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Abstract 
Underground excavations produce damaged zones surrounding the excavations which 
have disturbed hydrologic and geomechanical properties. Prediction of fluid flow in 
these zones must consider both the mechanical and fluid flow processes. Presented 
here is a methodology which utilizes a mechanical model to predict damage and dis- 
turbed rock zone (DRZ) development around the excavation and then uses the 
predictions to develop time-dependent DRZ porosity relationships. These relation- 
ships are then used to adjust the porosity of the DRZ in the fluid flow model based 
upon the time and distance from the edge of the excavation. The application of this 
methodology is presented using a site-specific example from the Waste Isolation Pi- 
lot Plant, a U S .  Department of Energy facility in bedded salts being evaluated for 
demonstration of the safe underground disposal of transuranic waste from US.  de- 
fense-related activities. 

Introduction 
Underground excavations produce damaged zones surrounding the excavations which 
have disturbed hydrologic and geomechanical properties. Within this disturbed rock 
zone (DRZ), intrinsic permeability and porosity change over time due to the forma- 
tion of microfractures and grain boundary dilation. Additionally, elastic and inelastic 
changes in pore volume, driven by excavation-related stress redistribution, may cause 
variations in the near-field fluid pressure and fluid saturation distributions. These 
time-dependent DRZ changes affect groundwater flow to and from the excavation. 
These effects on groundwater flow may influence construction and operational phase 
safety of undergound excavations. For radioactive waste repositories, increased 
permeability, decreased pore-fluid pressure, and partially saturated conditions within 
the DRZ may contribute to enhancing potential release pathways. Also, DRZ forma- 
tion may increase groundwater flow into the excavation which, in the case of a - 

radioactive waste repository, may expedite repository pr 
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hanced gas generation from microbial degradation and anoxic corrosion of emplaced 
waste forms (NEA, 1992). Thus, it is important for an assessment of an underground 
excavation to consider hydrologic processes (multiphase fluid and gas flow), and 
geomechanical processes (time-dependent rock damage) as well as the complex cou- 
pling between these processes. 

A numerical model of these coupled processes was developed by inputting 
time-dependent rock damage expressed in terms of porosity change into a numerical 
multiphase groundwater flow code. The time-dependent rock damage was determined 
using a mechanical deformation code. The model was used to examine the perform- 
ance of the Waste Isolation Pilot Plant (WIPP) by characterizing groundwater (brine) 
flow in the bedded salts around an experimental room in the WIPP underground re- 
pository. The WIPP is a US .  Department of Energy (DOE) research and 
development facility designed to demonstrate the safe underground disposal of tran- 
suranic (TRU) waste from U.S. defense-related activities. The WIPP is located in 
southeastern New Mexico in bedded salts at a depth of approximately 655m below 
the land surface. The methodology used to develop the multiphase computer models 
are relevant not only to investigations of other repositories, but also to any under- 
ground excavation in geologic formations where groundwater inflow and DRZ effects 
are a concern. 

Motivation for Development of Method 
A large-scale experiment was designed to gain insight into the flow processes around 
the WIPP underground excavation. The experimental room, Room Q, is a 109 m long 
cylindrical room with a 1.45m radius that was drilled horizontally in the WIPP un- 
derground. Following excavation. Room Q was instrumented for geomechanical and 
hydrological measurements and sealed to prevent evaporative losses. Data were col- 
lected from inside the sealed room over a six-year period to characterize and quantify 
brine inflow to the room. Measured Room Q data includes volume of brine accumu- 
lated, relative humidity, room closure, resistivity, barometric pressure, and 
temperature, which are summarized in Jensen et al. (1993a; 1993b). Hydraulic tests 
were performed to determine near- and far-field permeability and pore pressures 
(Domski et al., 1996). 

Darcy flow behavior was expected to occur in Room Q as was suggested by interpre- 
tations of brine inflows at other areas throughout the WIPP excavation (Nowak and 
McTigue, 1987; Nowak et al., 1988; Beauheim et al., 1991; McTigue, 1993). How- 
ever, observations,of brine inflow to Room Q were not consistent with Darcy flow 
from the far-field. As is shown in Figure 1, brine accumulation was not seen for the 
first two years following excavation. The lack of measured brine accumulation in the 
experimental room for the first two years following excavation was attributed to (1) 
far-field brine flowing into newly created DRZ porosity, and (2) evaporation of brine 
from the walls of the room due to ineffective seals at the entrance of the room. 
Measured brine accumulation in the room from 2-5 years following excavation was 
consistent with Darcy flow from the far-field. The lack of measured brine accumula- 

2 Christ ian-F rear 



tion after 5.5 years is due to a leak un- 
der the entrance seal and does not 500 

reflect a change in brine flow behavior. 
Scoping calculations concluded that 
evaporation was not likely responsible 3 
for all of the early-time brine loss. E 
Therefore, a modeling study was per- 
formed to examine the influence of a 2 
time-dependent rock damage on flow 3 
around Room Q. 

DeveloDment of a Coupled 

Po r osi ty 

flow codes exist. However. the avail- 
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ability of codes to model multiphase 
fluid flow in conjunction with rock me- 
chanical property changes is limited. 
Therefore, as a first cut methodology, a mechanical deformation code was used to 
predict damage and DRZ development around the excavation and then the strain 
damage predictions were used to develop time-dependent DRZ porosity relation- 
ships. These relationships were then used to adjust the porosity of the DRZ based 
upon the time and distance from the edge of the room. 

Figure 1 - Comparison of expected DacY 
flow behavior with Room Q brine inflow. 

To ascertain the time-dependent DRZ porosity, damage around Room Q was deter- 
mined using the Multimechanism Deforniation Coupled Fracture (MDCF) model 
(Chan et al., 1992). The MDCF model predicts damage based upon maps which re- 
late the mechanisms of creep and fracture as a function of temperature, stress and 
pressure conditions. Munson et al. (1 996) performed MDCF room closure and DRZ 
formation model predictions of Room Q using a two-dimensional, plane strain simu- 
lation with the finite element code SPECTROM-32 (Callahan et al., 1989) ver. 4.07. 
The predictions of calculated damage stress, total volumetric and inelastic strain were 
based upon the observed room closure and pressure data from Room Q. The total 
volumetric strain is used to determine the extent of the DRZ and for the calculations 
presented here, a volumetric strain greater than 0.0001 delineated the DRZ. The ine- 
lastic strain can be related to hydrological parameters in the form of increased 
interconnected porosity and possibly increased permeability. With this first cut 
methodology the' inelastic strain was related to change in porosity. Permeability 
change as a function of strain was not addressed in the approach presented here. 

A numerical representation of Darcy flow to Room Q was implemented with the 
computer code TOUGH2 (Pruess, 199 1) using the EOS8 module. The code has been 
modified with WIPP specific implementations (TOUGH28W version 2.00 (Freeze et 
al., 1995; Christian-Frear and Webb, 1996)). Darcy flow is predicted based upon 
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physical properties (intrinsic Permeability, porosity and rock compressibility), fluid 
properties (phase pressures, saturations and compressibilities) and the two-phase 
flow relationships (relative permeability and capillary pressure). The ability to 
simulate porosity changes as a function of time and distance was incorporated in the 
flow code through the use of porosity-time-distance relationships as determined 
from the mechanical modeling. The relationships were transformed into porosities at 
various times for specified distances. The specified distances chosen for the Room Q 
simulation were 1.475m, 1.55m, 1.65112, 1.75m, 1 .85m, and 1.95m from the center of 
the room. Each porosity-time-distance relationship was defined to reproduce the 
SPECTROM-32 porosity change with time for the corresponding distance from the 
room center. A comparison of the TOUGH2 and SPECTROM simulated DRZ 
porosities is shown in Figure 2. 

- - - 1.75m 

0 1 2 3 4 5 
Time (years) 

Figure 2. Comparison of TOUGH2 and SPECTROM DRZ porosities as a function 
of time at selected distances from the room center. 

Modelinq Brine Inflow with a Time-Dependent DRZ Porosity 
The conceptual model for brine flow into Room Q was developed based on general 
observations from the WIPP underground and specific observations from Room Q. 
The modeled flow regime consisted of two regions with different properties: a far- 
field region of undisturbed halite, and a DRZ surrounding the room (Figure 3). Imme- 
diately after excavation, the DRZ porosity starts to increase (as shown in Figure 2) 
and there is a significant inward pressure gradient from the far-field, at initial pore 
pressure of 12.5 MPa, to the room (at 0.1 MPa). Fluid movement is assumed to be 
radial. The geometry was a two-dimensional radially symmetric finite-difference grid. 
The DRZ extended 0.55 m from the edge of the room and consisted of 6 concentric 
elements with centers at distances previously described. The DRZ permeability was 
maintained constant at 1 x m2. The far-field permeability was 1 x lo-*' m2. The 
two-phase conditions were described by a modifiedmixed Brooks and Corey 
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(Christian-Frear and Webb, 
1996) relationship for relative 
permeability and capillary pres- 
sure. The relevant para-meters 
used were threshold pressure of 
0.087 MPa, residual brine and 
gas saturation of 0.20 and pore- 
size distribution index equal to 
0.7. 

Results 
TOUGH2 simulation results of 
brine inflow to Room Q with 
time-dependent DRZ porosity 
were compared with measured 

Far-F i e I d 
12.5 MPa 

r=49.68 

Figure 3. Model for brine inflow to Room Q. 

brine accumulation in the room and to simulations using a static porosity DRZ. The 
simulation with a varying DRZ fits the behavior of the data better than the static po- 
rosity simulation as shown in Figure 4. Simulation results show that early-time brine 
inflow to the room can be reduced to zero if an increasing DRZ porosity with time is 
simulated. Reasonable assumptions about the DRZ pore volume can produce enough 
new DRZ porosity in the first 2 years such that brine inflow to the room is zero (it 
is all stored in the newly created porosity). This behavior is consistent with the lack 
of observed early-time brine accumulation in Room Q. Simulation results also show 
good agreement with observed brine inflow from 2-5 years following excavation. Sen- 
sitivity simulations indicated that early-time brine inflow to the room was very 
sensitive to the DRZ pore volume. It is therefore important to obtain good estimates 
of inelastic strain before applying this methodology 
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Measured Brine Accumulation 
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Figure 4. Simulated brine inflow to Room Q for time-dependent and constant DRZ 
porosities. 
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Conclusions 
The proposed methodology for modeling time-dependent rock damage in a fluid flow 
code which simulates fluid flow with a time-varying DFU porosity, reproduces the 
measured Room Q brine accumulation data. Early-time brine inflow to Room Q can 
be reduced to zero if the DRZ porosity increases with time in a manner consistent 
with room closure/rock mechanics calculations. This type of flow behavior, demon- 
strated using an example from the WIPP repository in bedded salts, should be 
expected in any geologic formation where significant damage forms around an excava- 
tion. This flow behavior is important and this first cut methodology provides a tool 
to model this behavior. Further development of this tool will allow for the porosity 
relationship to be also dependent upon pressure, and for the development of a per- 
meability relationship. 
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DISCLAIMER 
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bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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