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Abstract 

It is important to have quantitative predictions of brine movement in a radioactive 
waste repository for performance assessment and for seal design evaluations. Experi
ments to quantify brine transport to boreholes in multi-heater, full scale tests simulating 
high level waste repository environments have been under way in the bedded salt of 
the Waste Isolation Pilot Plant (WIPP) since April, 1985. Water vapor released to the 
test boreholes has been collected in flowing nitrogen and weighed pe~iodically. Before 
heating, water was collected during several days from four test boreholes at rates in 
the range of 5 to 15 gj day. This result highlights the need for an isothermal model for 
brine movement in the WIPP host rock salt. After heating began, the water collection 
rates rose to a peak, decreased, and then remained nearly cons.tant for several hun
dred days. Subsequently, trends to decreasing rates have been observed. Cumulative 
quantities of water were 4.3 kg at 441 days from each of two boreholes in Room Al 
(with a 470 W heater in each borehole), and 36 to 38 kg at 600 days from each of the 
two boreholes in Room B (with a 1500 W heater in each borehole). After the early 
transients, approximately 8 gjday jborehole were collected in Room AI, and 50 to 80 
gj day /borehole were collected in Room B. These are much larger brine inflow rates 
than were observed during heated brine migration tests in the domal salt of the Asse 
mine in the Federal Republic of Germany. Results from z"n sz'tu brine transport tests in 
domal salt are not necessarily applicable to bedded salt. 

A preliminary analysis of the results was begun with a highly idealized fluid flow 
model for porous media. Our water collection data for unheated boreholes agreed 
reasonably well with the brine inflows that were calculated with this model. Agreement 
was attained using permeability and porosity values that are generally consistent with 
measured WIPP host rock properties. It was also shown that the WIPP experiments are 
well within the transient stage of this model. However, the temperature dependence 
of viscosity, when used in this model, is inadequate to account for the large water 
collection rates in the heated boreholes. Further model development and additional 
experiments are needed to understand brine movement in the \VIPP, with and without 
sources of heat. Parametric studies of time, scale, and salt composition are needed. 
Measurements of pore pressure at intervals within a few meters of WIPP excavations 
were shown by the model analyses to be important for testing mechanistic hypotheses 
concerning brine transport. WIPP hydrologic and disturbed zone characterization 
studies can also contribute to our mechanistic understanding of brine transport to 
WIPP excavations. 
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1 Introduction 

The absence of circulating groundwater (brine) is a major advantage of rock salt as 
a host for radioactive waste isolation. This favorable characteristic of rock salt results 
in very slow mass transport through the undisturbed host rock. 

Although bedded salt does not contain circulating groundwater, it is not completely 
dry. It contains approximately 0.1 to 1 wt% water as brine [1] that can, under certain 
conditions, move to boreholes, shafts, access drifts, and storage rooms where it can 
accumulate and introduce humidity. Brine can also migrate toward higher temperatures 
in temperature gradients such as those generated by heat-producing waste. 

While the expected transport rates and total accumulations of this moisture are not 
likely to have an unacceptable impact on repository performance, it is important to 
have quantitative predictions of brine behavior for waste package and overall repository 
performance assessment and for the development of repository seal designs. Therefore, 
brine behavior is relevant to the evaluation of compliance with EPA standards for geo
logic disposal. Several aspects of brine behavior must be considered. Liquid brine may 
become entrapped in repository void spaces, promoting residual interconnected poros
ity that may adversely affect permeabilities within the repository. Brine entrapment 
may be significant in crushed salt reconsolidation. The permeabilities of reconsoli
dated salt components in shaft and panel seals are particularly important. Brine can 
also corrode waste containers and dissolve waste materials, creating a source pool of 
mobilized radionuclides. High relative humidity may increase pressurized gas genera
tion by microbiological activity [2], causing added mechanical loads on seal structures 
and introducing additional considerations for repository failure scenarios. On the posi
tive side, the desired reconsolidation of crushed salt seal components and backfills could 
be accelerated by a moderate rate of brine influx. 

Mechanistic models of brine transport and release to backfilled and/or sealed repos
itory excavations in bedded salt are needed for performance assessment. Gradients 
that can drive brine transport are created by mining activity and the presence of gas
generating and heat-producing wastes. The total pressure is atmospheric at the walls 
of an open excavation during the mining and operational phases. Far from the excava
tion, the pressure of brine in cavities and intergranular spaces may be near lithostatic, 
near hydrostatic, or at an intermediate value; the local pressures will depend on the 
extent of any hydraulic communication that exists within the body of salt. A pressure 
gradient will then exist in the salt between the wall and the far field. In a pore flow 
model, this gradient would be the pore pressure gradient. A water vapor pressure gra
dient (humidity gradient) that may drive water transport will also be set up by mine 
ventilation with unsaturated air. After the operational phase, these gradients may be 
eliminated or reversed by seal emplacements, closure, and gas generation. Heat flow 
from heat-producing waste will superimpose thermally induced mass transport driven 
by gradients of thermo-mechanical stress, vapor pressure and solubility (the driving 
force for brine inclusion migration). Heterogeneities in water content, mineral con
tent, and pore structure that characterize bedded salt further complicate the system 
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of potentially important transport mechanisms that must be considered. 
Previous efforts to quantify and model brine movement in salt have focused on ther

mally induced brine migration. These efforts resulted from concern about the potential 
effects of included brine on high-level waste (HLW) repository performance. Quantities 
of moisture as water vapor released from salt samples or collected in heated boreholes 
were measured and related to migrating brine inclusions as the source of the water [3-
10]. Results from some of these studies were used to show that the migration of brine 
toward heat-producing waste containers is not likely to pose a significant problem for 
the isolation of radioactive waste in bedded salt [5]. However, these tests were not 
done in sdu under the conditions of scale, geometry, and distributed thermal output 
that simulate a repository environment. Furthermore, it has since been found at the 
WIPP site that brines from fluid inclusions and brines collected from "weeps" and bore
holes exhibit distinct chemical characteristics [11]. Thus, there is a strong indication 
that the source of the brine presently known to be transported into the facility is not 
fluid inclusions, and previous analyses of mechanisms of inclusion migration are not 
appropriate. 

Intermediate scale brine migration tests in isolated heated boreholes have been un
der way in the Asse mine in the Federal Republic of Germany [12, 13]. These tests are 
located in a relatively pure, dry halite anticline that resulted from diapirism. Moisture 
that entered the test boreholes was swept out as water vapor in a gas-stream, condensed, 
and measured. The operational, heated phase of these experiments has been completed. 
Relatively small quantities of water (approximately 0.1 kg in roughly 2 years) were col
lected during the heated phase of the Asse tests [13]. No water was collected before 
heating began. These results are consistent with models for brine migration in a rela
tively pure, dry, and homogeneous halite. They are not necessarily applicable to bedded 
salt. Experiments to quantify and model moisture release to heated boreholes in full 
scale, multi-borehole, multi-heater tests that simulate repository environments in bed
ded salt are now under way in the Waste Isolation Pilot Plant (WIPP) [14]. The WIPP 
project is a research and development facility intended to demonstrate the safe disposal 
of radioactive wastes in bedded salt. In situ tests in this facility address the technical 
issues surrounding repository development, waste package performance assessment, and 
waste handling demonstration [15, 16]. These in situ tests are located underground in 
the Salado formation of the Delaware Basin in southeastern New Mexico. The ongoing 
moisture release experiments have been a part of the near field effects/waste package 
full scale interactions tests [Ii] that simulate near-reference repository conditions for 
defense high-level waste (18 W /m2 thermal areal loading with 470 W per canister) in 
underground test room Al and near-field overtest conditions (1500 W per canister) 
in underground test room B. The procedure and apparatus are similar to those that 
have been used in some of the previous brine transport tests: moisture that is being 
released from the host rock salt to heated boreholes is removed continuously as water 
vapor in a nitrogen gas stream, collected, and measured. The test interval for these 
experiments is within the proposed WIPP waste storage level. Preliminary WIPP test 
results have highlighted the need for better models of thermally-induced brine move-
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ment in the bedded salt of the Salado formation. Measured rates of moisture release in 

the heated WIPP tests have remained larger than the values that were predicted from 
models of brine inclusion migration, thermally-induced stress-gradient transport, and 

vapor phase transport in bedded salt [18]. During 321 days, 19.7 kg and 22.0 kg of 
water were collected from each of the room B (overtest thermal conditions) boreholes. 

At 320 days, 1.6 kg and 1.8 kg of water had been collected from each of the room Al 
(near-reference thermal conditions) boreholes. Approximately 0.3 kg per borehole at 
365 days was predicted for conditions similar to our overtest conditions from previous 
small scale tests and the models. There is a clear need to develop better models for 

thermally induced brine movement in the WIPP. 

Preliminary WIPP results have also highlighted the need for an isothermal model 
of brine movement in the Salado, because significant quantities of moisture were also 

released to the test boreholes during several days before heating began [18]. Moisture 
release rates to WIPP test boreholes were in the range of 5 to 15 gjday per borehole 
before the borehole heaters were turned on [18]. A representative brine inflow rate of 
approximately 1.6 cm3 jdayjm2 at the depth of the WIPP facility was derived from 

these data for use in plugging and sealing design evaluations [19]. Another pertinent 
observation is apparent stratification of brine inflow as evidenced by horizontal ba'nds 

of efflorescence in open boreholes. A mechanistic model for this inflow has not yet been 
fully developed and tested. Therefore, the proper dependence of brine inflow on depth, 

time, and size of excavation is currently unknown . 
This is an interim report that presents additional results from the WIPP Moisture 

Release Experiment and a preliminary isothermal brine transport model that may 
assist in the interpretation of brine inflow measurements for unheated boreholes. After 

further development and testing, the model may be useful to predict brine inflow for 
unheated excavations. An analysis of data from unheated boreholes and an illustrative 
application of the model to unheated WIPP excavations will be emphasized in this 

report. The results and model will be compared with those that have been reported 

for other tests . 
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2 Apparatus and Procedure 

2.1 Overall system 

A schematic diagram of the experimental system is shown in Fig. 1. The physical 
locations of the boreholes (A1041, A1042, B041, and B042) for the moisture release 
experiment among the other boreholes for the WIPP near field effects/waste package 
interactions test is given elsewhere [17]. Moisture transport and release to these other 
boreholes may occur during the tests. Boreholes A1041 and A1042 in Room Al are 46.6 
m apart. Boreholes B041 and B042 in Room Bare 28.5 m apart. Detailed drawings of 
these boreholes with simulated DHLW canisters and instrumentation are shown in Figs. 
2-5. Electrical resistance heaters inside the canisters heat the lower 2.6 m sections of 
the vertical boreholes in the room floors. Heated borehole wall areas in the moisture 
collection zones are 9.9 m 2 for borehole B041 and 7.4 m 2 for boreholes B042, A1041, and 
A1042. Borehole wall temperatures are being measured with thermocouples. Strain 
at the borehole walls was determined with linear displacement gauges. Gauge and 
thermocouple placements are shown in Figs. 2-5. Displacement measurements are no 
longer reliable due to gauge deterioration at elevated temperatures and displacements 
that have exceeded the maximum measurable value. A discussion of the displacement 
gauge data appears elsewhere [18] and will not be treated in this report. Moisture that 
has been released to the borehole as water vapor is carried out in flowing nitrogen to 
a water collection and measurement system. 

2.2 Nitrogen flow and water measurement system 

Each borehole is equipped with a separate nitrogen flow and water vapor collection 
and measurement system. Dry bottled nitrogen passes through a flowmeter, a molecular 
sieve desiccant, and then an inlet tube to the bottom of each borehole. A vapor seal 
(packer) above each heater-canister prevents significant gas and vapor leakage. Nitrogen 
and water vapor leave the borehole through an outlet tube in the cover plate. The gas 
mixture from each borehole in Room B passes through a cold trap, a gas flow meter, 
and molecular sieve desiccant canisters that absorb more than 90% of the water vapor 
in the flowing gas. Only desiccants are used for Room Al because of the smaller 
moisture release rates there. The mass of water collected in the desiccants and cold 
trap, llormali:teo to 100% returll of nitrogen from the borehole, is a measure of the 
moisture as water vapor that was released to the borehole during a measured time 
interval. Brine that has migrated to the borehole is assumed to be the source of the 
measured water. 

The systems were originally designed to measure moisture release rates in the range 
of 0.0005 to 20 g/day using nitrogen flow rates from 10 to 1000 std. cc/min. The 
smallest measurable rate was fixed by the smallest controllable nitrogen flow rate and 
the equilibrium water vapor pressure specified for the desiccant (0.001 Torr for sodium 
aluminosilicate 4A molecular sieve). To achieve 95% collection efficiency, the minimum 
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allowable partial pressure of water was chosen to be 0.02 Torr. The maximum measur
able rate was fixed by the largest nitrogen gas flow rate that could be obtained without 
appreciable leakage around the vapor seal due to excessive pressure buildup. Borehole 
pressures were established by the pressure drop in the long (as long as 100 m) nitrogen 
return tubes in the heated rooms. Input and return nitrogen flow data were used to 
calculate nitrogen flow material balances. Nitrogen flow material balances were used 
to normalize water collection data to 100% nitrogen recovery when the recovery was 
significantly less than 100%. Values for percent recovery will be discussed with the 
experimental results. 

2.3 Procedure for moisture release measurements 

Baseline data were taken before the borehole heaters were turned on. Zero time (t 
= 0) for each experiment was chosen to be the clock time for the first set of baseline 
data. Baseline data were taken over a 4-day interval for Room B and over a 7-day 
interval for Room AI. Then, heater power was initiated and increased to nominal 
values of 1500 W for Room Band 470 W for Room AI. Nominal heater power was 
reached within 2 minutes for all boreholes. The nitrogen flow rates were adjusted 
to keep the water collection rates safely within the design range as long as possible. 
Room B nitrogen flow rates were increased to the maximum allowable value after the 
water collection rates rose rapidly and finally reached the maximum measurable value. 
Subsequent replacement of the gas return tubing with a larger diameter raised the 
maximum allowable flow rate sufficiently to measure the moisture release rates in the 
Room B boreholes. 

The desiccants were weighed and gas flowmeter readings were taken several times 
each workday initially and once each workday after the first few days. Nitrogen inlet and 
return flowmeter readings were taken just before the desiccants were weighed. The inlet 
and return flows were interrupted during the time (normally 10-20 minutes) that the 
desiccants were removed from the system for weighing. Temperature and displacement 
data were taken automatically at IS-minute intervals during the first several days and 
at 4-hour intervals thereafter. 

5 



3 Experimental Results 

3.1 Nitrogen gas recovery and normalization of moisture re
lease data 

Moisture release data were normalized to 100% nitrogen gas recovery when nomi
nally complete recovery was not indicated. Nitrogen carrier gas recovery was taken to 
be complete (nominally 100%) when the return flow rate reading was within 10% of 
the inlet flow rate reading. In that case, the quantity of collected water was assumed 
to be equal to the quantity of moisture that was released to a borehole. When the 
complete recovery criterion was not indicated, and the gas leaks could not be repaired 
within a few hours, the measured quantity of collected water was normalized to 100% 
gas recovery. It was assumed that the water vapor concentrations in the lost gas and 
the recovered gas were the same. To normalize data, the mass of collected water for a 
data interval was multiplied by the ratio of the gas flow rate during that interval to the 
average flow rate for a time interval of several days preceding the onset of incomplete 
recovery. The normalized mass value was assumed to be equal to the mass of moisture 
that was released to the borehole. 

Results of diagnostic leak detection furnished a strong rationale for the normaliza
tion method that was employed. The only detectable gas leakage was around the vapor 
seals in the boreholes. The leak tests were carried out by temporarily replacing the 
nitrogen carrier gas with flowing helium. Then, the vapor seals, adjacent boreholes, 
nearby room surfaces, and flow system hardware were scanned for helium with a Gow 
Mac Model 21-110 Gas Leak Detector. Leaks small enough to be negligible for gas ma
terial balances were readily detected at the vapor seals in boreholes A1041 and B042. 
The larger leaks around the vapor seals in boreholes A1042 and B041 were orders of 
magnitude above the detection threshold. All moisture release results from boreholes 
A1041 and B042 met the criterion for complete gas recovery. The measured quantities 
of collected water were not normalized for those boreholes. 

Leakage around the vapor seals into the air in the test rooms is consistent with the 
assumption that carrier gas was lost from the moisture collection zone where the water 
vapor content was equal to that of the returning gas. Furthermore, the lost water vapor 
would not be available for collection at some later time in the experiment. The observed 
leakage does not preclude the possibility that some carrier gas and water vapor enter 
the salt rock adjacent to the borehole. The observed leakage paths do, however, furnish 
a strong rationale for the data normalization method that was employed. Significant 
carrier gas losses began after 307 days (t = 307) for borehole A1042 and after 117 days 
(t = 117) for borehole B041. The ratio of inlet to return flow rates rose from 1.0 to 2.7 
for borehole A1041 and to 2.0 for borehole B041. 
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3.2 Room Al - DHLW near-reference conditions 

3.2.1 Measured cumulative water and collection rates 

Measured cumulative quantities of water from the boreholes in Room Al are plotted 
versus time in Figs. 6 and 7. It was necessary to normalize water collection data for 
borehole A1042 (as described in Section 3.1.) to obtain measured cumulative quantities 
and rates, because nitrogen carrier gas recovery was significantly less than 100% after 
307 days. Baseline (no heating) data were taken over a 7-day interval beginning at 
0.0 days. After 441 days, 4.3 kg of water had been collected from each of boreholes 
A1041 and A1042. Details of the early time results have been reported elsewhere [18]; 
they will be summarized here. There were two transients characterized by large water 
collection rates, one immediately after initiating nitrogen flow and one approximately 
two days after heater turn-on. During the first 7.1 days before the heaters were turned 
on, 230 g of water were collected from borehole A1041, and 90 g of water were collected 
from borehole A1042. After brief transients, the water collection rates were nearly 
constant at 15 g/day and 7 g/day for A1041 and A1042, respectively during that 
initial period. Subsequently, the rates increased temporarily, then decreased gradually 
to approximately 8 g/day at 441 days, as shown in Figs. 8 and 9. The scattered 
data points are due to anomalies in the experimental operations such as gas flow-rate 
interruptions for diagnostic tests or repairs. 

3.2.2 Response to change in nitrogen flow rate 

At 103 days, the nitrogen flow rate for room Al boreholes was reduced to 25% 
of the initial value. The water collection rate remained well within the measurable 
range. No change in water collection rates was detected at the new nitrogen flow rate, 
confirming that the measured rates were those of water release to the nitrogen and 
were not determined by the upper measurement limit for the apparatus. 

3.2.3 Heater power 

Heater power was nominally 470 W for the boreholes in Room AI. No power 
interruptions of more than a few seconds duration occurred. Average heater power was 
relatively constant at approximately 170 W. Early time heater power values have been 
published [18]. 

3.2.4 Borehole wall temperatures 

Borehole wall temperatures at mid-heater height are plotted in Figs. 10 and 11 for 
the first 162 days. The wall temperatures increased to approximately 50°C at ] 62 
days. They increased gradually thereafter, reaching 55°C in both boreholes at 441 
days. The early time temperature histories have been published [18]. 
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3.2.5 Strain measurements 

Strain measurements are no longer reliable due to gauge limitations and deteriora
tion at elevated temperatures. Early time strain data have been published [18]. No 
attempt will be made to interpret the strain data in this interim report. 

3.3 Room B - near-field overtest conditions 

3.3.1 Measured cumulative water and collection rates 

Measured cumulative quantities of water for the boreholes in Room B are plotted 
versus time in Figs. 12 and 13. It was necessary to normalize water collection data for 
borehole B041 (as described in Section 3.1.) to obtain measured cumulative quantities, 
because nitrogen carrier gas recovery was significantly less than 100% after 117 days. 
Baseline (no heating) measurements were taken over a 4-day interval beginning at 0.0 
days. After 600 days, 37.8 kg of water had been collected from borehole B041, and 
35.7 kg had been collected from borehole B042. Water collection was characterized 
by a nearly constant small rate before heater turn-on and a rapidly increasing rate 
afterwards. During the first 4.2 days before the heaters were turned on, 22.4 g of 
water were collected from borehole B041 at an average rate of 5.4 gjday, and 19.3 g 
of water were collected from borehole B042 at an average rate of 4.6 gjday. After the 
heaters were turned on, the water collection rate increased to the practical upper limit 
on measurable rates (approximately 30 gjday) within approximately 2 days for both 
Room B boreholes. Water was no longer being collected and measured at the rate 
that it was being released to the borehole. Some water collected as condensate in the 
return gas lines, and some may have accumulated in the borehole. There is no reason 
to suspect that any significant quantity of water was lost from the water collection and 
measurement systems. 

Daily quantities of collected water continued to be unreliable measures of water 
release rates until approximately 160 days. During that time, condensate was collected 
from the gas return lines, from uncooled liquid traps, and after 68 days from refrigerated 
liquid traps. After 105 days, larger diameter gas return tubing was put into service, 
and the upper limit on measurable water release rate was increased to 115 gjday. 
At approximately 160 days, there was no longer evidence of condensate in the return 
tubing, and water collection rates became less variable. A more detailed account of 
these early results has been published elsewhere [18]. 

After 160 days, the water collection rates remained relatively stable. For borehole 
B041, the normalized water collection rate rose to approximately 80 gjday at 200 
days; then it decreased gradually to approximately 20 gjday at 600 days, as shown in 
Fig. 14. Because the nitrogen carrier gas recovery from borehole B041 continued to 
decrease, these results are to be regarded with less confidence than the results from 
B042. For borehole B042, as shown in Fig. 15, the water collection rate (calculated 
without normalizing) rose to approximately 65 gj day at 200 days; then it decreased 
gradually to approximately 50 gjday at 600 days. 
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3.3.2 Heater power 

Heater power was nominally 1500 W for Room B boreholes. Several heater power 
interruptions and an interruption in power measurements occurred during the first 110 
days of the Room B experiment. Transient changes in the water release rate that may 
have resulted from the heater power interruptions were not detected, because the upper 
limit on the measurement systems was exceeded during that time interval. After 120 
days, the average heater power remained relatively constant at approximately 1500 W. 
Early time heater power data have been published elsewhere [18]. 

3.3.3 Borehole wall temperature 

Borehole wall temperatures at mid-heater height are plotted In Figs. 16 and 17 
for the first 321 days. The borehole walls reached temperatures between 115 DC and 
125 DC at 321 days. Temperature fluctuations before 120 days were due primarily 
to heater power fluctuations. After 120 days, noise in the measurement and data 
acquisition system and power interruptions to surrounding heaters may account for the 
irregularities in the plotted data. Early time temperature data appear elsewhere [18]. 
The borehole wall temperatures increased gradually, reaching 120 DC in B041 and 130 
DC in B042 at 600 days. 

3.3.4 Strain measurements 

Strain measurements are no longer reliable due to gauge limitations and deteriora
tion at elevated temperatures. Early time strain data have been published [18]. No 
attempt will be made to interpret the strain data in this interim report. 

3.4 Discussion of experimental results 

3.4.1 Comparison with previous models 

The measured quantities of water from heated boreholes in Rooms Al and Bare 
larger than the predictions from Shefelbein [5] for a hypothetical repository array of 2.16 
kW canisters with 37 W 1m2 thermal load. Vapor phase transport (0.23 wt% water in 
salt), fluid inclusion motion (0.23 wt% water), and stress-gradient transport (0.3 wt% 
water) were evaluated by Shefelbein as predictive models. Stress-gradient transport 
yielded the largest cumulative water release: approximately 0.3 kg during the first 
year after emplacement. The boreholes in Room Al (0.5 kW Icanister) yielded 4.3 kg 
during the first 441 days. and the boreholes in Room B (1.5 k W I canister) yielded 
37.8 kg and 35.7 kg during the first 600 days. While these quantities are relatively 
small compared with the initial repository void volume associated with a canister, 
they could be significant for canister corrosion. This experiment will be important in 
understanding the brine transport and inflow that occurs in a full-scale test as opposed 
to small scale experiments. 
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3.4.2 Comparison with other experiments 

Other relatively large and long-term heated borehole tests have been under way in 
the Asse mine in the Federal Republic of Germany [12, 13]. These tests are located 
in a relatively pure, dry halite anticline that resulted from diapirism. Moisture was 
swept out of the boreholes as water vapor, condensed, and measured. The operational, 
heated phase of these experiments has been completed. 

The quantities of measured water from the Asse tests were considerably smaller than 
the quantities from the ongoing WIPP tests. Approximately 0.1 kg was collected from 
each Asse test borehole during two years, with borehole wall temperatures reaching 
roughly 200 DC [13]. No collectible water was observed before heating began. 

These results from the Asse tests are consistent with models for brine migration in 
a relatively pure, dry, and homogeneous halite. They are not necessarily applicable to 
bedded salt. 

Differences in borehole wall area and water content of the salt are not sufficient 
to reconcile the differences between the WIPP and the Asse results. The WIPP / Asse 
ratio of test zone well areas is approximately 3, and the WIPP / Asse water content 
ratio is approximately 10. Area and water content scaling factors alone suggest that 30 
times more water would be expected from the WIPP experiments than from the Asse 
experiments. According to that scaling factor, approximately 3 kg of water would have 
been collected from each Asse borehole during the 2 year duration of the Asse tests. 
These values are significantly smaller than the 36 kg to 38 kg that have been collected 
from Room B boreholes where the thermal conditions are most nearly equivalent to 
those at Asse. 

Another difference between the WIPP and Asse results lies in the 5 to 15 g/ day /bore
hole measured moisture release rate before heating in the WIPP tests. Also, visible 
brine pools were observed in nearby small, covered, WIPP boreholes before heating 
began. In the Asse tests, moisture release was unmeasurable before the heaters were 
turned on [13]. A non-thermal brine transport mechanism was operative in the WIPP 
tests; no such mechanism was detected in the Asse tests. 

Differences between the characteristic properties of bedded and domal salt would 
appear to account for the large disagreement between the Asse and WIPP results. 
Compared with the bedded salt of the WIPP site, the Asse salt anticline that was 
formed by diapirism is likely to be characterized by tighter grain boundaries, more 
uniform grain t;i:te, and thinner, more generally dit;continuout; inLerbedt; of clay and 
other minerals. Therefore, preferred flow paths for brine may be different and may 
present greater flow resistance than is the case at the WIPP test site. 

Transport of brine to an unheated borehole was also observed in a previous small 
scale in situ experiment [5]. One of three boreholes was without heat for the first 124 
days of the experiment while adjacent boreholes were heated to 145 DC (borehole wall 
temperature) in three steps. The water collection rate from the unheated borehole 
remained relatively constant and approximately the same as the rates from adjacent 
boreholes as they were heated to 90 DC. At 145 DC and higher, the rates from the heated 
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boreholes exceeded the rate from the unheated borehole. 

3.4.3 General discussion of experimental results 

The observation of larger water collection rates from Room B boreholes compared 
with Room Al boreholes is consistent with previous observations [5]; moisture release 
rates are greater at higher heat input rates. 

Water collection rates were independent of the partial pressure of water vapor in 
the boreholes. A four-fold decrease of nitrogen flow rate did not change the measured 
water collection rate. (See Reference [18] for more details.) Therefore, the partial 
pressure of water vapor in the boreholes must have increased by a factor of 4. Yet 
the release rate remained the same. This result is not consistent with water (or brine) 
transport mechanisms that depend on the the partial pressure of water vapor in the 
borehole. It follows that the evaporation rate of water at the borehole wall (potentially 
coupled with capillary flow of brine within the salt to the surface) is not a controlling 
mechanism for brine transport in these experiments. 

There is evidence in the data for gradually decreasing measured release rates after a 
hundred or more days. For example, the water collection rate from borehole B042 rose 
to approximately 65 gj day at 200 days and then decreased to approximately 50 gj day 
at 600 days. The decrease may be due to geometric spreading of thee draining zone, or 
could be due a boundary effect if the brine flowing to these experiments is contained 
in a locally bounded domain of relatively permeable interconnected porosity. 

3.4.4 Modeling needs 

A mechanistic model is needed for preliminary analyses of these experimental re
sults. We sought a model that would: 

• match pre-heating water collection rates using values of flow properties (e.g., 
permeability, porosity) that are in reasonable agreement with estimated host 
rock properties; 

• predict relatively steady water collection rates for hundreds of days after the 
initial transients that follow heater turn-on; 

• predict greater brine influx at higher heater power; 

• include the possibility of locally bounded flow as well as globally connected flow; 

• and suggest practical experiments to test the model and associated assumptions. 
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4 Preliminary Mechanistic Analyses of the Results 

4.1 Assumptions and organization 

A highly idealized fluid flow model for saturated porous media, widely used to de
scribe groundwater flow in rocks and soils, shows promise for preliminary analyses of 
the experimental results. However, currently untested assumptions are inherent in this 
model. It is important to emphasize at the outset that there is currently no experi
mental evidence for our assumption of a totally saturated pore system after excavation 
and pore pressure between hydrostatic and lithostatic as a pre-excavation characteristic 
either of the Salado formation generally or of WIPP host rock salt. The value of the 
pre-excavation pore pressure that is actually used in the model (i.e., hydrostatic or 
lithostatic, which are of the same order of magnitude) has little or no influence on the 
primary objective for the modeling exercise: to provide physical insight by revealing 
qualitative model behavior for comparison with the data from short-term tests. 

Other untested assumptions are that there exists a relatively homogeneous body 
of interconnected porosity surrounding the excavations and that one can invoke the 
elastic behavior of the host rock salt matrix and the brine to characterize the transient 
pore pressure behavior. According to this model, most of the early time brine inflow 
(during the transient period following excavation) is due to decreasing brine storage in 
the host rock. It will be shown later that the WIPP moisture release experiments are 
occurring within the transient period of this model. 

These assumptions were chosen to facilitate a relatively rapid preliminary evaluation 
of potential brine transport processes for data analyses and to provide physical insight 
for further model development. They were also useful to project best current estimates 
of brine influx values to tens of years for the design evaluation of WIPP shaft and panel 
seals. It is in longer-term predictions of total brine inflow, to hundreds of years and 
beyond, that assumptions concerning the extent of hydraulic communication in the 
host rock salt and the consequent pre-excavation pore pressure distribution become 
crucial. Accurate models that have been tested with in situ experiments are necessary 
in order to make meaningful long term brine inflow predictions. 

The mechanistic analyses are subdivided into four subsections. Subsection 4.2 con
tains the development of the model for fluid flow consequent to the introduction of an 
excavation deep in a fluid-saturated, porous, linearly elastic medium. In Subsection 
4.3, an estimate is made of the distance away from the tunnel walls to which the flow 
can be expected to reduce the fluid pressure significantly. The aim of this estimate 
is to provide guidance for field experiments designed to measure these pore pressures 
directly. In Subsection 4.4, the analysis of Subsection 4.2 is extended in order to assess 
the importance of the reduced fluid viscosity in the neighborhood of a heat source. 
Finally, in Subsection 4.5, the long-term, steady-state flow to a deep tunnel due to flow 
under hydrostatic pressure through rigid, porous rock is treated to provide justification 
for the simplified transient model that was used in the data analyses. 
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4.2 Flow in a saturated, porous, linearly elastic medium 

4.2.1 Introduction 

Any model for transient flow of fluid in a porous medium requires the stipulation 
of a mechanism of "storage," i.e., local changes of fluid mass per unit volume of the 
medium. In a rigid porous medium, the only available mechanism is compression, or 
local density change, of the fluid. In a deformable porous medium, storage can be 
accomodated by dilatation of the solid skeleton and local compression of the solid, as 
well. Dilatation of the porous solid is the principal mechanism of general interest in 
soil and rock mechanics, and is the cornerstone of classical "consolidation" theory. Ad
mittedly, rock salt exhibits plastic as well as elastic properties. It is, however, plausible 
that the immediate, elastic response (compression) of the salt and brine and the sub
sequent relaxation of the pore pressure by flow to the excavation are the predominant 
mechanisms of brine storage and transport over short time scales. For a linearly elastic 
skeleton, Biot [21] generalized the consolidation theory, and Rice and Cleary [20] later 
recast it in terms with straightforward physical interpretations. This model is often 
referred to as the theory of "poroelasticity." Its essential elements are summarized in 
the next section. 

4.2.2 Linear poroelasticity 

The linearized mass balance for the fluid constituent in a saturated porous medium 
can be written 

(1) 

where If is the local fluid density (fluid mass per unit volume of fluid), rP is the porosity, 
v f is the fluid velocity, v s is the solid velocity, and subscript zeros indicates constant 
reference values. Constitutive equations for the porosity change, fluid density, Darcy 
velocity, and strain are given by 

( 
1 - rPo 1) (1 ) rP - rPo = K - Ks 3trT + p , 

"I f = "I fC' (1 + ~) , 
'J 'J ' K

f 

k 
rPo(vf - Vs) = --\lp, 

J.L 

1 [ l/ ] 1 ( 1 1 ) E = - T - --(trT)l + - - - - pI, 
2G 1 + l/ 3 K Ks 

(2) 

(4) 

(5) 

where K is the "drained" bulk modulus characterizing the bulk stiffness of the skeleton 
at zero pore pressure, Ks is the bulk modulus of the solid constituent, T is the total 
stress (or the "confining" stress in many geotechnical configurations), p is the pore 
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pressure, K, is the bulk modulus of the fluid constituent, k is the permeability, Jj is the 
fluid viscosity, E is the solid strain, G is the elastic shear modulus for the skeleton, v 
is the "drained" Poisson's ratio, and 1 is the unit tensor. Also, for small deformation, 
the solid dilatation rate can be identified with the volumetric strain rate: 

(6) 

The governing equations are completed by a statement of strain compatibility, 
which, contracted twice, is given by 

\7 2(trE) - \7 . (\7 . E) = 0, (7) 

and the equilibrium equation for quasi-static deformation: 

\7. T = O. (8) 

After some manipulation, (1)-(7) can be combined to yield a diffusion equation of 
the form 

where 
c = ~ 2G(1 - v) [B2(1 + vu )2(1 - 2V)] 

Jj 1 - 2v 9(1 - vu)(//u - //) , 

1 K 1- K/Ks 
B = 1 + <P°K 1 - K/K ' , s 

3// + B(l - 2v)(1 - K / Ks) 
Vu = 3 - B(l - 2//)(1 - K/ Ks) . 

(9) 

The fluid diffusivity, c, is commonly called the "consolidation coefficient." The pa
rameter B is a measure of the fraction of an applied load that is born by the fluid 
under undrained conditions. This is apparent in the expression for the "change in fluid 
content" [21], or relative dilatation of the solid and fluid [22]: 

(10) 

where trE, is the fluid dilatation. In an undrained loading, there is no displacement 
of fluid relative to the solid, so that <po(trE - trE,) = 0, and p = -BtrT/3. For 
incompressible fluid (K, -t 00) and solid (Ks -t 00) constituents, B is unity, and the 
term in brackets in the expression for the diffusivity is unity as well. In this case, the 
diffusivity reduces to its most common form as used in the soil mechanics literature: 

k 2G(1 - //) 
c= ----~-. 

Jj 1 -- 2// 
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Neglect of the solid compressibility only (K .. -+ 00) yields 

c = ~ 2G(1 - v) [1 + 34>0(1 - v) ~l-1 
f.1 1 - 2v 1 + v K f 

which is equivalent to the expression used by Bredehoeft [23] if one makes the identities 
Em = 3K(1 - v)/(1 + v) and E f = K f . The "undrained Poisson's ratio," vu, is also 
introduced for convenience. 

4.2.3 Flow to a deep tunnel 

Consider now a highly idealized model for the introduction of a mined drift into 
a deeply-buried region. The rock is assumed to be homogeneous and isotropic, and 
the undisturbed stress state is taken to be lithostatic, £.e., isotropic, compressive, and 
equal in magnitude to the overburden load. 1 Thus, in a cylindrical polar coordinate 
system centered at depth d below the surface, the undisturbed stress To is given by 

To = -(Jo (1- ~coS(1) 1, (11) 

where (Jo = "Itgd, "It is the density of the overburden (rock plus pore fluid), g is the 
acceleration of gravity, r is the radial coordinate, and (1 is the angle measured from the 
vertical. In the neighborhood of a circular tunnel of radius a, centered at r = 0, 

To = -(Jo [1 + 0 (~) ] 1. (12) 

For a tunnel of radius a = 3.5 m at depth d = 600 m, considered in the present 
case, aid", 0(10- 2 ), and it is reasonable, within several tunnel radii, to make the 
approximation 

(13) 

Because the far- field confining stress is assumed to be isotropic (13), the deformation 
around a circular tunnel must be axisymmetric. In plane strain, the strains are then 
given by 

(14) 

(15 ) 

where U r is the radial displacement. Substitution of (14) and (15) into (5) yields the 
stresses in terms of the displacement U r and pressure p. Substitution of these into the 
equilibrium equation (8) gives 

B [1 B 1 - --(rUr) 
Br r Br 

3(vu - v) Bp 
-2G-:l-B-(I~- v)(l + vu ) Br' (16) 

1 The lat.t.er a~sulllpt.ion, of course, ignores the observation t.hat the horizontal st.resses in most crustal 
rocks are less t.han t.he vertical stress. Creep, however, t.ends to relax t.hese principal stress differences. 
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which can be integrated to yield 

(17) 

where Cl(t) and C2(t) are arbitrary functions of time. If limr-+oo Ur = 0, one must take 
Cl(t) = O. In this case, substitution of (17) into (14) and (15) and the resulting strains 
into (5) yields 

T 
_ 6(vu - v) 

tr - - ( p. 
B 1 - v)(1 + vu ) 

(18) 

Thus, the mean stress is related directly to the pressure in this special case, and the 
diffusion equation (9) can be written in terms of the pressure alone; for one-dimensional, 
radial flow: 

ap _ ~~ (rap) = o. 
at r ar ar 

(19) 

The plane strain solution for the stresses outside a circular tunnel of radius a, 
subject to equal principal stresses -ao in the far-field, is well known: 

(20) 

Teo = -ao (1 + ~:) , (21 ) 

Tzz = - 2vuao. (22) 

The undrained Poisson's ratio appears because interest is focused here on the stress 
state immediately after introduction of the tunnel, prior to any effects due to pore fluid 
flow. Note that the assumption of plane strain is not compatible with the assumed 
isotropic stress state in the far field (13), £.e., the axial stress, Tzz (22), does not have 
the correct far-field limit, limr-+oo Tzz = -ao. This paradox can be resolved only by a 
three-dimensional model that accounts for a tunnel of finite length. However, (20)-(22) 
are good approximations in the neighborhood of the tunnel. From (20)-(22), the mean 
stress is 

(23) 

The initial condition for the pore pressure upon rapid introduction of the tunnel is 
obtained from (10). At t = 0, before there has has been any time to allow fluid flow, 
the change of fluid content must be zero. Therefore, from (10) and (23), 

2 
P (r, 0) = Po = B - (1 + v u) a 0 • 

3 
(24) 

Thus, introduction of the tunnel induces a pore pressure Po that lies between hydrostatic 
and lithostatic. As an illustration, consider typical properties for sedimentary rocks: 
<Po = 0.2, If = 1.0 X 103 kg/m3

, Is = 2.6 X 103 kg/m3
, Vu = 0.3, B = 0.8. These 
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parameters yield a hydrostatic pressure of (0.98 x 104 )d Pa (with d in m), an initial 
pressure of Po = (1.55 x 104 )d Pa, and a lithostatic pressure of 0"0 = {2.23 x 104 )d Pa. 
This situation develops because, in the absence of the tunnel, the solid skeleton must 
support its own buoyant weight. When rock is r€r1oved, the increased load due to the 
presence of the tunnel is initially born principally by the fluid. The fluid pressure then 
relaxes by Darcy flow toward the tunnel, and the load is transferred from the fluid to 
the solid skeleton. 

The pressure field corresponding to the aforementioned sequence is governed by 
(19) along with the initial condition (24) and boundary conditions 

p(a, t) = 0, 

lim p(r, t) = Po. 
r->oo 

(25) 

(26) 

Equation (25) simply states that fluid is free to flow to the "drained" face of the tunnel, 
which is maintained at zero (atmospheric) pressure. 

The solution to (19) and (24)-(26) is well known (e.g., [24]): 

E.- = _~ roo exp(-u2t ) Jo(ur*)Yo(u) - Yo(ur*)Jo(u) du 
Po 7f Jo * JJ(u) + Y02(U) u ' 

(27) 

where r* = ria, t* = ctla2, and Jo(x) and Yo(x) are zero-order Bessel functions of the 
first and second kind, respectively. The flux at the tunnel wall follows immediately 
from Darcy's law: 

(28) 

where q* is a dimensionless flux, normalized by the reference flux qo = Pok I J-la. Note 
that the sign of the flux is negative because it is in the -r direction. The integral in (28) 
is difficult to evaluate accurately for very small or very large values of the dimensionless 
time, t*. It is convenient, then, to appeal to the asymptotic expansion for small time: 

. 1 -1/2 1 vn 1/2 1 hm q (1 t ) = - -t - - + -t - -t + ... * ,* [;;; * 2 4 * 8 * , t.-->O v 7f 
(29) 

and that for large time: 

(30) 

where "f = 0.57722 is Euler's constant. Equations (28)-(30) are shown in Figure 18. 
Note, in particular, that the flux falls off rapidly at early time, and changes slowly for 

t* > 10. 
It is also of interest to evaluate the cumulative flux, Q.: 

lo
t. 

Q* = q*(l, ~)d~, 
o 

(31 ) 
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where Q* is normalized by kpoal J.tC. For early time, (31) can be evaluated explicitly; 
from (29), 

2 1/2 1 .J7f 3/2 1 2 
Q* = - .J7ft* - "2 t* + 6 t* - 16t* + .... (32) 

A plot of the cumulative flux is shown in Figure 19. Note again that, because the flux 
changes slowly at late time, the cumulative flux grows nearly linearly. 

4.2.4 Application to the moisture release experiments 

The above model is now evaluated for properties typical of WIPP salt and for the 
conditions appropriate to the moisture release experiments in Rooms Al and B. The 
parameters used are summarized in Table 1. Measured permeabilities in the WIPP 
salt are highly variable, so that k is left unconstrained; the sensitivity of the predicted 
flux to the permeability will become apparent. The elastic moduli for water and salt 
are well known. A typical value of 0.001 is used for the porosity. The viscosity of pure 
water at 20°C suffices for the order-of-magnitude calculations presented here. The 
effective radius of the tunnel, a = 3.5 m, yields the same perimeter as a drift 5.5 m 
(18 ft) square. In this case, the ambient pressure is taken to be hydrostatic, and is 
calculated for d = 600 m. 

Table 1: Model Parameters. 

Material 
Property 

Permeability (k) 
Porosity (4)0) 
Fluid bulk modulus (Kf) 
Shear modulus (G) 
Poisson's ratio (v) 
Drained bulk modulus (K) 
Viscosity (J.t) 

Tunnel radius (a) 
Ambient pressure (Po) 

Diffusivity (c) 
Characteristic time (a2/c) 
Reference flux (kpol J.ta) 

18 

Units 

variable m 2 

0.001 
2.0 GPa 

12.0 GPa 
0.25 
20.0 GPa 

LOx 10-3 Pa·s 

3.5 m 
5.9 MPa 

(3.6x 1013)k m2 Is 
(3.4xlO- 13)/k s 

(1. 7 x 100)k mls 
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The time between the mining of Room Al and the initiation of the brine migration 
experiments is about 6 months; that for Room B is about 10 months .. These times cor
respond to dimensionless times of 4.7 x 1019 k and 7.9 x 1019k, respectively. Tables 2 and 
3 show the dimensionless flux, q*, and dimensional flux, q, for a range of permeabilities, 
at times of 6 and 10 months. 

If one assumes that the heater holes merely intercept the established flow to the drift, 
one can calculate the mass flux based on an appropriate area. Tables 2 and 3 show the 
mass flux, in g/ day, based on the cross-sectional area of the holes (0.46 m Z, designated 
Ad, and based on the vertical area (7.4 m Z

, designated Az). A mass flux of the order 
of 10 g/ day, as observed prior to turning on the heaters, is obtained for permeabilities 
in the range of 10- 20_10- 18 m Z (or 10-8-10-6 darcy). These values are in the middle of 
the range of permeabilities estimated from various tests on WIPP salt [27, 28]. Note 
also that the fluxes predicted at 10 months are only about 10% smaller than those 
predicted at 6 months. This, too, is consistent with the field observations, which show 
only a slight decrease in the flow rate over the first eight months of operation . 

Table 2: Calculated Flux, t = 6 mos. (Room AI). 

k (m2
) k (darcy) q* q (m/s) pA1q (g/day) pA2q (g/ day) 

10-17 10- 5 0.285 4.84 x 10-9 190 3200 
10-18 10-6 0.421 7.16x 10- 10 28 450 
10- 19 10-7 0.584 9.93x 10-11 3.9 63 
10-20 10-8 1.206 2.05x 10-11 0.81 13 
1O- Z1 10-9 3.023 5.14 x 10-12 0.20 3.3 

Table 3: Calculated Flux, t = 10 mos. (Room B). 

k (m2
) k (darcy) q* q (m/s) pA 1q (g/day) pA 2q (g/day) 

10-17 10- 5 0.265 4.50x 10-9 180 2900 
10-18 10-6 0.380 6.46x 10- 10 26 420 
10 10 10 7 0.509 8.65x 10 11 3.4 54 
1O- z0 10- 8 1.006 1.71 x 10-11 0.68 11 
10-21 10-9 2.421 4.12 x 10- 12 0.16 2.6 

The same order of magnitude brine flow estimate would have been obtained from 
a locally bounded domain of pores containing fluid that was at lithostatic pressure 
before excavation. Measurements of the pore pressure field in the neighborhood of 
WIPP excavations may lead to the choice of a realistic model. 
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4.2.5 Summary 

The background moisture release rates that were observed in WIPP moisture release 
experiments may be due to a Darcy flow mechanism. A highly idealized Darcy flow 
model has been evaluated in order to provide an order-of-magnitude estimate of the 
brine flow expected in the neighborhood of the heater holes in Rooms Al and B. The 
model considers Darcy flow due to the introduction of a zero-pressure face by the 
mining of the drifts. Calculations based on one-dimensional, radial flow to a circular 
tunnel suggest that mass flow rates of the order of 10 g/ day into the heater holes, as 
observed, could be obtained from salt with permeability in the range of 10-20_10- 18 

m 2 (or 10-8-10-6 darcy). These values are, in fact, representative of the permeabilities 
estimated for WIPP salt to date [27,28]. Thus, it seems plausible that the background 
flow observed in the holes before turning on the heaters may be due to this Darcy flow 
mechanism. 

This conclusion does not constitute a test of critical assumptions in the model, 
i. e., interconnected porosity throughout the host rock formation and hydrostatic pore 
pressure before excavation. The model was chosen for its closed-form solution that 
facilitated the calculations. 

It is worth noting that certain expectations about brine flow in the field test were 
predicated on experience with laboratory experiments such as Salt Block II. However, 
the sample in Salt Block II was under essentially zero hydrostatic head in the laboratory, 
while the far-field pressure near the in s£tu experiment is very large. Thus, the brine flow 
in the laboratory may have been driven principally by the relative thermal expansion of 
the brine and salt [25,26], while this effect may be overwhelmed by the hydrostatically
driven flow in the field setting. 

4.3 Pore pressure profiles near WIPP rooms Al and B 

4.3.1 Introduction 

Calculations of the pore pressure field in the neighborhood of WIPP rooms can pro
vide physical insight. The results may suggest the size of a domain of interconnected 
porosity that is needed to account for the measured quantities of released moisture. 
The results can also provide guidance for the design of meaningful pore pressure mea
surements that could provide critical tests of the mechanistic assumptions that have 
been made. In particular, the relaxation of the pre-excavation pore pressure by Darcy 
flow to the mined face is evaluated using the idealized model that was summarized in 
Subsection 4.2. 

4.3.2 Pressure profile 

The solution for the pressure field due to the introduction of a zero-pressure, circular 
tunnel at time t = 0 in an unbounded region at constant intial pressure Po is given by 
(27). 
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The integral in equation (27) is difficult to evaluate accurately for small values of 
the dimensionless time, t* = ct / a2

• Thus, it is convenient to use the asymptotic solution 

P 

Po 

1 T* - 1 
1- -- erfc--vr;, 2Vf; 

(T* - 1)y't: . T* - 1 ----------- lerfc --
3/2 2 It T* V L* 

(9 - 2T* - 7T;) '2 T* - 1 
----::-;-:---'- 1 erfc -- + .... 

32T~/2 2Vf; 

(33) 

Profiles computed from equations (27) and (33) are shown in Figure 20 for t* = 

0.01, 0.1, O.S, 1.0, S.O, 10.0, and SO.O. The first three are based on the early-time 
expansion (33); the last four are based on the integral solution (27). 

4.3.3 Application to rooms Al and B 

Table 1 shows material properties estimated for WIPP salt and brine and other 
necessary model parameters. The permeability is left unspecified because field mea
surements have shown it to be highly variable. 

The mining of Room Al was initiated on about October 1, 1984; Room B was 
started on about June 1, 1984. Thus, on August 1, 1986, the mined faces were about 
22 and 26 months old, respectively. Previous consideration of the brine flux into the 
unheated boreholes (Section 4.2) suggested that the effective permeability is less than 
10-20 m 2 , or 10 nanodarcy. For the elastic properties given in Table 1 and an effective 
tunnel radius of 3.S m, the dimensionless ages of Rooms Al and B are then 1.7 and 
2.0, respectively. 

Figure 21 shows the radius at which the pressure has fallen to SO% and 7S% of its 
initial value, plotted against dimensionless time. For the above example, the pressure 
is still at 7S% of its initial value at T* of about 3, or only about 7 meters away from 
the tunnel wall. Table 4 shows the dimensionless radii at which the pressure in this 
example calculation has fallen to SO% (T50)' 7S% (T75), and 90% (T90) of its initial value 
for t* = 1. 7 and 2.0. Also included are the distances from the tunnel wall corresponding 
to these radii for a = 3.S m. 
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Table 4: Radius at which pore pressure has relaxed to 50%, 75%, and 90% of its initial 
value for k = 10-20 m 2. Figures in parentheses are corresponding dimensional distances 
from the tunnel wall, (r* - l)a, for a = 3.5 m. 

Room Al Room B 
t = 22 mo. t = 26 mo. 

t* = 1.7 t* = 2.0 

r50 1.8 (2.8 m) 1.9 (3.2 m) 

r75 2.8 (6.3 m) 3.0 (7.0 m) 

r90 4.2 (11.2 m) 4.5 (12.2 m) 

4.3.4 Summary 

Field experiments have been proposed to evaluate the relaxation of the hydrostatic 
pore pressure in the neighborhood of the WIPP facility. Design considerations require 
estimates of the radius to which the relaxation has proceeded to date. The diffusion 
model developed previously, which was shown to provide a reasonably good represen
tation of moisture release data, has been used to calculate the penetration depth over 
the two years since the mining of Rooms Al and B. For a permeability of 10-20 m 2 

(10 nanodarcy), the pore pressure is shown to remain at 75% of its initial value only 7 
meters away from the drift wall. A lower effective permeability yields a correspondingly 
shorter penetration depth for the relaxation front. These results are very encouraging 
for the execution of an experiment designed to monitor the pore pressure, because the 
drilling depths required are easily attained. 

4.4 Effect of temperature-dependent viscosity 

4.4.1 Introduction 

After initiation of heating, the measured moisture release rates increased. For the 
boreholes with 1500 W heaters in Room B, the increase was large and persistent. 
Temperature-dependent viscosity may provide an explanation of this observation. It is 
therefore useful to estimate the magnitude of increased flow due solely to the tempera
ture dependence of brine viscosity in the model. The model does not address the flow 
due to differential thermal expansion of the brine and salt [e.g., 25, 26]. 

4.4.2 Temperature-dependent viscosity 

Previous calculations suggested that the measured flow of brine in rooms Al and 
B can be accounted for by Darcy flow due to the far-field, hydrostatic pressure at the 
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repository depth. The permeability inferred is of the order of 10- 20 m 2 (10 nanodarcy), 
which is consistent with independent estimates [27, 28]. The isothermal problem takes 
the form of a simple diffusion equation for the fluid pressure, with a region initially 
at uniform pressure that relaxes by flow to a zero-pressure, circular, internal surface. 
Because the fluid diffusivity is inversely proportional to the fluid viscosity, and the 
viscosity is quite sensitive to temperature, the nonisothermal problem introduces the 
need to solve for the temperature field simultaneously. The diffusion equation for the 
pressure field is then coupled to the temperature field through the fluid diffusivity, and, 
of course, becomes nonlinear. 

The model problem considered takes the following form. The temperature field is 
governed by 

~~ - ~ :r (r ~~) = 0, " 

with initial and boundary conditions given by 

O(r,O) = 00 , 

ao go 
ar(a,t)=-K' 

lim O(r, t) = 00 , 
r~oo 

(34) 

(35) 

(36) 

(37) 

where 0 is the temperature, K is the thermal diffusivity, a is the borehole radius, 00 is 
the ambient temperature, go is the heat flux delivered to the borehole wall, and K is 
the thermal conductivity. The fluid pore pressure field is governed by 

ap 1 a [ ap] - - -- c(O)r- = 0, 
at r ar ar 

with initial and boundary conditions given by 

p(r,O) = Po, 

p(a, t) = 0, 

lim p(r, t) = Po, 
r--->oo 

(38) 

(39) 

( 40) 

(41 ) 

where p is the pressure, c(O) is the temperature-dependent fluid diffusivity, and Po is 
the intial value of the pressure. 

The model problem, then, assumes a long, cylindrical borehole in an initially isother
mal region (35), to which is delivered a constant heat flux (36). Due to the sudden 
introduction of the borehole, the pore pressure initially takes a uniform value, Po, 

between hydrostatic and lithostatic (39). Water is free to flow to the borehole, the 
boundary of which remains at zero excess pressure (40). 

The fluid diffusivity may be written in a form that reveals the role of the temperature
dependent viscosity: 

110 
c(O) = Co 11(0)' 
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where Co and f.,lo are reference values of the diffusivity and viscosity, respectively. The 
empirical form used for the viscosity of a saturated brine is 

f.,l(fJ) = (2.965 x 10-3
) exp( -0.02140) Pa· s, ( 43) 

where the temperature, 0, is in DC. 

4.4.3 Numerical solution 

The foregoing system of equations was solved numerically by the method of lines, 
employing modifications to a computer code provided by M. R. Baer (1513). 

The far-field boundary conditions (37,41) are difficult to treat numerically. Thus, 
it is convenient to introduce the following change of variables: 

(44) 

where ~ is a constant. Clearly, rJ has the attractive properties that rJ = 0 at r = a and 
rJ = 1 as r --+ 00. The "stretch factor" ~ can be chosen appropriately for the length 
scale over which the fields vary at a given time plane of interest. For example, consider 
a discretization of the region from rJ = 0 to rJ = 1 into 40 equal segments. The 4pt node 
is located at rJ = 1, which corresponds to r --+ 00. The 40th node is at rJ = 0.975. For 
~ = 10, this corresponds to ria = 1.37; for ~ = 1, ria = 4.69; for ~ = 0.1, ria = 37.89; 
for c; = 0.01, ria = 369.89. 

Under the change of variable, (34)-(37) become 

ao /\'C;2 1 - rJ a { ao } - - - - [c; -In(1 - rJ)](1 - rJ)- = 0, 
at a2 c; -In(1 - rJ) arJ arJ 

O(rJ,O) = 00, 

ao (0 t) = _ qoa 
arJ' K C;' 

0(1, t) = 00, 

and (38)-(41) become 

ap C;2 1 - rJ a { ap } 
at - a2 c; - In(1 - rJ) arJ c(O)[c; -In(l - rJ)](l - rJ) arJ = 0, 

p(rJ,O) = Po, 

p(O, t) = 0, 

p(l, t) = Po. 

( 45) 

(46) 

(47) 

(48) 

(49) 

(50) 

(51) 

(52) 

An exact solution to (34)-(37) is well known [29, p. 335]; the numerical scheme was 
tested against it and proved to be very accurate (Figure 22). An analytical solution to 
(38)-(41) in the isothermal case (c = constant) is also known (Section 4.2.3, Eq. 27), 
and provides an additional check on the numerical results. 
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4.4.4 Test problem 

The parameters used in the sample calculation are summarized in Table 5. 

Table 5: Model Parameters. 

Parameter Units 

Borehole radius (a) 0.381 m 
Heat flux (qo) 202.0 Wjm2 

Thermal conductivity (K) 4.5 Wjm;aC 
Thermal diffusivity (I\,) 2.41 X 10-6 m 2 js 
Ambient temperature (00 ) 20.0 DC 

Permeability (k) 1.0 X 10-20 m 2 

Fluid diffusivity* (co) 3.6 X 10-7 m 2js 
Fluid viscosity* (JLo) 1.93 x 10-3 Pa·s 
Initial pressure (Po) 10.0 MPa 
Stretch factor (~) 0.1-1.0 

*at 20 DC 

The borehole radius corresponds to that of the heated holes in rooms Al and B. 
For a heated length of 3.1 m (122"), the vertical surface area is 7.4 m 2

. The 1500 W 
heaters used in room B then deliver a heat flux of 202 W jm2

• The permeability and 
fluid diffusivity used are of the order suggested by previous modeling of the isothermal 
problem (Section 4.2). The initial value of the pressure lies between hydrostatic and 
lithostatic (overburden) at the repository depth. The calculations were carried out 
using 41 nodes. 

Figures 23 and 24 show temperature and pressure profiles, respectively, at 1, 10, 
and 100 days. Figure 25 shows the rise of the wall temperature for 100 days. The 
calculated wall temperature exhibits behavior qualitatively like that measured in the 
room B holes. However, the calculated temperature rise after 100 days is only about 
45 DC, while the observed rise was approximately 70 DC. This is due to the influence 
of the other heaters in the room B array, which are not accounted for in the model 
calculatioll. Nonetheless, the present sample calculatioIls are adequate to iIlvestigate 
the effect of temperature-dependent viscosity. 

Figure 26 shows the calculated brine flux (volume flux per unit area) history in 
the unheated (20 DC) and heated (202 W jm 2) cases for 100 days. The difference is 
relatively small at early time, but approaches a factor of two as the region heats and 
the flux falls off. For comparison, note that a collection rate of 10 gj day of pure water 
corresponds to a brine flux of 1.8 x 10- 11 mjs over an area of 7.4 m 2

. Figure 27 shows 
the increase in fluid flux relative to the isothermal case as the fluid diffusivity at the 
borehole wall increases. After 100 days, the value of c at 65 DC is over 2.5 times greater 
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than the reference (20°C) value, and the fluid flux is 1.6 times greater than in the 
unheated case. 

Table 6 shows key results from the calculations, including the radius at which the 
pressure remains at 90% of its initial value. 

Table 6: Calculated Borehole Temperature, Brine Flux, and Radius Where p/Po = 0.9. 

Radius Where 
Time (days) Wall Temp (DC) Flux (m/s) p/Po = 0.9 (m) 

1 34.3 -2.64 x 10-10 0.78 
10 48.1 -1.41 x 10-10 1.58 
100 64.5 -9.05 x 10-11 3.97 

4.4.5 Summary 

The principal results of this study are: 

• A numerical scheme has been implemented to treat one-dimensional, nonisother
mal, radial flow in an unbounded region. The brine flow is coupled to the tem
perature field through a temperature-dependent fluid diffusivity. Only modest 
modifications are required to include in the same code the effect of differential 
thermal expansion [25, 26]. 

• Sample calculations show that the decrease in viscosity due to elevated temper
ature has a significant effect on the flow rate, of the order of a factor of two. 

• The temperature dependence of viscosity cannot account for all of the order-of
magnitude increase in moisture release that followed the'initiation of heating in 
room B, 

4.5 Long-terln, steady-state, brine flow 

4.5.1 Introduction 

The transient model that has been described and implemented thus far cannot be 
valid after very long time periods, because the assumed far-field boundary condition is 
no longer approximately correct as the flow propagates out to large length scales that 
approach the burial depth. Therefore, it is necessary to estimate the accuracy of the 
transient model for the time periods after excavation that are pertinent to this data 
analysis. For that purpose, the following simplified estimate of the steady flow into the 
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open WIPP facility at very long time was generated for comparison with the inflows 
from the transient model. 

4.5.2 Steady flow to a line sink 

Darcy's law is given by 
k 

q = --\7<P, 
J.l 

(53) 

where q is the fluid flux (volume rate per unit area), k is the permeability, and JL is the 
fluid viscosity. The potential, <P, is defined by 

<P = p + Ilgz, (54) 

where p is the fluid pressure, II is the fluid density, 9 is the acceleration due to grav
ity, and z is the vertical coordinate, here measured positive upward from the water 
table. For steady-state flow, or for an incompressible fluid in a rigid, porous matrix, 
substitution of (53) into the fluid mass balance yields 

(55) 

Consider the flow to a horizontal, circular tunnel of radius a, centered at depth d 
beneath the water table. The exact problem for the potential field is quite complex 
because the potential on the tunnel surface (54) varies slightly due to the change in 
elevation around the circumference and because the free surface will be displaced, and 
its location is part of the solution. However, in the present case, because the tunnel 
radius is very small compared to its depth, and because the flow is very weak, an 
approximate, but very accurate, solution can be obtained. 

The potential for the flow to a tunnel of radius a in an unbounded region is well-
known: 

QJ.l (rl) <PI = - <P + - In -
* 27rk a' 

(56) 

where rl is the radial coordinate centered on the tunnel, Q = -27raqr(a) is the total 
flux per unit length into the tunnel (e.g., in m2/s), and <PI(a) = -<P* is the potential 
at the tunnel. A horizontal potential surface taking the value zero can ,be introduced 
by the superposition of a source of equal strength: 

QJ.l (r2) <P2 = <P - - In -
* 27rk a' 

(57) 

where r2 is the radial coordinate centered on the source. The total potential is then 

(58) 

Equation (58) is the well-known, singular solution for the potential due to a line sink 
and opposing line source. It should be noted that (58) results in a plane surface with 
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~ = 0 midway between the sink and source; i.e., the model prescribes the location of 
the free surface, and does not allow for drawdown. However, this assumption can be 
shown to be valid for ajd ~ 1 and small Q. The equipotential surfaces given by (58) 
are shown in Figure 28, and the associated streamlines are illustrated in Figure 29. 

The surface of the deep tunnel is a potential surface, but the depth to the line sink 
and the depth to the center of the tunnel do not coincide. However, for ajd ~ 1, 
these two length scales may be assumed equal. Thus, on the tunnel boundary, Tl ~ a. 
Furthermore, the distance from the opposing line source is very nearly 2d, so that 
T2 ~ 2d near the tunnel. Finally, the potential (54) at the tunnel, where the pressure 
vanishes (p = 0), is -~*' where ~* is given approximately by 

(59) 

Substitution of these values into (58) yields 

Q = -27rk~*. 
. Il ln(aj2d) 

(60) 

It can be verified that (60) is the limit, for small aj d, of the more complete solution. 
ExampLe. Consider as an example one case treated in the analysis of the transient 

flow (Section 4.2). Assume the following material properties: 

Jl = 10-3 Pa· s, 

and a mined drift characterized by 

a = 3.5 m, 

d = 600 m. 

These parameters yield, from (60), 

Q = 6.3 X 10- 12 m2 /s. 

or 
Iqr{a) I = 2.9 X 10- 13 mjs. 

The last value compares with results from the transient analysis, for identical condi
tions, of 5.1 x 10- 12 mls 6 months after mining and 4.1 x 10- 12 mls 10 months after 
mining. As expected, the estimated, steady-state flux is considerably less than the 
transient flux after a short time. However, the transient solution vanishes at long time. 
Equation (60) is compared to the late-time solution (Section 4.2, Eq. 30) in Figure 30. 
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4.5.3 Flow to a point sink 

One might object that the model for a line sink implies that the tunnel is very long 
in comparison to its depth, and that the flow into a mined drift may be more closely 
approximated by flow to a point sink. Indeed, the length of test rooms Al and B in 
the WIPP facility is L ~ 90 m, so that L/d ~ 0.15 ~ 1. The analysis is analogous to 
that already given. The potential field for a point sink and opposing point source is 
given by 

(61 ) 

where Q = -47fa2qr(a) is the total flux into the sink (e.g., in m3 /s), and a is the radius 
of the "effective" spherical source. Again, at the boundary of the spherical cavity, 
Tl ~ a, T2 ~ 2d, and <I> ~ -<I>*, so that (61) gives, approximately, 

47fka<I>* 
Q=----

p(1 - a/2d) 
(62) 

Example. Consider the sample calculation parallel to that treated for the line sink. 
Rooms Al and B are about 91.4 m (300 ft) long, and 5.5 m (18 ft) square, which yields 
a surface area of about 2.1 X 103 m 2 , or an equivalent sphere of radius 

a = 12.9 m. 

Substitution into (62) yields, for k = 10-21 m 2 , 

Q = 9.6 X 10- 10 m3 /s, 

or 
Iqr(a)1 = 4.6 X 10-13 m/s. 

This represents 1.6 times the flow predicted for the plane flow to a line sink, indicating 
that the weaker flow to the point sink is compensated by the greater surface area 
accounted for. 

4.5.4 Summary and conclusions 

The early-time, transient analysis that was developed and applied in Sections 4.2, 
4.3, and 4.4 is appropriate for the short times after excavation that characterize WIPP 
z"n sz"tu tests. The transient flux does not reach the steady state value until more than 
5000 years after excavation has taken place. 

The analysis presented here provides a first estimate of the very-long-term, steady, 
Darcy flow into a mined cavity due to the far-field, hydrostatic head. For a configuration 
representative of Rooms Al and B in the WIPP facility, the analysis predicts flow of 
the order of 10- 13 __ 10- 12 m3 /s per square meter of wall surface for a permeability of 
10-21 m 2 (1 nanodarcy). This is approximately an order of magnitude less than the 
flow predicted for the same conditions using a transient model appropriate at early 
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time. The transient model, in contrast, employed far-field boundary conditions that 
are incorrect after long time, and consequently predicts that the flow vanishes entirely. 

Figure 30 shows that the late-time, transient flux does not reach the steady-state 
prediction for a/ d = 0.00583 until a dimensionless time of about 5 x 104• Even for a 
relatively high permeability of 10-19 m2 (100 nanodarcy), this is a real time of about 
5400 years, and is inversely proportional to the permeability. Thus, it appears that, 
for any time of practical interest, the early-time, transient analysis is appropriate. 

It is emphasized that the simple analysis presented here invokes the very unrealistic 
assumption that the entire region is comprised of an isotropic, homogeneous, porous 
medium with a permeability like that of the salt. However, the flow is limited prin
cipally by the near-field permeability, because the flux falls off rapidly away from the 
mined surface. The results, then, are expected to be rather insensitive to the far-field 
properties. 
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5 Conclusions and Recommendations 

Significant brine transport can occur to unheated boreholes in the WIPP. This 
observation highlights the need for an isothermal model of brine movement in the 
WIPP host rock bedded salt of the Salado formation. 

Better models are also needed for thermally induced brine transport in the Sal
ado. Cumulative quantities of water from heated WIPP test boreholes have exceeded 
previous model predictions by about two orders of magnitude. 

Results from in situ brine transport tests in domal salt (salt formations resulting 
from diapirism) are not necessarily applicable to bedded salt. Brine inflows measured in 
the Asse mine (domal salt in the Federal Republic of Germany) brine migration tests 
were much smaller than the inflows that were measured in the WIPP (bedded salt) 
moisture release experiments, even after differences in borehole wall area and water 
content of salt are taken into account. 

The partial pressure of water vapor is not a controlling variable for brine transport 
to the heated boreholes in Room AI. Therefore, vapor phase transport of water is not 
a likely mechanism to explain our heated borehole water collection rates. 

A Darcy flow model is promising for mechanistic analyses of the WIPP test re
sults for unheated boreholes. Our water collection data for unheated boreholes agreed 
reasonably well with the brine inflows that were calculated with this model. Agree
ment was attained using permeability and porosity values that are estimated from in 
sz"tu tests in the WIPP host rock. It was also shown that the WIPP experiments are 
well within the transient stage of this model. The model also predicts pore pressure 
gradients that are nearly totally contained within a few meters of WIPP excavations. 
Therefore, the brine source could be locally bounded and still yield flows that fit this 
model. 

Additional model development is needed for further analyses of the heated borehole 
results. The temperature dependence of viscosity in our current Darcy flow model 
is inadequate to account for the large water collection rates that were observed after 
Room B heaters were turned on. 

Experiments are needed to test some of our current hypotheses and assumptions 
concerning brine transport to unheated WIPP excavations. Experiments to test the 
following parameters are recommended: 

• Time - to several months or years 

• Scale-

borehole diameter from 5" to 36" 

room-size excavation 

• Water vapor pressure - saturated to low values controlled with nitrogen gas flow 

• Salt composition and structure - test compositionally and structurally different 
host rock strata 
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Pore pressure measurements at intervals out to several meters away from WIPP 
excavations are also recommended. These measurements are intended to test model 
predictions of the pore pressure field; they may also yield an approximate value for 
the pre-excavation pore pressure. Knowledge of the pre-excavation pore pressure and 
the extent of the pore pressure field may lead to a better physical picture of the brine 
sources for flow into the WIPP. For example, pre-excavation pore fluids at lithostatic 
pressure would suggest that the source of brine may be locally bounded within the 
Salado formation. 

WIPP hydrologic and disturbed zone characterization studies can also contribute to 
our understanding of brine transport to WIPP excavations. These studies may reveal 
aspects of the fluid transmissivity and general hydrologic characteristics of WIPP host 
rock that control the movement of naturally occurring brine. 
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Figure 21: Dimensionless radius and time at which pore pressure has relaxed to 50% 

and 75% of its intial value. 
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Figure 22: Comparison of exact analytical solution (squares) of (34)-(37) and numerical 
solution (circles) of (45)-(48). Test problem is for a = 0.065 m, qo = 610 W /m 2

, 

K = 6.6 W /m/K, K = 3.5 X 10-6 m 2 /s, ~ = 1.0. Profile is for t = 1200 s. Semilog plot 
reveals error at large r. 
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Figure 23: Temperature profiles at t = 1, 10, and 100 days. Note the stretching of the 
nodal spacing with increasing distance from the hole (the last node is at r ----) 00). 
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FigllT(, 24: Pr('ssUT(' profil('s at t = 1,10, and 100 days. 
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Figure 26: Calculated brine flux for heated and unheated boreholes over 100 days 
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Figure 27: Increase in fiuid fiux compared to increase in diffusivity, both normalized 
by values for the isothermal case. Highest relative flux and diffusivity correspond to 

100 days. 
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Figure 28: Potential field for flow to a line sink (Eq. 58). Vertical scale is for z* + 1, 
the dimensionless coordinate centered at the line sink, and scaled by the depth, d. The 
horizontal scale is also normalized by the depth d. Equipotentials shmvn are scaled 
by QJ-l/27rk; for the sample problem discussed, the equipotentials shown correspond to 
zero at the free surface, decreasing by increments of approximately 1 MPa, to a value 
of -11.7 MPa at the tunnel. 
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Figure 29: Streamlines corresponding to the potential field shown in Figure 28. 
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Figure 30: Comparison of transient (Eq. 30) and steady-state (Eq. 60) solutions for 
flux to a tunnel. 
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3151 W. 1. Garner, For: Doe/TIC (Unlimited Release) (3) 
3154-3 C. H. Dalin, For: DOE/TIC (28) 
6000 D. L. Hartley 
6300 R. W. Lynch 
6310 T. O. Hunter 
6330 W. D. Weart 
6330 G. R. Romero 
6331 A. R. Lappin 
6331 R. L. Beauheim 
6332 D. J. Borns 
6331 S. J. Lambert 
6331 K. L. Robinson 
6331 C. L. St.ein 
li3j 1 D. Tomasko 
Ci332 L. D. Tyler 
6332 J. G. Arguello 
6332 R. Beraun 
6332 R. V. Matalucci 
6332 M. A. Molecke 
6332 D. E. Munson 
6332 E. J. Nowak (50) 
6332 R. J. Roginski 
6332 J. C. Stormont 
6332 T. M. Torres 
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6332 F. G. Yost 
6332 Sandia WIPP Central Files (SWCF 510 PSjDE Permanent) 
6334 D. R. Anderson 
6334 S. G. Bertram 
6334 L. H. Brush 
6334 L. S. Gomez 
6334 J. P. Hickerson, Jr. 
6334 R. L. Hunter 
6334 M. G. Marietta 
6334 A. K. Rutledge 
7100 C. D. Broyles 
7110 J. D. Plimpton 
7116 S. R. Dolce 
7116 C. W. Cook 
7120 M. J. Navratil 
7125 R. L. Rutter 
7125 J. T. McIlmoyle 
7130 J. D. Kennedy 
7133 R. D. Statler 
7133 J. W. Mercer 
7133 H. C. Walling 
7135 P. D. Seward 
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