature changes.  The calculated temperature changes are then used for 
determining stresses and displacements.   
     Because the thermal-mechanical modeling activities involved in Subtask 2C require 
use of measured temperatures directly, the thermal option in FLAC was not needed for 
this analysis.  Consequently, subroutines were prepared to read in temperature change 
data input in both temporal and spatial domains and to calculate the thermally induced 
stress changes using the FLAC built-in programming language FISH (short for 
FLACish).  The change in state of stresses, as a result of temperature change, generates 
an out-of-balance force for the system modeled.  A mechanical cycling procedure in 
FLAC was invoked until a steady-state solution (i.e., the unbalanced force was smaller 
than a predetermined limit) was reached. 



 

 102

    The stress and temperature relationship used in the user-defined subroutine (FISH 
function) followed 
 

TKijij ∆−=∆ αδσ 3                                                                                                      (D.6) 
 
where α  is thermal expansion coefficient, and T is temperature change.  Equation (D.6) 

is for a plane strain condition. 
 
 
D2.3 Continuum model of deformation-permeability relationship 
 
    As indicated in Section 1, one of the objectives of this study is to estimate the 
thermal-mechanical effects on rock-mass permeability.  Permeability is a measure of the 
ability of a material to transmit fluid under a hydraulic gradient.  Permeability is the 
most important rock parameter pertinent to fluid flow; it is an intrinsic property of rock 
and relates to the presence of interconnected voids (pores) and fractures.  In general, 
permeability of a rock mass can be divided into two parts, matrix and fracture. 
    In deformable fractured rocks, changes in matrix permeabilities are likely to be small.  
Furthermore, for the fractured rocks of interest in this study, matrix permeabilities are 
more than four orders of magnitude smaller than the fracture permeabilities (CRWMS 
M&O, 2001).  Consequently, the contribution of the rock-matrix-deformation-induced 
matrix-permeability change to the overall permeability of a fractured-rock mass is likely 
small.  With this understanding, only the effects of mechanically induced fracture 
deformation on the rock-mass permeability are considered in the deformation-
permeability model developed in the following sections.  
    The ability of a fractured rock mass to transport fluid is controlled by, among other 
things, the geometry of the fracture system and the magnitude and orientation of the in-
situ stress field (Raven and Gale, 1985).  The existing stress field may be modified by, 
for example, underground excavations, geological processes, and, in the cases of 
geological disposal of high-level wastes, stress changes due to thermal-decay of the 
disposed high-level wastes.  Such perturbations on the existing stress field may change 
the normal and shear stresses acting across fracture planes of the fracture sets in the 
rock mass, which, in turn, affect the permeabilities related to these fracture sets.  In 
general, mechanically induced change in fracture permeability comes from two sources: 
change in fracture normal stress and fracture dilation due to fracture shear or tensile 
failure.  The first case causes a change in fracture aperture that is reversible, while the 
second case is assumed to change fracture aperture permanently. 
    In a continuum approach, direct representation of fracture permeability is not 
possible.  A mathematical derivation of fractured-rock-mass permeability for this study, 
based on several assumptions, is presented in the following sections.  This 
representation takes advantage of the knowledge of the relationship between fracture 
normal stress and deformation and potential rock-mass plastic deformation. 
 
 
D2.3.1 Effect of Fracture Normal Stress 
 
    The change in fracture aperture because of the change in fracture normal stress before 
tensile failure may be estimated by a fracture normal closure model proposed by Barton 
and Bandis (1982).  This model describes the relationship of fracture normal stress, σn 
and the associated fracture closure, un, using the following equation 
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where a and c are constants and compressive stress nσ  is assumed to be positive in 
value. 
    An example of this relationship is shown as the curve in Figure D2.1.  Essentially, 
this curve indicates that a fracture can be compressed more at a relatively smaller 
normal stress level.  The fracture becomes more difficult to compress as the normal 
stress increases and there appears to exist a maximum fracture deformation level beyond 
which the fracture can no longer be compressed.  This maximum deformation level 
(unmax) is called maximum possible closure. 
    Assuming that fracture tensile strength exists, some amount of fracture tensile normal 
stress (negative in value) is possible.  Equation (D.2-D.7) is not adequate to account for 
a possible tensile normal stress condition.  To address this problem, Eqs. (D.2-D.7) need 
to be extended by including appropriate fracture tensile strength.  In this study, σn is 
made to represent the term σn + σt where σn is the fracture tensile strength or the 
assumed tensile strength of the rock mass.  Fracture dilation due to tension occurs when 
σn is greater than the fracture tensile strength, σt 
    Equation (D.7) can be expressed as fracture closure, un, as follows 
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    The constants a and c can be estimated based on laboratory tests or field 
measurements. In this study, neither laboratory tests nor field measurements were 
available to empirically determine the constants a and c.  Consequently, the numerical 
values of these two constants had to be estimated.   
    Bandis, et al. (1983) suggested that the constant a in Eqs. (D.7) and (D.8) ccould be 
approximated from the initial stiffness, Kni, of the fracture 
 

niK
a 1
=                                                                                                                        (D.9) 

 
and the maximum possible closure of the fracture, maxnu , may be defined as 
 

c
auu =max                                                                                                                   (D.10) 

 
Laboratory experiments show that the compressibility of fracture decreases as applied 
normal stress increases.  A fracture can no longer be compressed when a limiting 
aperture or after the maximum possible closure is reached (Witherspoon, et al., 1980; 
Bandis, et al., 1983; Barton, et al., 1985; Schrauf and Evans, 1986; Hsiung, et al., 1994).  
This limiting aperture is believed to be fracture roughness and fracture wall-strength 
dependent.  The limiting aperture is called residual fracture aperture, bres (Figure 2-1).  
This residual fracture aperture is assumed to be small and can be neglected.  With this 
assumption, un max can be related to the fracture aperture b0 at which time the fracture 
normal stress, σn is 0 (as shown in Figure D2.1) or -σt for this study. 
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Figure D2.1.  Fracture normal stress and displacement curve. 
 

c
aub n == max0                                                                                                           (D.11) 

 
    With the relationship in Eq. (D.11) established, the reference fracture aperture, br, for 
the reference fracture permeability and porosity at the reference fracture normal stress, 
σnr, can be determined using the following equation 
 

nrnr ubb −=                                                                                                               (D.12) 
 
where unr is the fracture closure at σnr.  By incorporating eqs. (D.8) and (D.11), eq. 
(D.12) can be rewritten as 
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Equation (D.13) may be manipulated into 
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This quadratic equation can then be used to determine constant c 
 

nr

r

nr

b
a

c
σ

σ

2

4
11 +±−
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    Although c can be determined using Eq. (D.15), the reference fracture aperture, br, is 
still a difficult quantity to obtain.  It is, therefore, necessary to replace the reference 
fracture aperture, br, with some known measurements.  It should be noted that the 
fracture aperture, b, of a fracture set can be related to its corresponding fracture 
porosity, φf, and the fracture density, fd, for any fracture normal stress, σn, using the 

following equation (Snow, 1968) 
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φ
=                                                                                                                       (D.16) 

 
and the fracture-set permeability, kf, for a set of fractures can be characterized by b and 
fd using the following equation (Elsworth, 1989; Elsworth and Mase, 1993; Ofoegbu, 
2000) 
 

12

3bfk df =                                                                                                                 (D.17) 

 
Replacing fd in eq.(D.16) with that in eq.(D.17), b can be expressed in terms of Kf and 
φf 
 

f

fk
b

φ
12
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    For a predetermined reference fracture normal stress level, the corresponding 
reference fracture aperture, br, then becomes 
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where kfr and φfr are the reference fracture permeability and porosity of a fracture set.  

Replacing br in eq. (D.15) with that in eq. (D.19), parameter c can now be estimated as 
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With constants a and c known, fracture aperture, b, at any given fracture normal stress 
level can be determined. 
 
 
D2.3.2 Fracture Dilation of Fractured Rocks 
 
    The change in fracture permeability because of plastic deformation of a fracture set 
may be estimated by assuming that 
 

ffspftpfp ee ψφ tan+=∆                                                                                             (D.21) 
 
where ∆φfp is the change in fracture porosity, eftp is the plastic strain caused by tensile 

failure of the fracture set, efsp is the plastic shear strain of the fracture set, and ψf is the 

dilation angle of the fracture set. 
    In this study, both the Mohr-Coulomb failure criterion and the ubiquitous fracture 
failure criterion were used to evaluate the mechanical effect on rock-mass permeability.  
For the cases using the Mohr-Coulomb failure criterion, eftp, efsp, and ψf were replaced 

by those of the rock mass, while, for the cases using the ubiquitous fracture failure 
criterion, eftp, efsp, and ψf were those of the fracture set. 

 
 
D2.3.3 Continuum Representation for Mechanical Effect on Fractured Rock  
            Permeability  
 
    Knowing the fracture normal stress, σn, and fracture plastic strains, eftp and efsp, the 
effective fracture aperture, at that fracture normal stress level, is the sum of the 
reversible aperture as a function of fracture normal stress and the fracture plastic 
deformation and can be determined by 
 

pn bubb ∆+−= 0                                                                                                       (D.22) 
 
where bp is the aperture change because of the fracture plastic deformation and can be 
written as  
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Variables in right-hand side of eq. (D.22) can be replaced by those shown in eqs. (D.8), 
(D.11), and (D.23) to obtain the following equation 
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Using eq. (D.20), eq. (D.24) can be rewritten as 
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    By normalizing eq. (D.17) with the reference fracture permeability, kfr, and applying 
eq. (D.25), a general mathematical form representing the mechanical effect on fracture 
permeability can be obtained 
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Notice that fd br is equal to φfr [eq. (D.16)] and br can be expressed as shown in eq. 

(D.19). Consequently, eq. (D.26) can be rewritten as 
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D3. Model description and data input 
 
 
D3.1 Drift-Scale heater test 
 
 
D3.1.1 General description  
 
    The drift-scale heater test facility is located in the Topopah Spring Middle 
Nonlithophysal zone (CRWMS M&O, 1997a).  The Topopah Spring Middle 
Nonlithophysal zone is approximately 30–40 m thick at the location of the drift-scale 
test area.  This zone is overlain by the Topopah Spring Upper Lithophysal and underlain 
by the Topopah Spring Lower Lithophysal zones.  
    The drift-scale heater test block was characterized prior to the start of heating.  The 
characterization included geologic mapping, local geology, rock-mass classification, 
and some geotechnical data. The heater drift was approximately 5 m in diameter and 
47.5 m long and was closed at the east end by a thermal bulkhead.   
    The drift diameter gradually increased from 5 m to 5.6 m, starting 36 m from the 
thermal bulkhead and continuing for 2 m.  From this location on, the heated drift was 
lined with a cast-in-place concrete.  A concrete invert was poured along the entire floor 
of the heated drift.  Eight 20-mm thermal expansion joints were cast into the invert at a 
nominal spacing of 6 m.   
    Thermal sources for the heated drift consisted of 9 canister heaters, placed end to end 
on the concrete inverts of the heated drift, and 50 wing heaters (25 on either side) placed 
in horizontal boreholes drilled into the sidewalls of the heated drift approximately 0.25 
m below the springline.  These two types of electric heaters had an initial, combined 
power output of approximately 200 kW.  Locations of the wing heaters around the 
heated drift can be found in Civilian Radioactive Waste Management System 
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Management and Operating Contractor (CRWMS M&O, 1997b).  The wing heaters 
were spaced 1.83 m apart.  Each wing heater {10 m  long} had two segments with a 
larger power output from the outer segment {85.8 kW versus 57.2 kW }.  The inner 
wing heater segment was separated from the heater drift by 1.5 m.   
    Temperatures were measured at approximately 2,662 locations for the drift-scale 
heater test.  Instruments to investigate various aspects of the thermal-mechanical-
hydrological-chemical coupling phenomena were installed in more than 140 boreholes 
around the heated drift.   
 
 
D 3.1.2 Specific requirements on numerical predictions  
 
    In the study reported herein, numerical analyses are made on (i) rock-mass 
displacements at locations that coincide with the anchors of four multiple-position 
extensometers located at the cross section approximately 21 m from the thermal 
bulkhead and (ii) permeability variations at locations that coincide with the locations of 
the pressure sensors for hydrologic boreholes;  two at the cross section approximately 
10 m and the other at the cross section approximately 30 m from the thermal bulkhead.   
    The data for anchor and pressure sensor locations were obtained from CRWMS 
M&O (1998).  The anchors for all the multiple-position extensometers were numbered 
from 1 to 4, with the anchors with smaller numbers closer to the drift wall than those 
with larger numbers.  A reversed numbering system was used for the pressure sensors in 
the hydrologic boreholes that were drilled from the observation drift.  The pressure 
sensors with larger numbers were located closer to the drift than the sensors with 
smaller numbers.   
    Notice that there might be an error in the location of pressure sensor 4 in Hydrologic 
Borehole 59.  In this analysis, this potential error was corrected by adjusting the location 
of pressure sensor 4 vertically downward until pressure sensor 4 was located on the 
extrapolation line formed by pressure sensors 1, 2, and 3.  
    It should be noted also that Hydrologic Boreholes 57 and 59 were located 
approximately 10 m and Hydrologic Boreholes 74 and 76 were located approximately 
30 m from the thermal bulkhead.  For the four extensometers, two were vertically 
oriented (one in the crown and one in the invert), and the remaining two were inclined 
up at approximately 300 to the vertical extensometer in the crown on either side of it. 
 
 
D3.2 Drift-Scale Heater Test model domain 
 
    A two-dimensional vertical cross section was configured for numerical analysis using 
FLAC.  This cross section intersected the axis of the heated drift at middistance between 
the thermal bulkhead and the terminus of the heated drift.  The two-dimensional 
numerical models, based on this cross section, simulated a plane strain condition.  The 
FLAC model domain was 1,000 m wide and 740 m high, with the origin of the 
coordinates at the center of the heated drift.  A 5-m diameter circular drift was 
constructed with its center located 500 m from the left boundary and 500 m from the 
bottom of the model domain.  The observation drift was not modeled in this study. 
    The numerical model used a 400 x 400 grid.  The finite difference zone size in a 
rectangular region 35 m from the center of the heated drift was 0.5 x 0.5 m except for  
grids near the heated drift.  The grid distance around the heated drift was adjusted to 
better describe the shape of the drift.  The finite difference zone size was increased 
gradually from the boundaries of the rectangular region to the model boundaries.  
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    Fixed horizontal displacement boundaries were applied to the sides and a fixed 
vertical displacement boundary to the bottom of the model.  The top of the model 
coincided with the ground surface.  Initial stresses consistent with overburden depth 
were applied as initial conditions.    
    The model included three generalized thermal-mechanical lithologic units:  Topopah 
Spring upper lithophysal unit on the top, Topopah Spring middle non-lithophysal unit in 
the middle, and Topopah Spring lower lithophysal unit on the bottom.  The Topopah 
Spring middle non-lithophysal zone simulated was 36 m thick; and its bottom located 
482 m above the bottom of the model domain.  Note that the heater drift was located in 
the mid-height of the Topopah Spring middle non-lithophysal (Tptpmn) zone.  
 
 
D3.3 Material properties input 
 
    Material properties needed for conducting the continuum analyses in this study 
included (i) rock deformation modulus, (ii) Poisson’s ratio, (iii) strength properties, and 
(iv) thermal expansion coefficient.  All data were provided by the Task 2 technical 
monitoring research team through several CRWMS M&O reports.  These properties are 
discussed briefly in the following sections, and relevant references of the reports are 
provided as appropriate. 
 
 
D3.3.1 In-situ deformation modulus 
 
    The in-situ deformation modulus of a rock mass is an important parameter in any 
form of numerical analysis and in the interpretation of monitored deformation around 
the heated drift.  The intact rock Young’s moduli, Poisson’s ratios, and bulk densities 
for the three lithologic zones are listed in Table D.1 (CRWMS M&O, 1997c, 1999).  
Also included in Table D.1 are standard deviation values for the corresponding 
parameters.   
    Discontinuities in a rock media tend to soften and weaken the media.  Therefore, the 
deformation modulus of a rock mass could be substantially different from that of the 
intact rocks.  The extent of difference in the deformation modulus depends on the 
intensity and the surface properties of joints present in the host rock.  A reasonable 
approach to determine the rock-mass deformation modulus is to conduct tests in the 
field.  This approach, however, is often difficult to perform and is expensive.  Attempts 
have been made to develop methods for estimating its value, based on rock-mass 
classifications.  The two most widely used rock-mass classifications are RMR 
(Bieniawski, 1976, 1989) and Q (Barton, et al., 1974) methods.  Both methods rely 
heavily on joint information. 
    It should be noted, however, large variations are associated with the characterization 
of joint intensity and joint properties.  Consequently, determination of rock-mass 
deformation modulus by taking into consideration the presence of joints will similarly 
involve large variations.  CRWMS M&O (1999) attempted to quantify these variations 
by representing the rock mass for each thermal-mechanical unit with a method called 
rock-mass quality categories.  For each rock unit, five rock-mass categories were 
defined based on cumulative frequency of occurrence, and the corresponding rock-mass 
properties were estimated using full peripheral-fracture mapping data.  Table D.2 lists 
the rock-mass Young’s modulus of each rock-mass quality category for Topopah Spring 
Welded Tuff Thermal-Mechanical Units 1 (TSw1) and 2 (TSw2).  It can be shown that 
the rock-mass Young’s modulus varied more than a factor of two from Rock-Mass 
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Table D.1 Intact Rock Material Properties* 
 Upper 

Lithophysal Zone 
Middle 

Nonlithophysal Zone
Lower Lithophysal 

Zone 

Bulk Density, 
kg/m3  

2,160 ± 80 
 

2,250 ± 70 
 

2,250 ± 60 
[140.5  3.7] 

Young’s 
Modulus, GPa  

20.36 ± 6.75 
 

33.03 ± 5.94 
 

33.03 ± 5.94 
 

Poisson’s Ratio 0.23 ± 0.07 0.21 ± 0.04 0.21 ± 0.04 

* CRWMS M&O.  “Drift Scale Test Design and Forecast Results.”  BAB000000–
01717–4600–00007.  Rev. 01.  Las Vegas, Nevada:  CRWMS M&O.  1997b. 
� CRWMS M&O.  “TBV-332/TBD-325 Resolution Analysis:  Geotechnical Rock 
Properties.”  B00000000–01717–5705–00134.  Rev. 00.  Las Vegas, Nevada:  
CRWMS M&O.  1999. 

 
 
Table D.2 Rock-Mass Young’s Modulus* 

Thermal-
Mechanical Unit 

Rock-Mass 
Quality Category

Cumulative 
Frequency of 
Occurrence 

Rock-Mass Young’s 
Modulus,  

GPa  
1  5% 09.03  

2 20% 14.28  

3 40% 19.40 

4 70% 20.36  

Topopah Spring 
Welded Tuff Unit 

1 

5 90% 20.36  

1 05% 08.98 

2 20% 12.02  

3 40% 14.77  

4 70% 18.92 

Topopah Spring 
Welded Tuff Unit 

2 

5 90% 24.71  
* CRWMS M&O.  “TBV-332/TBD-325 Resolution Analysis:  Geotechnical Rock 

Properties.”  B00000000–01717–5705–00134.  Rev. 00.  Las Vegas, Nevada:  
CRWMS M&O.  1999. 

 
 
Quality Category 1 to 5.  It should be noted that the Upper Lithophysal Litho-
Stratigraphic Unit is part of the Topopah Spring Welded Tuff Thermal-Mechanical Unit 
1 and the Middle Nonlithophysal and Lower Lithophysal Litho-Stratigraphic Units are 
part of the Topopah Spring Welded Tuff Thermal-Mechanical Unit 2.  In this study, the 
corresponding rock-mass Young’s moduli were used for modeling. 
    FLAC accepts bulk and shear moduli (K and G) as material properties input.  A FISH 
function was prepared to calculate K and G using the following two equations: 
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)1(2 ν+
=

EK                                                                                                              (D.28) 

 
and  
 

)21(3 ν−
=

EG                                                                                                             (D.29) 

 
where E and ν are Young’s modulus and Poisson’s ratio, respectively. 
 
 
D3.3.2 Strength properties 
 
    Another important group of parameters that support numerical analysis of the 
behavior of geologic media are strength properties.  The intact rock strength properties 
are provided in Table D.3.  
    Determining rock-mass strength properties is equally, if not more, difficult than 
determining the rock-mass deformation modulus.  The rock-mass quality category 
approach was used to quantify rock-mass strength properties and associated 
uncertainties and variability.  Table D.4 lists the rock-mass strength properties for the 
two thermal-mechanical units mentioned previously.  Note that in this qualification 
system, the rock mass with the higher rock-mass quality category number has relatively 
larger strength properties than the rock mass with smaller rock-mass quality 
designations. 
    Similar to the selection of Young’s modulus values for FLAC modeling, the strength 
properties for the Upper Lithophysal Litho-Stratigraphic Unit was assumed to be the 
same as the Topopah Spring Welded Tuff Thermal-Mechanical Unit 1, and the Middle 
Nonlithophysal Litho-Stratigraphic Unit was the same as the Topopah Spring Welded 
Tuff Thermal-Mechanical Unit 2.  The Lower Lithophysal Litho-Stratigraphic Unit, 
however, might not be as strong as the Middle Nonlithophysal Litho-Stratigraphic Unit 
even though these two units were grouped in the same thermal-mechanical unit 
(Topopah Spring Welded Tuff Thermal-Mechanical Unit 2).  The Lower Lithophysal 
Litho-Stratigraphic Unit contains voids of various sizes unlike the Middle 
Nonlithophysal Litho-Stratigraphic Unit, which does not contain large voids.  It is, 
therefore, reasonable to assume that the former is relatively weaker than the latter.  
Consequently, using the same strength properties as the Middle Nonlithophysal unit for 
the Lower Lithophysal unit may not be appropriate.  No strength data for the Lower 
Lithophysal Litho-Stratigraphic Unit are readily available; therefore, the strength 
properties for the Topopah Spring Welded Tuff Thermal-Mechanical Unit 1 were used 
for this study. 
    Comparison of Tables D.3 and D.4 indicates that the rock-mass friction angles for the 
Topopah Spring Welded Tuff Thermal-Mechanical Unit 2 appear to be larger than the 
intact-rock friction angle.  It is difficult to imagine that the rock-mass friction angle can 
be larger than the friction angle for intact rock.  Sufficient information is not available 
to resolve this difficulty.  In this study, if the rock-mass friction angle to be used for 
analysis was larger than the intact-rock friction angle, the intact-rock friction angle was 
used to represent the rock-mass friction angle.  To be consistent, the rock-mass dilation 
angle was similarly adjusted. 
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Table D.3 Intact Rock Strength Properties* 
 

Thermal-
Mechanical Unit 

 
Cohesion, 

MPa  

 
Tensile Strength,

 MPa 

Friction Angle, 
Degree 

Dilation 
Angle, 
Degree 

Topopah Spring 
Welded Tuff Unit 

1 

12.65  5.48 ± 2.32 
 

47.45 23.73 

Topopah Spring 
Welded Tuff Unit 

2 

38.69  8.91 ± 3.39 
 

48.15 24.08 

* CRWMS M&O.  “TBV-332/TBD-325 Resolution Analysis:  Geotechnical Rock 
Properties.”  B00000000–01717–5705–00134.  Rev. 00.  Las Vegas, Nevada:  
CRWMS M&O.  1999. 

 
  
Table D.4 Rock-Mass Strength Properties* 

Thermal-
Mechanical 

Unit 

Rock-
Mass 

Quality 
Category 

Cumulative 
Frequency 

of 
Occurrence 

Cohesion 
(Mpa)  

Tensile 
Strength 
(MPa)  

Friction 
Angle, 
Degree 

Dilation 
Angle, 
Degree 

1 5% 1.1  0.90  44 22 

2 20% 1.4  1.13  46 23 

3 40% 1.7  1.35  46 23 

4 70% 2.1  1.69  47 24 

 
 

Topopah 
Spring 
Welded 

Tuff Unit 1 
5 90% 2.9  2.26  47 24 

1 5% 1.9  1.16  56 28 

2 20% 2.3  1.36  57 29 

3 40% 2.6  1.54  57 29 

4 70% 3.2  1.82  58 29 

 
 

Topopah 
Spring 
Welded 

Tuff Unit 2 
5 90% 3.9  2.22  58 29 

* CRWMS M&O.  “TBV-332/TBD-325 Resolution Analysis:  Geotechnical Rock 
Properties.”  B00000000–01717–5705–00134.  Rev. 00.  Las Vegas, Nevada:  
CRWMS M&O.  1999. 

 
 
D3.3.3 Thermal Expansion Coefficient 
 
    The thermal expansion coefficients, based on laboratory measurements, for the three 
litho-stratigraphic units modeled in this study are provided in Table D.5 (CRWMS 
M&O, 1997c).  It can be observed that the thermal expansion coefficient for each of the 
litho-stratigraphic units is temperature dependent.  The thermal expansion coefficient 
varies more than a factor of 5 when the temperature is increased from 25 to 300 oC. 
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    The temperature-dependent nature of the thermal expansion coefficients listed in 
Table D.5 was used in the FLAC modeling.  In this study, the thermal expansion 
coefficient for both intact rock and rock mass was assumed the same.  The thermal 
expansion coefficient corresponding to temperatures higher than 300 °C is not available; 
the value associated with 275–300 °C was used for temperature greater than 300 °C. 
 
 
Table D.5a Thermal Expansion Coefficient Data (10–6/oC)* 

 Temperature interval (oC) 
Litho-

Stratigraphic 
Unit 

 
 
25–50 50–75 

 
75–100 

 
100–125 

 
125–150 

 
150–175 

Upper 
Lithophysal 

7.41 8.43 8.89 9.52 10.86 13.51 

Middle 
Nonlithophysal 

6.89 8.45 8.95 9.50 10.12 10.95 

Lower 
Lithophysal 

6.41 8.15 8.77 9.12 9.87 10.75 

* CRWMS M&O.  “TBV-332/TBD-325 Resolution Analysis:  Geotechnical Rock 
Properties.”  B00000000–01717–5705–00134.  Rev. 00.  Las Vegas, Nevada:  
CRWMS M&O.  1999. 

 
Table D.5b Thermal Expansion Coefficient Data (10–6/oC)*(Continued) 

Litho-
Stratigraphic Unit 

175–200,  
oC 

200–225, 
oC 

225–250,  
oC 

250–275,  
oC 

275–300,  
oC 

Upper 
Lithophysal 

19.38 29.34 32.35 40.16 48.83 

Middle 
Nonlithophysal 

12.09 14.57 19.45 27.24 41.56 

Lower 
Lithophysal 

12.55 15.14 25.19 26.15 33.40 

* CRWMS M&O.  “TBV-332/TBD-325 Resolution Analysis:  Geotechnical Rock 
Properties.”  B00000000–01717–5705–00134.  Rev. 00.  Las Vegas, Nevada:  
CRWMS M&O.  1999. 

 
 
D3.4 Temperature input   
 
    As discussed previously, temperatures were measured at approximately 2,662 
locations within the drift-scale heater test block by CRWMS M&O.  The temperature 
measurements in the rock were used by CRWMS M&O to develop the temperature 
distributions in the rock at 2-day intervals.  The dimensions of the block used by 
CRWMS M&O for developing temperature distributions were 70 m wide in the x-
direction (axis across the heated drift), 60 m long in the y-direction (axis along the 
heated drift), and 70 m high in the z-direction.  The center of the block is located at the 
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center of the heated drift, approximately 25 m from the thermal bulkhead.  Ambient 
temperatures {approximately 24 °C} were applied to the boundaries of the block to 
develop temperature distribution.  The temperature data were generated by CRWMS 
M&O at intervals of 1 m along all three directions using the three-dimensional gridding 
capabilities of Earth Vision software.  These generated temperature distribution data 
were provided to the research teams involved in the modeling effort of Task 2C of the 
DECOVALEX III project. 
    In this study, thermal load was calculated based on the temperature distribution at the 
cross section 23 m from the thermal bulkhead coinciding with the location of numerical 
models. 

Figures D3-1 through 3-7 show the contours of the temperature distribution on a 
vertical cross section at 23 m from the thermal bulkhead of the heated drift after 3 
months, 6 months, 9 months, 1 year, 2 years, 3 years, and 4 years of heating.  The two 
high-temperature concentration zones were located on either side of the heater drift 
coinciding with the location of the wing heaters.  Note that the asymmetrical nature of 
the temperature field despite the fact that the heaters were placed symmetrically with 
respect to the vertical plane containing the center axis of the heater drift. 

 
 

D3.5 Modeling procedures  
 
    FLAC simulation started by obtaining an initial model static-state equilibrium.  After 
the initial equilibrium was reached, the drift was excavated by assigning the bulk and 
shear moduli of the zones within the drift boundary to zero.  After a new static-state 
condition was obtained because of excavation, the thermal-mechanical analyses began.  
To perform thermal-mechanical analyses, temperatures were applied to the FLAC 
models in the form of temperature changes after 3 months, 6 months, 9 months, 1 year, 
2 years, 3 years, and 4 years of heating.  After the application of temperature changes at 
each predetermined thermal time, the stresses and displacements of each FLAC model 
were updated through a mechanical cycling process until a new equilibrium was  

 
 

 
Figure D3-1 Temperature contour, 23 m [75.5 ft] from the thermal bulkhead after 
3 months of heating {No equivalents (°F) provided, for conversion °C = 0.5556(oF - 
32)} 
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reached.  After the completion of each thermal-mechanical run, the displacements and 
permeability variations at predetermined locations, as discussed in Section D3.1 and 
presented in Figures D3-8 and D3-9, were calculated using FISH functions. 
 

 
Figure D3-2 Temperature contour, 23 m [75.5 ft] from the thermal bulkhead after 
6 months of heating {No equivalents (°F) provided, for conversion oC = 0.5556(oF - 
32)} 
 

 
Figure D3-3 Temperature contour, 23 m [75.5 ft] from the thermal bulkhead after 
9 months of heating {No equivalents (oF) provided, for conversion oC = 0.5556(oF - 
32)} 
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Figure D3-4 Temperature contour, 23 m [75.5 ft] from the thermal bulkhead after 1 
year of heating {No equivalents (oF) provided, for conversion oC = 0.5556(oF - 32)} 
 
 
 

 
 
Figure D3-5 Temperature contour, 23 m [75.5 ft] from the thermal bulkhead after 2 
years of heating {No equivalents (oF) provided, for conversion oC = 0.5556(oF - 32)} 
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Figure D3-6 Temperature contour, 23 m [75.5 ft] from the thermal bulkhead after 3 
years of heating {No equivalents (oF) provided, for conversion oC = 0.5556(oF - 32)} 
 
 
 

 
 
Figure D3-7 Temperature contour, 23 m [75.5 ft] from the thermal bulkhead after 4 
years of heating {No equivalents (oF) provided, for conversion oC = 0.5556(oF - 32)} 
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D3.6 Base and sensitivity analysis cases  
 
    Several case studies were performed for Task 2C modeling activities.  The study 
investigated the effects of rock-mass mechanical and strength properties, thermal 
expansion coefficients, and rock-mass failure criteria used on displacements and 
permeability changes at predetermined locations.  Among all the cases studied, the one 
using the material and strength properties for Rock-Mass Quality Category 2 rock listed 
in Tables D.2 and D.4 was assigned as the basecase.  Rock-Mass Quality Category 2 
was selected as a base case because the rock-mass modulus obtained from limited field 
tests performed near the heater drift location for the Topopah Spring welded unit 2 
(TSw2) was slightly smaller than the corresponding value given for Rock-Mass Quality 
Category 2 (CRWMS M&O, 1999).  Toward this end, Rock-Mass Quality Category 2 
might be reasonable to represent rock-mass quality for at least the middle non-
lithophysal litho-stratigraphic Unit.   

FigureD3-8 
Relative locations of 
hydrological 
measurement holes 
with respect to drift.

Figure D3-9 Relative positions of 
multiple –position extensometer 
anchors with respect to drift 
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    The basecase used the ubiquitous fracture failure criterion to assess failure condition 
of the rock mass.  The fracture properties needed for the ubiquitous fracture failure 
criterion are listed in Table D.6.  The fracture tensile strength for all litho-stratigraphic 
units was assumed to be zero.  Sensitivity of failure criteria to the displacement and 
permeability for heated conditions was evaluated by replacing the ubiquitous fracture 
failure criterion with the commonly used Mohr-Coulomb failure criterion. 
    The thermal expansion coefficients used for the basecase are those listed in Table 
D.5.  At each thermal time, the thermal expansion coefficient was determined using the 
temperature at that thermal time.  This thermal expansion coefficient was then used to 
calculate thermal stress change because of temperature change between this thermal 
time and the previous one using Eq. (D.3).   
    Sensitivity of the thermal expansion coefficient was assessed considering a constant 
thermal expansion coefficient for each litho-stratigraphic unit.  In this case, the thermal 
expansion coefficient for 125–150 °C was chosen for study. 
    Sensitivity of rock-mass quality to the displacement and permeability under heated 
conditions was analyzed by considering Rock-Mass Quality Categories 1 and 5.  The 
material and strength properties for these two rock-mass quality categories are listed in 
Tables D.2 and D.4.  The Mohr-Coulomb failure criterion was used for both cases. 
    Table D.7 lists the cases studied and the associated parameters.  As shown in the 
table, case 4 was used as the basecase. 
 
Table D.6.  Fracture Properties Used For Ubiquitous Fracture Failure Criterion* 
Litho-Stratigraphic Unit Fracture Orientation 

(counterclockwise 
from x axis), degree 

 
Cohesion, 

MPa  

Friction 
Angle, 
Degree 

Dilation 
Angle, 
Degree 

Upper Lithophysal 82.0 0.1  41 20.5 

Middle Nonlithophysal 83.5 0.1  41 20.5 

Lower Lithophysal 80.5 0.1 41 20.5 

 * CRWMS M&O.  “Ground Control for Emplacement Drifts for SR.”  ANL–EBS–
GE–000002.  Rev. 00.  Las Vegas, Nevada:  CRWMS M&O.  2000. 

 
 
Table D.7 Cases studies and parameters used 

 
Case No. 

Rock-Mass 
Quality 

Category 

Failure Criterion 
Used 

Thermal Expansion Coefficient 

1 2 Mohr-Coulomb Temperature-Dependent 

2 1 Mohr-Coulomb Temperature-Dependent 

3 5 Mohr-Coulomb Temperature-Dependent 

4(basecase) 2 Ubiquitous Temperature-Dependent 

5 2 Mohr-Coulomb Constant 

6 1 Ubiquitous Temperature-Dependent 

7 2 Ubiquitous Constant 
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D4. Modeling results and discussions 
 
    Several cases were analyzed, as discussed in Section D3.5. The analyses focused on 
thermally induced mechanical responses and thermal-mechanical effects on rock-mass 
permeability of the drift-scale heater test.  The modeling results of thermally induced 
mechanical responses are discussed in Section D4.1, and the results of thermal-
mechanical effects on rock-mass permeability are discussed in Section D4.2.  
    To facilitate comparison of the modeling results with the measured data and among 
the research teams, the Task 2 technical monitoring research team specified three times 
for presenting the results.  The specified times were 3 months, 1 year, and 4 years.  The 
discussions in this section were focused on these times. 
 
 
D4.1 Modeling results of thermally induced mechanical responses  
 
    The effects of temperature were examined in terms of principal stresses, extent of 
yielding, and rock deformation.  These effects are discussed in the following sections. 
 
 
D4.1.1 Principal stresses 
 
 
D4.1.1.1 Principal stress distribution 
 
    Both the maximum and minimum principal stresses increased with temperature.  The 
high-stress zones for the maximum principal stress were located in areas around both 
the crown and floor of the heated drift throughout the thermal times.  In general, the 
high-stress zones for the minimum principal stresses coincided with the high-
temperature zones at the locations of wing heaters.  At the end of 4 years of heating, the 
maximum principal stress was more than 35 MPa and the minimum principal stress at 
the end of 4 years of heating was more than 20 MPa.   
    Similar observations apply to cases 2, 3, and 5 (see Table D.7 in Section D3.6).  It 
should be noted that the Mohr-Coulomb failure criterion was used in all these cases.  
The patterns of the principal stress distributions generated for cases 2, 3, and 5 and 
those for case 1 do not differ much.  
    There was a difference in magnitude of principal stresses among cases 1, 2, and 3.  
This difference was understandable because the Young’s modulus for the rock mass 
used in these cases were different.  The thermally induced stresses are directly 
proportional to the Young’s modulus of a material as indicated in eq. (D.6).   
    The principal stresses for case 5 were slightly smaller than those for case 1.  The 
major difference in input between these two cases was that case 1 used the temperature-
dependent thermal expansion coefficient provided in Table D.5, whereas case 5 used a 
constant thermal expansion coefficient for a temperature range of 125–150 °C. 
 
 
D4.1.1.2 Development of tensile stress zone 
 
    A tensile stress zone developed in the Upper Lithophysal Unit immediately above its 
interface with the Middle Nonlithophysal Unit after 1 year of heating for case 1.  This 
interface was 18 m [59 ft] above the center of the heated drift.  This tensile stress zone 
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was located above the heated drift.  This tensile stress zone started to form after 9 
months of heating and grew in size and increased in magnitude as the temperature in the 
rock increased.  Another interesting observation was that the tensile stress zone not only 
increased in size but started to migrate upward after 1 year of heating.  Similar behavior 
could be observed for cases 2, 3, and 5 as well. 
    After the 4 years of heating, a small tensile stress zone for case 1 had also developed 
below the heated drift and was located in the Middle Nonlithophysal Unit at the 
interface of the Middle Nonlithophysal and the Lower Lithophysal Units.  This interface 
was 18 m [59 ft] below the center of the heated drift.  Development of the tensile zone 
below the heated drift was slower than development of the tensile zone above it.  The 
reason might be related to the ability for the rock masses in these two locations to 
deform to relax stresses.  The rock masses in both tensile stress zones had similar 
difficulty deforming along the horizontal directions as well as downward because of the 
constraints from the existing infinite rock mass in all those directions.  The deformation 
of the rock to the upward direction appeared to be relatively less constrained because of 
the free boundary at the ground surface.  In this sense, the rock mass in the tensile zone 
above the heated drift would have more freedom to deform than that below.  It is, 
therefore, more likely for the rock mass above the heated drift to develop a tensile zone 
than below the heated drift. 
    Other parameters being equal, the size, magnitude, and timing of the occurrence of 
tensile zones appeared to be rock-mass quality dependent.  The size and magnitude of 
the tensile stress zones after 4 years of heating for case 2, which used Rock-Mass 
Quality Category 1 material properties, were much smaller than those for case 1, which 
used Rock-Mass Quality Category 2 material properties.  The tensile zones for case 1 
were, in turn, much smaller than those for case 3, which used the Rock-Mass Quality 
Category 5 material properties.   
    The tensile zones had the potential to develop earlier for higher rock-mass quality 
category cases than for lower rock-mass quality category cases.  The two tensile stress 
zones started early in the heating process for case 3.  The tensile stress zones developed 
after 3 months of heating for case 3 with the one below the heated drift having smaller 
size and magnitude.  They were all located in the middle non-lithophysal unit.  As the 
heating process continued, these two tensile zones expanded into the upper and lower 
lithophysal units respectively.  For case 1, the tensile zone above the heated drift started 
to develop between 6 and 9 months of heating, and the one below was developed much 
later in the heating process.  For case 2, development of the tensile zone above the 
heated drift did not begin until after more than 1 year of heating, and the tensile zone 
below never developed by the end of the 4-year heating process.  It is interesting to note 
that the tensile zones for cases 1, 2, and 3 were first developed off the vertical centerline 
of the model.  This behavior appeared to be consistent with the unsymmetrical nature of 
the temperature distribution used for the analyses.  
    Similar to case 1, the tensile stress zone above the heated drift for case 5 started to 
develop between 6 and 9 months of heating.  The size and magnitude of this zone were 
larger, however, for case 5 than those of case 1.   
    There was an obvious component of tensile zone located in the upper portion of the 
middle non-lithophysal unit for case 5.  As the temperature in the rock increased, the 
two components of the tensile zone separated.  The component in the upper lithophysal 
unit grew bigger and migrated upward while the component in the middle non-
lithophysal unit became narrower vertically and widened horizontally.  The component 
in the middle non-lithophysal unit disappeared eventually as the heating process 
continued.  The tensile stress zone below the heated drift developed between 9 months 
and 1 year of heating and disappeared as heating proceeded.  The different results in 
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progression of the tensile stress zones and the principal stresses for cases 1 and 5 
suggested that the way of modeling the thermal expansion coefficient in numerical 
analyses might make a difference in the final outcome.  It is, therefore, important to 
document carefully how the thermal expansion coefficient was treated as an input in any 
thermal-mechanical analysis. 
 
 
D4.1.1.3 Effect of failure criteria used 
 
    Case 4 used the ubiquitous fracture failure criterion as compared to case 1, which 
used the Mohr-Coulomb failure criterion.  Similar to the observations for cases 1, 2, and 
3, the high-stress zones for the maximum principal stresses in the rock mass for case 4 
were located at the top and bottom of the heated drift.  The high-stress zones for the 
minimum principal stresses in the rock mass coincided with the high-temperature zones 
located at the wing heater regions.  The contour pattern for case 4 was quite different 
from that for cases 1, 2, and 3, however, because of the presence of weakness planes 
along a sub-vertical direction that tended to distort the stress pattern.  At these weakness 
planes, the strength properties were much smaller than those of the rock mass itself 
(Table D.6 versus Table D.4).  Consequently, yielding along these weakness planes 
were more likely to occur than in the rock mass.  No tensile zones during the heating 
process for case 4 were observed.  This phenomenon might be resulted from the use of 
zero tensile fracture strength in the analyses. 
 
 
D4.1.2 Yielding of rocks 
 
    To assess yielding or failure and accumulated plastic strains in rock mass, Mohr-
Coulomb and ubiquitous fracture failure criteria were used.  In both criteria, a non-
associated flow rule was used to describe the shear potential function, and an associated 
rule was used for potential tensile function.  The strength properties used in the criteria 
included cohesion, tensile strength, friction angle, and dilation angle.  All the relevant 
strength properties for each case studied are provided in Tables D.2 and D.4.  The dip 
angle, cohesion, tensile strength, and dilation angle of the fracture sets needed for the 
ubiquitous fracture failure criterion are provided in Table D.6. 
    Within the range of the rock-mass mechanical and strength properties used in the 
analyses, for all cases using the Mohr-Coulomb failure criterion, rock-mass yielding 
was dominated by shear failure for the heating duration.  For cases using the ubiquitous 
fracture failure criterion, only a small amount of tensile failure was observed for 
fractures during the heating process.  The majority of fracture failure took the form of 
fracture slip because of fracture shear failure. 
 
 
D4.1.2.1 Effect of Excavation 
 
    After drift excavation, yielding developed in the rock surrounding the drift except for 
the area at the crown for case 1.  The same observations could be made for cases 2 and 
5; these two cases used Rock-Mass Quality Categories 1 and 2, respectively.  When a 
high rock-mass quality was used for modeling (e.g., Rock-Mass Quality Category 5 for 
case 3), the excavation-induced yielding disappeared because of the relatively stronger 
rock mass.  For all cases discussed in this paragraph, the Mohr-Coulomb failure 
criterion was used to assess rock-mass yielding. 
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    Excavation-induced rock failure for case 4 was somewhat unique.  Although case 4 
used Rock-Mass Quality Category 2 for rock-mass properties, the failure criterion 
applied to assess failure was the ubiquitous fracture failure criterion.  As discussed in a 
previous section, the strength properties assigned to the ubiquitous fracture set (Table 
D.6) were relatively smaller than those for the rock-mass properties (Table D.4).  
Consequently, the strength properties of the fracture set controlled the overall rock-mass 
failure behavior.   
    A directional yield zone (mainly caused by slip along ubiquitous fractures) was 
developed surrounding the heater drift with an angle consistent with that of the fracture 
orientation.  The shape and extent of the yield zone induced by excavation for case 6 
were essentially the same as those of case 4.  Note that the rock-mass material and 
strength properties used by case 6 were related to Rock-Mass Quality Category 1, and 
the ubiquitous fracture failure criterion was used for failure assessment. 
 
 
D4.1.2.2 Effect of Temperature on Rock-Mass Yielding 
 
    After 3 months of heating, the rock mass at the crown of the heated drift yielded for 
cases 1 and 2.  No additional yielding was observed for the next 6 months of heating.  
Failure of the rock mass started to develop in the upper lithophysal unit directly above 
the heated drift for case 1 between 9 months and 1 year of heating.  This yield zone 
continued to grow horizontally and upward as the heating process continued and 
reached maximum after 4 years of heating.  A tensile stress zone was developed before 
the yield zone was developed.  This tensile zone expanded horizontally and moved 
upward as heating proceeded, and the yield zone developed closely afterward.  
Although the magnitude of the tensile stress experienced was not large enough to cause 
tensile failure, it appeared sufficient to create a favorable condition for extensional shear 
failure to occur. 
    The yield zone below the heated drift in the lower lithophysal unit for case 1 
developed between 1 and 2 years of heating.  This yield zone remained smaller than that 
above the heated drift throughout the remaining heating process.  No tensile stress zone 
associated with this yield zone existed. 
    The yield zones for case 2 in both the upper lithophysal and lower lithophysal units 
did not develop until between 1 and 2 years of heating.  It could be observed that 
development of the yield zones for case 2 was slightly slower than the development of 
the yield zones for case 1.  Consequently, the size of the yield zones for case 2 was 
consistently smaller than that for case 1 for the heating duration. 
    Compared to cases 1 and 2, the case 3 yield zones developed quicker in the heating 
process.  Originally, no yielding was found around the heater drift immediately after 
excavation.  After 3 months of heating, however, a yield zone developed surrounding 
the heated drift.  This yield zone expanded slightly horizontally as heating continued.  
No such expansion was observed for cases 1 and 2 in which a similar yield zone fully 
developed after 3 months of heating.  A yield zone in the upper lithophysal unit for case 
3 started to develop between 6 and 9 months of heating, while the yield zone in the 
lower lithophysal unit started to develop between 9 months and 1 year of heating.  
These two yield zones were considerably larger than those for cases 1 and 2 after 4 
years of heating.  In addition to these two yield zones, yield zones also occurred in the 
middle non-lithophysal unit; one was located at the top of the unit, and the other at the 
bottom of the unit.  Although a yield zone could also be observed for case 1 in the 
middle non-lithophysal unit, it is small compared to the similar yield zone for case 3. 
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    In general, the extent of yield zones in the three litho-stratigraphic units modeled was 
larger for cases with higher rock-mass quality designations.  This observation is 
consistent with the findings reported by other researchers (e.g., Ofoegbu, 1999).  After 
comparing the mechanical and strength properties for the three Rock-Mass Quality 
Categories analyzed in this study (Tables D.2 and D.4), it can be concluded that there is 
a significant difference in Young’s modulus between Rock-Mass Quality Category 5 
and Rock-Mass Quality Categories 1 and 2.  The difference in strength properties 
among Rock-Mass Quality Categories 1, 2, and 5, however, is slight.  As discussed 
earlier, large thermally induced stresses are associated with high Young’s modulus.  
Consequently, a rock mass with a higher rock-mass quality designation is more prone to 
yield than the one with a smaller rock-mass quality designation. 
 
 
D4.1.2.3 Effect of thermal expansion coefficients 
 
    As indicated earlier, case 5 used a constant thermal expansion coefficient for the 
temperature range of 125–150 °C  whereas case 1 used a temperature-dependent 
thermal expansion coefficient as input.  The remainder of the parameters used in both 
analyses for both cases were the same.  A difference in magnitude of principal stresses 
and extent of tensile stress zones between the two cases was reported earlier.   
    The yield zones for case 5 developed earlier in thermal times than those for case 1.  
For case 5, yielding in the upper lithophysal unit began between 6 and 9 months of 
heating, and yielding in the lower lithophysal unit started between 9 months and 1 year 
of heating.  For case 1, yielding in the upper lithophysal unit began between 9 months 
and 1 year of heating, and in the lower lithophysal unit, yielding began between 1 and 2 
years of heating.  The sizes of both yield zones for case 5 were consistently larger than 
those for case 1 throughout the heating duration.  The different results reported in the 
progression of yield zones between cases 1 and 5 support the statement made in a 
previous section that it may be important to clearly indicate how the thermal expansion 
coefficient was treated as an input in a thermal-mechanical analysis. 
 
 
D4.1.2.4 Effect of failure criteria used 
 
    As discussed earlier, the majority of rock yielding for cases using the ubiquitous 
fracture failure criterion took the form of fracture slip because of fracture shear failure.  
As a result, the yielding behavior for these cases was substantially different from that 
for cases using the Mohr-Coulomb failure criterion.   
    The extent of yield zones (slip along ubiquitous fractures) after 3 months, 1 year, and 
4 years of heating. The fracture slip zones started first in the middle non-lithophysal unit 
at the early stage of heating, mainly at a diagonal direction, forming an approximately 
45-degree angle counterclockwise from a vertical axis.  These fracture slip zones 
formed long shear bands stretching along the diagonal direction discussed earlier in this 
paragraph.  New shear bands continued to develop vertically either upward or 
downward with respect to the heated drift as heating proceeded.     
    The shear bands along an approximately 45-degree angle clockwise from the vertical 
axis (perpendicular to the shear band axis discussed in the previous paragraph) started to 
develop between 9 months and 1 year of heating.  This shear band pattern continued to 
expand outward from the heated drift at a much slower rate than the shear bands at the 
perpendicular direction.   
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    Development of the shear bands for case 6 was slower than that of case 4.  It should 
be noted that case 6 used Rock-Mass Quality Category 1 material properties while case 
4 used Rock-Mass Quality Category 2.  For case 6, the fracture shear bands started to 
form 45 degrees counterclockwise from the vertical axis between 3 and 6 months of 
heating compared with the shear bands forming during the first 3 months of heating for 
case 4.  The shear band 45 degrees clockwise from the vertical axis formed between 1 
and 2 years of heating.  This shear band grew in length, but no new shear band was 
formed throughout the remainder of the heating process. 
    The formed shear bands for case 6 were much smaller in size than those for case 4.  
This behavior appeared to be fundamentally different from that observed between cases 
2 and 1; both used a Mohr-Coulomb failure criterion.  Although the yield zones for case 
2 (Rock-Mass Quality Category 1) were smaller than those of case 1 (Rock-Mass 
Quality Category 1), the difference was not as large as that from cases 6 and 4.  It 
appeared that the development of yield zones for cases with the ubiquitous fracture 
failure criterion were more sensitive to variation of rock-mass Young’s modulus than 
that of cases using the Mohr-Coulomb failure criterion.  This sensitivity might be 
explained by the fact that the strength properties associated with the fracture set were 
the same for all cases using the ubiquitous fracture failure criterion.  Other parameters 
being equal, larger Young’s modulus tended to induce higher thermal stresses that, in 
turn, increased the failure potential. 
 
 
D4.1.3 Displacement prediction 
 
    Estimating rock displacements at the anchor locations of four multiple-position 
extensometers using numerical analysis is one objective of Task 2C.  In the following 
sections, the modeling results on anchor displacements for various cases listed in Table 
3-7 are discussed, followed by a comparison of modeling results with the measured 
data.   
 
 
D4.1.3.1 Modeling results on anchor displacements 
 
    As discussed in Section D3.1, each multiple-position extensometer contained four 
anchors.  Anchor 1 was located closest to the heated drift, while Anchor 4 was the 
farthest.  The anchor displacements presented in the figures discussed in this section are 
thermally induced displacements.  Excavation-induced anchor displacements are not 
included.  The positive displacement values in the figure indicate that, after 
deformation, the distance between anchors and the extensometer assembly heads 
located near the collar of the heated drift became larger than the original distance before 
heating started. The negative values indicated that the distance between the anchors and 
the assembly heads became smaller. 
    In general, the estimated displacements associated with the anchors of the two 
inclined multiple-position extensometers (MPBX7 and MPBX8) for case 1 were the 
highest, while the displacements predicted for the anchors of the two vertical 
extensometers (MPBX9 and MPBX10) were relatively smaller.  This observation was 
valid for all the cases studied. 
    During the early stage of heating, Anchor 4 for both vertical extensometers (MPBX9 
and MPBX10) moved closer to the heated drift before a positive displacement of the 
anchor took place after 3 to 9 months of heating.  This phenomenon was likely because 
the temperature increase did not reach the regions where Anchor 4 was located until the 
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later stage of heating.  As a result, any displacement associated with Anchor 4 was a 
direct response to thermal expansions of rock in the heated zone. 
    Other than in the early stage of heating, a general pattern regarding anchor 
displacements of the modeling results for all multiple-position extensometers for the 
cases analyzed that the displacements relative to the assembly head located at the collar 
of the heated drift were larger for the anchors located farther away from the heated drift.  
This displacement pattern suggested that the neighboring anchors of a multiple-position 
extensometer continued to move away from each other during the heating process that 
implied an extension in the rock mass between the two anchors. 
    In general, the estimated anchor displacements were larger if the rock-mass material 
and strength properties of higher Rock-Mass Quality Categories were used for the 
analyses.  Similarly, larger anchor displacements would also result, if the ubiquitous 
fracture failure criterion was used instead of the Mohr-Coulomb failure criterion or if a 
constant thermal expansion coefficient selected from a temperature of 125–150 °C 
instead of a temperature-dependent coefficient. 
 
 
D4.1.3.2 Comparison of modeling results with measured displacements 
 
    In general, anchor displacements estimated from modeling results underestimated 
displacements for most of the anchors under evaluation.  The modeling results for cases 
3, 4, and 5 were larger than those for case 1.  One possible cause for the underestimation 
might be related to the uncertainties associated with the temperature data used for the 
modeling exercise. It should be noted that the temperature data set was constructed by 
kriging over the entire drift-scale heater test block at 1 m intervals in three directions.  
This kriging process has an advantage of providing temperature distributions for the 
entire block.  It is, however, inevitably introducing uncertainties as a side effect.  These 
uncertainties could affect the displacement estimation around the heated drift if the 
temperature in the area was underestimated.  Another possible cause might be that the 
seven thermal times used in the analyses were too coarse.  For all cases studied, large 
yield zones were developed in the rock mass.  Because plastic deformation is path 
dependent, it may be necessary to use a much smaller thermal timestep to represent 
more realistically the plastic deformation behavior in the analyses.  
    The measured displacements for Anchors 1 and 3 in MPBX7 indicated a possible 
sign of localized fracture slip caused by the heating process.  The slip of a fracture 
located possibly between Anchors 2 and 3 after approximately 6 months of heating 
caused Anchor 3 to move relatively closer to the assembly head.  The slip of a fracture 
located possibly between Anchor 1 and the assembly head at approximately 2.7 to 2.8 
years of heating caused Anchor 1 to move closer to the assembly head.  These slips 
caused a displacement reduction.  Similar behavior also occurred for Anchor 3 of 
MPBX8 at approximately 3.3 to 3.5 years of heating.  The distinct behavior represented 
one form of heterogeneity of the rock mass studied.  A continuum analysis, such as that 
used in this study, could not capture this behavior.  Consequently, the estimated 
displacement from modeling results would not be able to predict a displacement 
reduction representing fracture slip.  
    The anchor displacements measured for MPBX8 appeared to be tightly close to each 
other.  This behavior suggested that most rock-mass expansion took place in the region 
between Anchor 1 and the assembly head, while the movements between anchors were 
relative smaller.  This behavior might be a result of heterogeneity of the rock mass in 
the region that was not reflected in the modeling results.  The modeling results for all 
cases studied suggested a wider separation in displacements among anchors.   
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    Except for Anchor 4, MPBX8 was the only borehole to show the displacements 
relative to the assembly head located at the collar of the heated drift were larger for the 
anchors located farther away from the heated drift consistent with what was observed 
from modeling results. 
    The rock mass between Anchors 3 and 1 for MPBX7 appeared to be compressed so 
that the length of these two anchors were shortened.  It was also observed from the 
measured data that Anchors 2 and 3 for MPBX9 and MPBX10 were moved closer to 
each other, representing a compression condition in the rock mass between these two 
anchors.  The modeling results for MPBX7, MPBX9, and MPBX10 were not able to 
show this behavior for all the cases analyzed.  It was not clear what would be the cause 
for such compression. 
 
 
D4.1.4 Summary of deformation-permeability relationship 
 
    A primary objective of Task 2 was to predict the thermal-mechanical effects on rock-
mass permeability.  To achieve this objective, a continuum representation of the 
deformation-permeability model was developed.  The mathematical form of the model 
is provided as eq. (D.27) in Section D2.3.3.  For convenience of discussion, eq. (D.27) 
is repeated here. 
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where kf is the permeability after deformation; kfr is the reference fracture permeability 
for the reference fracture porosity, φfr; σn is the fracture normal stress; eftp and efsp are 

plastic volumetric tensile and shear strain or fracture tensile and shear strain; and a and 
c are constants.  Note that σn is positive in compression and negative in tension.  The 
reference fracture permeability and porosity for each of the three litho-stratigraphic 
units used in the analyses are discussed in Section D4.2.4 of this report. 
    Constant a can be determined from eq. (D.9) if the initial fracture stiffness, Kni, is 
known, and constant c can be calculated using eq. (D.20), which is repeated here for 
convenience 
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    As discussed in Section D2.3.1, the fracture normal stress was redefined in this study 
to include the effect of fracture tensile strength, σt.  The fracture normal stress, σn, was 
made to represent σn + σt.  It should be noted that, for conditions where σn > σt, Eqs. 
(D.27) and (D.20) are no longer valid because at those conditions, tensile failure of the 
material occurs.  Consequently, when σn + σt > 0, σn + σt is set to equal 0 and the 
second part of Eq. (D.27) takes effect. 
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D4.2 Parameters needed for permeability calculation 
 
 
D4.2.1 Initial fracture stiffness 
 
    The initial stiffness for rock fractures is difficult to determine.  Hsiung, et al. (1994) 
conducted a series of laboratory experiments on natural Apache Leap welded tuff 
fractures with an attempt to establish the normal-stress-versus-fracture-closure 
relationship.  These experiments were conducted with five repeated normal load cycles 
with the maximum normal stress of 8.0 MPa  applied to the samples tested.  The 
normal-stress-versus-fracture-closure curve was used to calculate the initial stiffness.  
The test results (Hsiung, et al., 1994) indicated the initial fracture stiffness might range 
from 7 to 51 GPa/m.  This range appeared to be at the lower bound because the 
maximum normal stress used for the cyclic tests might not be sufficiently high to reach 
the level of compression necessary to establish a reasonable condition for determining 
fracture initial stiffness. 
    For the three Topopah Spring Litho-Stratigraphic Units, initial fracture stiffness was 
assumed according to rock-mass quality (CRWMS M&O, 1999).  The assumed initial 
stiffness ranges from 5.10 x 104 MPa/m for Rock-Mass Quality Category 1 to 9.00 x 105 
MPa/m for Rock-Mass Quality Category 5.  It appeared that the higher bound value 
determined from laboratory results by Hsiung, et al. (1994) matched the lower bound 
value assumed for the Topopah Spring litho-stratigraphic units.   
    In this study, initial fracture stiffness of 2.01x 105 MPa/m was used to evaluate rock-
mass permeability variations resulting from heating.  This value represented assumed 
initial stiffness of fractures in rock mass for Rock-Mass Quality Category 2.  Further 
study may be necessary to assess this selection. 
 
 
D4.2.2 Sensitivity of constant a on permeability change 
 
    The continuum representation of the deformation-permeability relationship of Eq. 
(D.27) is sensitive to constant a, which, in turn, is sensitive to initial stiffness of the 
fracture set.  The curves in this figure were developed by varying the fracture normal 
stress, σn, and assuming zero fracture tensile and shear strains. Note that the inverse of 
constant a is the initial fracture stiffness. As the value of constant a increases, the 
variability on rock-mass permeability from the reference permeability caused by normal 
stress variation decreases.  In other words, fractures with high stiffness are less sensitive 
to fracture normal stress change.  Selection of the reference values for normal stress, 
permeability, and porosity of the fracture would not affect the conclusion. 
 
 
D4.2.3 Fracture properties 
 
    To account for the possible effects of the presence of fractures, permeability of the 
rock mass along two pseudo-fracture sets for each litho-stratigraphic unit at various 
thermal times was calculated.  One fracture set was oriented subvertically and the other 
subhorizontally.  The dip and dilation angles of the fracture sets in three litho-
stratigraphic units are listed in Table D.8. 
    Notice that the dip and dilation angles for the subvertical fracture sets used in 
permeability calculation were the same as those for cases 4 and 6 where the ubiquitous 
fracture failure criterion was used for analysis to be consistent.  For the cases where the 
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Mohr-Coulomb failure criterion was used to assess rock-mass failure, dilation angles of 
rock mass were used for permeability calculation. 
 
Table D.8  Fracture dip and dilation angles* 

Fracture Dip Angle, 
degree 

(counterclockwise 
from x axis) 

Fracture Dilation 
Angle, Degree 

Litho-stratigraphic 
unit 

Sub-
vertical 

Sub-
horizontal 

Sub-
vertical 

Sub-
horizontal 

Rock-Mass 
Dilation Angle, 

Degree 

Upper lithophysal 82.0 14 20.5 20.5 23.00 

Middle non-
lithophysal 

83.5 09 20.5 20.5 24.08 

Lower lithophysal 80.5 05 20.5 20.5 23.00 

* CRWMS.  “Ground Control for Emplacement Drifts for SR.”  ANL–EBS–GE–
000002.  Rev. 00.  Las Vegas, Nevada:  CRWMS M&O.  2000. 

 
 
D4.2.4 Reference fracture porosity and permeability 
 
    For this study, kfr and φfr were assumed to be the initial values of fracture 

permeability and fracture porosity before initiation of heating.  The reference fracture 
porosities and permeabilities for the three litho-stratigraphic units used in this study are 
listed in Table D.9.  The fracture porosity and permeability for the sub-vertical and sub-
horizontal fracture sets were assumed to be the same.  This assumption might not be 
valid.  Because of a lack of information, however, this might be the only alternative. 
 
 
D4.2.5 Modeling Results and Discussions 
 
    Discussions of modeling results on permeability variations because of thermal-
mechanical effects were divided into two parts.  The first part focused on permeability 
changes at specific locations provided by the Task 2 technical monitoring research team 
and the comparison of modeling results and the measurements.  The second part 
discussed briefly the thermal-mechanical effects on permeability for a large region.   
 
Table D.9.  Reference fracture porosities and fracture permeability* 

Litho-stratigraphic unit Porosity, 
φfr  

Permeability, kfr, m2  

Upper lithophysal 0.0066 5.50 x 10-13  

Middle non-lithophysal 0.0100 2.76 x 10 -13  

Lower lithophysal 0.0110 1.29 x 10 -12 

* CRWMS M&O.  “Multiscale Thermohydrologic Model.”  ANL–EBS–MD–
000049.  Rev. 00  ICN 02.  Las Vegas, Nevada:  CRWMS M&O.  2001. 
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D4.2.5.1 Permeability changes at specified locations 
 
    Permeability changes at project specific locations in several hydrologic boreholes 
were estimated from numerical modeling results.  Among the hydrologic boreholes, 
Holes 59 and 76 were closer to the horizon of the wing heaters located on the left-hand 
side of the heated drift than Holes 57 and 74, with Hole 59 being the closest.  
Hydrologic Boreholes 57 and 59, were located 10 m and Hydrologic Boreholes 74 and 
76 were located 30 m from the thermal bulkhead.  
 
 
a) Modeling Results 
 
a-1) Subvertical Permeability Versus Subhorizontal Permeability 
 

Figures D4-1 and D4.2 show the permeability variations of the two fracture sets 
estimated from modeling results for Hydrologic Holes 57, 59, 74, and 76 at various 
stages of heating for case 1.  The permeability variations are presented in the figure as 
permeability ratio [permeability at 3 months, 6 months, 9 months, 1 year, 2 years, 3 
year, and 4 years to the reference permeability (permeability before heating started)] for 
ease of discussion.  The horizontal axis represents calendar time. 

    The permeability for the sub-horizontal fracture set appeared to be larger than that 
for the sub-vertical fracture set at pressure sensor location 1 (PS1) for all hydrologic 
bore holes for the heating duration.  When the rock mass began to heat up, a portion of 
it started to expand outward.  Consequently, the surrounding rock mass was pressed.  In 
response to this pressure, it tended to move outward as well.  A rock-mass displacement 
plot (Figure 4-5), for case 1 after 3 months of heating, and the locations of the pressure 
sensors for the hydrologic bore holes might offer some explanations about the outward 
movement.  The coordinates of the pressure sensors relative to the center of the heated 
drift are provided in Table D.10.  Wing heaters on the left-hand side of the heated drift 
(relative to Figure 4-3) were 0.25 m [0.82 ft] below the spring line and extended 
approximate 14 m [46 ft] into the rock mass from the center of the heated drift.  It can 
be observed from Figure 4-5 that the displacements in an area with the PS1s for all 
hydrologic boreholes were having substantially larger horizontal components than the 
vertical components.  Furthermore, the displacement vectors between the area with the 
PS1s and the heat source were much larger than those in the area with the PS1s, which 
suggests the latter was being compressed.  The horizontal displacement in the area with 
the PS1s, which met with lateral resistance from the infinite rock mass on the left-hand 
side of this area, caused an increase in horizontal stress.  Movement vertically upward, 
on the other hand, would meet with far less resistance because of the presence of the 
ground surface.  Consequently, a reduction in vertical stress in the region with the PS1s 
was possible.  Because rock-mass permeability was closely related to the magnitude of 
fracture normal stress, an increase in horizontal stress tended to induce fracture closure 
and reduce permeability of the sub-vertical fracture set.  The permeability for the sub-
horizontal fracture set would, on the other hand, increase in response to a reduction of 
vertical stress.  The rock-mass response in the region containing the PS1s explained 
why the permeability for the sub-horizontal fracture set appeared larger than that of the 
sub-vertical fracture set.  The response could also explain why the permeability of the 
sub-horizontal fracture set was more than the reference value while that for the sub-
vertical fracture set was smaller than the reference value.  
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Figure D4-1 Permeability variations of subvertical and subhorizontal fractures in 
hydrologic boreholes for case 1 with hydrologic borehole 59 (above) and 57 (below). 
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Figure D4-2 Permeability variations of subvertical and subhorizontal fractures in 
hydrologic boreholes for case 1, with hydrologic borehole 74 (above) and 76 (below). 
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Figure D4-3 Displacement vectors for case 1 after 3 months of heating 
 

    The permeability for the sub-vertical fracture set was larger originally during the 
early stage of heating at all the pressure sensor locations.  The condition, however, was 
reversed at almost all pressure sensor locations, except for PS3 and PS4 in Hydrologic 
Boreholes 57 and 74.  Note that the PS3s and PS4s in these two hydrologic bore-holes 
were located farther away vertically from the heat source.  Careful examination of the 
displacement vector field after 1 year of heating suggested this region was extending in 
a direction of more than 180 degrees from the positive x axis and experiencing 
compression in a direction perpendicular to the extensional direction.  The horizontal 
component of the extension caused the sub-vertical fracture to open up and 
subsequently increased the permeability.  The compression tended to close the sub-
horizontal fractures.  This competing behavior explained why the permeability of the 
sub-vertical fracture set at PS3 and PS4 was larger than the reference value, while the 
permeability of the sub-horizontal fracture set was smaller than the reference value.  
The condition experienced by the PS3s in Hydrologic Boreholes 59 and 76, on the other 
hand, was just the opposite of the condition experienced by the PS3s and PS4s in 
Hydrologic Boreholes 57 and 74.  Consequently, the permeability of the sub-vertical 
fracture set decreased and the permeability of the sub-horizontal fracture set increased 
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with respect to the reference value.  The observations discussed in the aforementioned 
two paragraphs appear to apply to all cases analyzed regardless of rock-mass qualities 
or types of failure criteria used. 
 
 
Table D.10  Coordinates of pressure sensors 

Hydrologic Borehole 
No. 

Pressure Sensor 
No. 

Coordinates in 
x Axis, m 

Coordinates in 
y Axis, m  

1 -24.33   6.60  

2 -15.59  10.20  

3              -9.39 12.75  

 
 

57 

4 -1.88  15.84  

1 -24.60  03.88  

2              -13.97    4.90  

3  -5.78    5.69  

 
 

59 

4   -3.21    5.95 

1 -26.59    7.84  

2 -16.29  11.62  

3  -9.42  14.14  

 
 

74 

4  -4.95  15.78  

1 -25.87    6.06  

2 -17.33    6.22  

3             -8.19  6.39  

 
 

76 

4 0.84   6.56  
 
 
a-2) Effects of Model Parameters 
 
    To provide a consistent evaluation of the thermal-mechanical effect on permeability 
changes, the larger permeability of the two fracture sets at locations of interest were 
combined for comparison 
    The modeling results indicated a permeability fluctuation between 2 and 4 years of 
heating for PS1 in all hydrologic bore holes for both cases 1 and 3.  The permeability at 
PS1 after 3 years of heating was higher than that observed after 2 and 4 years of heating.  
In fact, this observation was true for all cases analyzed.  The reason for such a 
fluctuation was not immediately known. 
    Other parameters being equal, the permeability enhancement estimated from cases 
with higher rock-mass quality designations appeared larger than that from cases with 
lower rock-mass quality designations.  A similar trend could also be found for 
estimating permeability reduction using different rock-mass quality designations.  Note 
that the term permeability enhancement used in this study means specifically the 
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permeability was larger than the reference value, while a permeability reduction means 
that the permeability was smaller than the reference value.   
    Both cases 1 and 3 suggested a permeability enhancement at the beginning of the 
heating process at all pressure sensor locations in the two hydrologic bore holes that 
were located farther away from the heat source.  The permeability enhancement at all 
locations reached the respective maximum value and started to decrease as heating 
proceeded.  The permeability at some pressure sensor locations eventually fell below 
the reference value and experienced a permeability reduction.  The timing of changing 
from permeability enhancement to permeability reduction was different for different 
locations.  For the two hydrologic bore holes located closer to the heat source, 
permeability at PS1 experienced an enhancement from the start of the heating process 
and a reduction some time in the heating process.  Permeability at PS3 in Hydrologic 
bore hole 76 enhanced at the beginning but fell below the reference value quickly. 
    The difference of case 5 from case 1 was that case 5 used a constant thermal 
expansion coefficient for each litho-stratigraphic unit modeled while case 1 used the 
temperature-dependent ones.  The permeability enhancements estimated at the pressure 
sensor locations for case 5 were larger than those at the corresponding locations for case 
1.  Although the differences between the permeability reductions at the same pressure 
sensor locations for both cases were small, the amount of reduction was slightly more 
for case 5.  Also, permeability enhancements at PS4s in Hydrologic Boreholes 57 and 
74 for case 5 reached a maximum value relatively faster than those for case 1. 
    In general, the ubiquitous fracture failure criterion instead of a Mohr-Coulomb failure 
criterion tended to reduce the amount of permeability enhancement.  One exception was 
the permeability enhancement at PS3 in Hydrologic Boreholes 57 and 74 for both cases 
4 and 7 in which the ubiquitous fracture failure criterion was used in the analysis.  The 
extent of enhancement was larger compared with that of cases 1 and 5.  One possible 
explanation was that PS3 for cases 4 and 7 were located in shear failure zones.  Dilation 
of the sub-vertical fractures modeled in cases 4 and 7 might be contributing to the 
permeability enhancement.  The permeability enhancement at PS4 in Hydrologic bore 
hole 74 for case 4 was also larger than that for case 1.  Similar behavior, however, was 
not observed for case 7 as compared with case 5.  The reason for the difference had not 
been identified.  It should be noted that this pressure sensor was located in a shear 
failure zone for cases 4 and 7 at the thermal times of interest. 
 
 
b) Comparison With Measured Permeability 
 
    The continuum analyses reasonably modeled the trending of permeability responses 
to the heating process although there were obvious discrepancies between the estimated 
and the measured trends.  One discrepancy was the permeability variations estimated at 
PS1 in Hydrologic Boreholes 59 for all cases analyzed.  The measured data at this 
location indicated a permeability reduction trend for the heating duration, whereas the 
estimated trend was a permeability enhancement at the beginning of the heating, 
followed by a permeability decrease some time into the heating process.  Even though 
some permeability reduction was observed for some cases studied, the amount of 
reduction was minor compared with the measurements.  
    The measured data showed permeability recovery at some pressure sensor locations 
starting from approximately the middle duration of the heating process after some large 
reduction of permeability earlier in the heating process.  These pressure sensor locations 
included PS2 and PS3 in Hydrologic bore hole 59 and PS3 and PS4 in Hydrologic bore 
hole 76.  The permeability at PS3 in Hydrologic bore hole 59 not only completely 
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recovered but started to increase between 3 and 4 years of heating.  There were two 
possibilities causing permeability to recover.  One possibility was a decrease in fracture 
normal stress that resulted in a reduction in fracture closure, which, in turn, increased 
the fracture aperture.  The recovery could follow the fracture normal stress versus 
closure behavior postulated in Figure 2-1 and represented by Eq. (2-8).  When the 
fracture normal stress became smaller than the reference fracture normal stress, 
permeability enhancement would result.  The other possibility was related to dilation 
induced by fracture shear displacement.  None of the measured permeability recovery 
behaviors were observed from the modeling results.  Unable to predict the recovery 
behavior limits somewhat the utility of the proposed deformation-permeability 
relationship.  Despite these difficulties, the proposed deformation-permeability 
relationship appears promising for investigating thermal-mechanical effects on rock-
mass permeability using a continuum approach.  Further studies are needed to identify 
the sources of difficulties so that the proposed deformation-permeability relationship 
can be calibrated, if necessary.   
 
 
D4.2.5.2 Spatial variations of permeability as a function of temperature 
 
    It was noteworthy that the permeability variation profile for the sub-vertical fracture 
set in a region around the heated drift was long horizontally and narrow vertically and 
appeared to have a similar shape as the temperature profile after 3 months of heating.  A 
permeability reduction (smaller than the reference permeability) in this region could be 
observed.  The reduction became larger as it moved toward the heated drift.  The areas 
that had the largest reduction were in the rock mass located at the top and bottom of the 
heated drift.  These areas appeared to correspond with the high-stress zones for the 
maximum principal stress profiles.  At the top and bottom of the heated drift, the 
maximum principal stresses were possibly horizontal.  These high principal stresses 
tended to close sub-vertical fractures that would lead to a reduction of permeability.   
    The areas with the second largest permeability reductions for the sub-vertical fracture 
set surrounded the areas with the largest reduction and the areas coinciding with the 
high-temperature zones where the wing heaters were located.  Maximum and minimum 
principal stresses in both high-temperature zones where the wing heaters were located 
were substantially higher than those before the heating process started. ( approximately 
5 to 5.5 MPa for the maximum principal stresses and 1.4 to 1.6 MPa for the minimum 
principal stresses).  Consequently, both the sub-vertical and the sub-horizontal fractures 
would experience a permeability reduction.  The long narrow permeability reduction 
zone for the sub-vertical fractures extended outward horizontally and vertically as 
heating proceeded.  There were two regions above and below the permeability reduction 
zone for the sub-vertical fractures that were experiencing permeability enhancement.  
The larger enhancements in permeability were found in areas immediately above and 
below the reduction zone in the middle non-lithophysal unit. 
    The trending of permeability enhancement and reduction for the sub-horizontal 
fractures was a reverse of the sub-vertical fractures.  There were relatively large 
permeability reduction zones at the top and bottom of the heated drift and the two areas 
consistent with the high-temperature zones at the wing heater locations.  In general, the 
extent of permeability reduction in these areas for the sub-horizontal fractures was not 
as big as that of the sub-vertical fractures.  These permeability reduction zones extended 
vertically outward.  The two permeability enhancement zones were located at both sides 
of the permeability reduction zone.  The larger enhancements in permeability were 
found in areas relatively close to the reduction zone. 
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    As the rock mass continued to be heated up, the permeability in the permeability 
reduction zone was reduced further for both sub-vertical and sub-horizontal fractures.  
The high-permeability reduction zone grew in size slightly vertically and more 
horizontally for the sub-vertical fractures while it grew slightly horizontally and more 
vertically for the sub-horizontal fractures.  This observation was related to the increase 
in maximum and minimum principal stresses because of temperature increases.  Similar 
observation could be made for the high-permeability enhancement zones for both sub-
vertical and sub-horizontal fractures.  The high-permeability enhancement zones grew 
most away from the reduction zone.  The continued growth of the high-permeability 
reduction zone from the heated drift outward for both sub-vertical and sub-horizontal 
fractures made fluid through the heated drift more difficult. 
 
 
D5. Conclusions 
 
    The drift-scale heater test at the Exploratory Studies Facility at Yucca Mountain was 
included in the DECOVALEX III project as a test case to assess the capability of the 
thermal-mechanical-hydrological-chemical codes to simulate complex thermal-
mechanical-hydrological-chemical processes.  This report was prepared as part of the 
DECOVALEX III project to assess the capability of numerical modeling to estimate 
thermally induced deformation surrounding excavations and the thermal-mechanical 
effects of rock-mass permeability.  Model results on thermally induced deformation 
around the heated drift and the mechanically induced rock permeability variations at 
specified thermal times and locations were compared with the corresponding 
measurements. 
    Thermal-mechanical behavior of fractured rock media can be a complicated process.  
It is accepted that, in assessing stability of underground structures, the effects of 
existing discontinuities should be factored into consideration.  In the numerical 
simulation, these effects may be considered by directly including the discontinuities in 
the model through the distinct element approach or by indirectly taking into account the 
discontinuities through the continuum approach using equivalent rock-mass properties 
instead of intact rock properties.  A continuum modeling approach was adopted in this 
study. 
    The numerical code used in this study was FLAC.  A vertical, cross-sectional, two-
dimensional model was developed with regularly structured grids at a 0.5-m interval in 
a region around the drift.  The interval of the grids was increased gradually from the 
boundaries of the region to the model boundaries.  This vertical cross section was 
located at the midspan of the drift and was positioned at a right angle to the drift axis.  
Several case studies were performed to investigate the effects of rock-mass mechanical 
and strength properties, thermal expansion coefficients, and failure criteria used on 
displacements and permeability changes at predetermined locations.  The temperature 
data used for the analyses were provided by the technical monitoring research team. 
    Irrespective of rock-mass properties used, failure criteria used, or treatments of the 
thermal expansion coefficient, the highest maximum principal stresses estimated during 
the duration of heating process were located in the rock mass at the crown and floor of 
the heated drift.  The second highest maximum principal stress zones coincided with the 
wing heater locations, where the temperature was higher compared with other locations.  
The highest minimum principal stresses were also found at the wing heater locations for 
all cases studied.  
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    The magnitude of thermally induced maximum and minimum principal stresses was 
found to be larger for cases using the material and strength properties associated with 
higher rock-mass quality designations.  This finding was expected because Young’s 
modulus for a higher rock-mass quality category designation was larger than that of a 
relatively lower rock-mass quality category designation. Thermally induced stress was 
in direct proportion to Young’s modulus.  Other parameters being equal, the principal 
stresses for a case using a constant thermal expansion coefficient from each litho-
stratigraphic unit modeled at the temperature range 125–150 °C were slightly smaller 
than those of a case using the temperature-dependent thermal expansion coefficient.  
The magnitudes of principal stresses were smaller for a case with the ubiquitous fracture 
failure criterion than for a case using the Mohr-Coulomb failure criterion.  Besides the 
magnitude difference, the patterns of principal stress contours were also different 
between the two cases.  In fact, the principal stress contours for all cases using the 
ubiquitous fracture failure criterion showed a similar profile pattern different from the 
cases using the Mohr-Coulomb failure criterion.  Such a difference was obvious because 
weakness planes were present in a preferential direction for the cases using the 
ubiquitous fracture failure criterion.  Slip along the weakness planes tended to modify 
the stress field in the surrounding area. 
    During the heating process, for most cases using the Mohr-Coulomb failure criterion, 
tensile stress zones developed in the upper and lower litho-stratigraphic units directly 
above and below the heated drift.  The timing of developing such tensile zones was 
different for the different rock-mass properties used.  The cases with high rock-mass 
quality category designations would develop a tensile zone faster than the ones using 
low rock-mass quality category designations.  Furthermore, development of the tensile 
stress zone below the heated drift was always slower than the tensile stress zone above 
the heated drift.  This behavior was believed to be related to constraints from the 
surrounding rock mass.  Development of the top tensile stress zone was relatively easy 
because it was closer to a free boundary at the ground surface.  As heating proceeded, 
the tensile stress zone tended to increase in size and moved upward.  No tensile zones 
were developed for cases using the ubiquitous fracture failure criterion during the 
heating process because of the existence of the weakness planes, along which zero 
tensile strength was assumed. 
    Yield zones mainly in the upper and lower litho-stratigraphic units were also 
developed during the heating process for all cases using the Mohr-Coulomb failure 
criterion.  The size and time of development were dependent of rock-mass properties 
used and treatment of the thermal expansion coefficient.  Larger yield zones were 
associated with higher rock-mass quality designations.  Also, the case using a constant 
thermal expansion coefficient tended to generate a larger yield zone than the one using a 
temperature-dependent thermal expansion coefficient. The presence of the tensile stress 
zone appeared to facilitate development of the yield zone above the heated drift.  
    The displacements estimated from the modeling results for specific anchors at four 
multiple-position extensometers appeared small for most cases studied compared with 
the measurements.  All cases predicted an extension in the rock mass between two 
neighboring anchors of a multiple-position extensometer after 3 to 9 months of heating.  
This finding was not entirely supported by the measurements.  The measurements 
indicated compressions of rock mass between anchors for several multiple-position 
extensometers.  Furthermore, the measurements showed signs of local fracture slips.  
This phenomenon could not be modeled using the continuum approach. 
    To assess thermal-mechanical effects on rock permeability, a continuum model 
representing a deformation-permeability relationship was developed.  The fundamental 
assumptions for this model included:  (i) permeability changes in rock mass are 
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controlled by deformation of fractures; (ii) variation in fracture aperture is a function of 
fracture normal stress before tensile or shear fracture failure;  and (iii) shear and tensile 
plastic strain of a rock matrix or a fracture can be directly related to matrix and fracture 
porosity changes.  The deformation-permeability model permits an evaluation of 
deformation-induced permeability increases or reductions.  This model was used in the 
Task 2C study to predict thermal-mechanically induced permeability variations. Two 
hypothetical fracture sets—one sub-vertical and one sub-horizontal—were assumed in 
the system.  Permeability related to these two hypothetical fracture sets were calculated. 
    The contours of the estimated permeability (ratio of permeability at the thermal times 
of interest to the reference permeability—before heating started) suggested a 
permeability reduction (below the reference permeability) for both fracture sets in the 
region that included the heated drift and the wing heater.  As heating proceeded, the 
permeability in this region continued to decrease, and the size of the region continued to 
increase.  The largest reduction for sub-vertical fractures was associated with the rock 
mass located around the top and bottom of the heated drift, while for sub-horizontal 
fractures, the largest reduction was where the wing heaters were located.  The largest 
permeability reduction zones corresponded well with the high-stress zones for the 
maximum and minimum principal stress profiles. 
    Besides the region of permeability reduction, two regions existed above and below 
the permeability reduction zone for the sub-vertical fractures experiencing an 
enhancement in permeability (greater than reference permeability).  The larger 
enhancements in permeability were found in areas immediately above and below the 
reduction zone in the middle non-lithophysal unit.  Similarly, there were two regions at 
both sides of the heated drift where permeability for sub-horizontal fractures was 
enhanced.  The extent of enhancement in permeability in these regions became larger as 
heating proceeded, as did the sizes of the regions.  
    The continuum analyses reasonably modeled the trending of permeability responses 
to the heating process. However, some obvious discrepancies between the estimated and 
the measured trends were identified.  For example, the measured data at some locations 
indicated a consistent permeability reduction trend for the heating duration, whereas the 
estimated trend was a permeability enhancement at the beginning of heating,  followed 
by a decrease at some point in the heating process (permeability reduction was not 
found in some cases studied, with some cases having a minor reduction). 
 
    Furthermore, the measured data showed signs of permeability recovery at some 
pressure sensor locations starting from approximately the middle duration of the heating 
process, after a large reduction of permeability in the heating process.  One possibility 
for this phenomenon was a reduction in fracture normal stress that resulted in a 
reduction in fracture closure, which, in turn, increased the fracture aperture.  The other 
possibility was related to dilation induced by fracture shear displacement.  None of the 
permeability recovery behaviors were observed from the modeling results. 
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