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ABSTRACT 

The construction of the air-intake shaft (AIS) at the Waste Isolation Pilot 
Plant (WIPP) site in 1987 and 1988 initiated fluid-pressure responses which 
were used to estimate the hydrologic properties of the Culebra Dolomite, 
Magenta Dolomite, and Forty-niner Members of the Rustler Formation. Fluid- 
pressure responses were monitored with downhole transducers at observation- 
well H-16, about 17 meters (m) northwest of the AIS, and water-level 
responses were observed and measured in observation wells H-l, ERDA-9, and 
WIPP-21, the closest observation wells to the AIS. 

The AIS pilot hole, with a 0.25-m diameter, was drilled to a depth of 650 m 

and reamed to a diameter of 0.37 m. The pilot hole remained open and 
draining to the underground facility for about three months. The pilot 
hole was then upreamed (raise bored) to a 6.17-m diameter shaft from the 
underground facility to land surface. The pilot hole was drilled and 
reamed using a bentonite-mud-based brine as a drilling fluid. During the 
construction period, the fluid-pressure responses of the the Culebra 
dolomite were also affected by grouting and sealing of the Rustler 
Formation in the waste-handling shaft (WHS), by a multipad/tracer test at 
the H-ll hydropad in the southern WIPP site, and by water-quality sampling 
at WIPP-19 and H-15. 

The well-test simulator GTFM was used to analyze the fluid-pressure 
responses of the Culebra and Magenta dolomites and the Forty-niner 
claystone. The AIS was modeled as a test well with a zero-wellbore- 
pressure boundary condition. H-16 was modeled as an observation well. The 

pilot-hole drilling/reaming period was modeled as a wellbore-history period 
and was simulated separately for each unit whose fluid-pressure responses 

* The work described in this report was done for Sandia National 
Laboratories under Contract No. 32-1025. 



were analyzed. A cement-invasion skin was used in simulating the Culebra 
dolomite's drilling/reaming period. A mud-filter-cake skin was used to 
create reduced wellbore pressures in simulating the pilot-hole 
drilling/reaming periods of the Magenta dolomite and Forty-niner claystone. 

The estimated Culebra transmissivity ranged from 1.3 x 10-7 to 
6.6 x 10-7 m^/s. The most representative transmissivity of the Culebra 
between H-16 and the AIS was estimated to be 6.6 x 10-7 n^/s. This 
estimate was obtained by calibrating the simulation of the Culebra's H-16 
fluid-pressure response to a measurement of the flow rate from the Culebra 
to the AIS made 133 days after the upreaming of the Culebra. The 

transmissivity of the Culebra between the AIS and observation-wells H-l, 
ERDA-9, and WIPP-21 was estimated to range from 1 x 10-6 m2/s to 
1 x 10-7 m2/s. 

Radial formation-heterogeneity boundaries were employed to simulate the 
H-16 fluid-pressure responses in the Magenta dolomite and the Forty-niner 
claystone. The formation-heterogeneity boundary for the Magenta dolomite 
was estimated to be 40 m from the AIS with a near-field transmissivity of 
8.0 x 10-8 m2/s and a far-field transmissivity of 3.5 x 10-8 n^/s. The 

formation-heterogeneity boundary for the Forty-niner claystone was also 
estimated to be 40 m from the AIS with a near-field transmissivity of 
9.0 x 10-9 n^/s and a far-field transmissivity of 1.3 x 10-9 n^/s. 

GTFM was used to simulate the flow rates of ground water draining from the 
Culebra dolomite, the Magenta dolomite, and the Forty-niner claystone to 
the open AIS. The simulated Culebra flow rate on the day of the water-ring 
measurement in the AIS was 0.058 L/s and is in excellent agreement with the 
measured rate of 0.056 L/s indicating an acceptable model calibration. One 

hundred days after upreaming, the simulated Culebra flow-rate was 0.06 L/s, 
the simulated Magenta flow rate was 0.007 L/s, and the simulated Forty- 
niner flow rate was 0.0004 L/s. The simulated Forty-niner flow-rate curve 
indicated a transition to the less-permeable, far-field system after 15 

days. 
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1.0 INTRODUCTION 

1.1 Background 

The decision to construct a fourth underground-access shaft, the air- 
intake shaft (AIS), at the Waste Isolation Pilot Plant (WIPP) site 
(Figures 1.1 and 1.2) provided a unique opportunity to observe closely 

the effect of a large point-discharge feature on the hydrology of the 

five members of the Rustler Formation near the center of the WIPP site. 
Figure 1.3 shows the generalized stratigraphy of the geologic units 

encountered by the AIS and the other WIPP-site shafts. The hydrogeologic 

influences of the other three shafts at the center of the WIPP site, the 

waste-handling shaft (WHS), the construction and salt-handling shaft 

(C&SH), and the exhaust shaft (EXS), have been analyzed in earlier 
reports (Stevens and Beyeler, 1985; Haug and others, 1987; and LaVenue 

and others, 1988). However, because of the limited data base available 

for those reports the Rustler's hydrologic properties were determined 

with a moderate degree of uncertainty. Observation-well H-16 

(Figure 1.1) was drilled four months before the AIS pilot hole and is 

located 16.97 meters (m) northwest of the AIS. H-l^ was equipped with a 

multipacker completion tool with downhole pressure transducers to monitor 

the formation-pressure changes in the five members of the Rustler 

Formation during the drilling and upreaming (raise boring) of the AIS. 

The combination of detailed fluid-pressure data from H-16, water-level 
measurements at 3 of the Culebra dolomite observation wells near the 

center of the WIPP site, and the construction history of the AIS and its 

pilot hole provided an ideal setting to obtain estimates of the 

transmissivity and formation pressure of the members of the Rustler 

Formation. 
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1.2 Objectives 

The fluid-pressure and water-level responses to construction of the AIS 

were analyzed with the well-test simulator GTFM (Pickens and others, 
1987). Because the source of the pressure changes, the AIS pilot hole 

and shaft, was an uncontrolled hydrologic drain on the affected units, 
the observation wells' responses were simulated using a fixed-pressure 
boundary condition at the AIS. The drilling period was essentially a 

series of constant-pressure injections to the Rustler and the draining 

periods were atmospheric-pressure discharge periods with no control on 

the quantity of discharge and no means of measuring the discharge during 

most of the open period. The fixed-pressure boundary condition at the 

point of discharge meant that the simulation of the effects of the 

shaft's construction was governed by the diffusivity relationship in 
which transmissivity and storativity are interrelated, as discussed in 

detail in Section 5.0, thus preventing completely independent estimates 

of these hydrologic parameters. Table 1.1 presents the nomenclature and 

abbreviations used throughout this report and on figures and tables. 

The objectives of the analysis of the effects of the construction of the 

AIS on the fluid pressure of the Rustler Formation were to: 

o estimate the transmissivity of the members of the Rustler Formation 

from H-16 and observation-well responses to the construction of the 

AIS; and 

o estimate the potential leakage rate of ground water into the AIS under 

the observed open-hole conditions. 
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2.0 MONITORING SYSTEMS 

The drilling of the AIS pilot hole and the upreaming of the AIS caused 

fluid-pressure changes in the members of the Rustler Formation. The most 

important observation well was H-16 which was drilled specifically to 

observe and monitor the effects of the construction of the AIS on the 

permeable members of the Rustler. 

Water-level responses were also observed in other Culebra dolomite 

observation wells around the center of the WIPP site. The closest Magenta 

dolomite observation wells, at H-l and at the H-2 hydropad, did not appear 

to respond to the AIS construction, apparently because of the lower 

permeability of the Magenta relative to the Culebra. 

Pressure transducers in the other shafts at the WIPP site were potentially 
capable of monitoring the AIS construction. However, the transducers in 

the WHS and the C&SH shaft were out of service during this period due to 

the extensive grouting operations in the WHS and due to a complete overhaul 

of the instrumentation in the C&SH shaft because of salt corrosion and 

haulage damage. The transducers in the EXS were potentially able to 

monitor the AIS construction. However, because the WHS lies between the 

AIS and the EXS, the EXS fluid-pressure responses during the important 

early period of the AIS construction were dominated by the grouting 

activity in the WHS. Fluid-pressure data from the EXS were therefore not 

analyzed. 

The following sections describe the H-16 monitoring system and the 

observation wells. Note that in this discussion and throughout this 

report, especially on plots and tables, time will be referenced by the date 

of occurrence and by the 1987 Calendar Day or the number of days counted 

consecutively from January 1, 1987. 
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2.1 H-16 Multipacker Monitoring System 

Borehole H-16 was drilled in July and August 1987. The center of the 

borehole was located 16.97 m northwest of the center of the AIS and was 

installed to monitor the fluid pressures in the five members of the 

Rustler Formation during the construction of the AIS. As described in 

Stensrud and others (1988a), H-16 was drilled and cased to the lower 

Dewey Lake Red Beds at a depth of 142.95 m below ground surface (BGS), 

then extended open hole to a depth of 259.35 m BGS, about 2.74 m into the 

upper Salado Formation. Each of the five members of the Rustler was 

hydraulically tested during the drilling of H-16. The data collected 

during the testing at H-16 are presented in Stensrud and others (1988a) 

and interpretations of those tests are found in Beauheim (1987a). 

In late August 1987, well H-16 was equipped with a multipacker completion 

tool manufactured by Baker Service Tools (BST), Houston, Texas (Figure 

2.1). The device includes 5 fluid-inflatable packers which isolate the 5 

members of the Rustler Formation, and 5 downhole pressure transducers 

(see Stensrud and others, 1988a) which monitor the fluid pressures in 

those isolated intervals. The data collected by the transducers are 

transmitted by a data-link cable to a surface recorder and stored on 

magnetic tape. The original data are recorded in pounds per square inch 

(psi) and are adjusted to the temperature at the depths of the 

transducers using correction curves supplied by the manufacturer. The 

data and the correction curves are periodically published in hydrologic 

data reports (Stensrud and others, 1988a, 1988b, 1989). Note that the 

transducers do not share a common reference elevation datum. 
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2.2 Observation Wells 

Hydrologic responses to the construction of the AIS were observed in 

observation wells near the center of the WIPP site. The data and data- 

collection methods for these and other WIPP-site observation wells are 

presented in Stensrud and others (1988a, 1988b, 1989). The data show 

that only the Culebra observation wells within 1.25 km of the AIS, H-l, 
H-2a, H-2b2, ERDA-9, WIPP-18, WIPP-19, WIPP-21, and WIPP-22, showed 

significant water-level responses to the presence of the AIS. Because 

other hydrologically significant activities were concurrent with the 

construction of the AIS, as described in Section 4.0, data from some of 

these observation wells could not be analyzed. 

Observation wells H-l, ERDA-9, and WIPP-21 were sufficiently isolated 
from other hydrologic influences to provide data which could be used to 

analyze the effect of the AIS on the Culebra dolomite. However, the 

early-time responses in these wells could not be used because they were 

affected by grouting operations in the WHS and only the post- 
drilling/reaming and post-upreaming periods were used for analysis. The 

data collected at H-l, ERDA-9, and WIPP-21 are water levels measured with 

electric water-level sounders. These data were converted to pressure in 
MPa at the center of the Culebra intervals using the best available data 

for borehole-fluid density in these wells as presented in Cauffman and 

others (1990, Appendix F). 
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3.0 AIR-INTAKE SHAFT CONSTRUCTION HISTORY 

Construction of the AIS consisted of drilling and reaming a pilot hole and 

upreaming the shaft. The 0.25-m pilot hole was drilled using a bentonite- 
mud-based brine drilling fluid through the Dewey Lake Red Beds and the 

Rustler and Salado Formations to a depth of 635 m, immediately above the 

WIPP-site underground facility. With the pilot hole remaining full of 

drilling fluid, the initial pilot hole was reamed to a 0.37-m diameter to 

the same depth. The reamed 0.37-m pilot hole was then extended into the 

underground facility, a depth of 655 m, and drained of drilling fluid. The 

pilot hole provided a guide for the introduction of 0.35-m drill pipe which 

controlled and raised a 6.17-m diameter upreaming bit which raise bored the 

AIS from the underground facility to ground surface. No drilling fluid was 

used during upreaming. Following geologic mapping, the shaft was finished 

with a concrete liner to a final inside diameter of 5.9 m. 

The following sections present descriptions of each of the phases of the 

AIS construction history, highlighting activities of hydrologic interest 
which affected the fluid-pressure responses of the members of the Rustler 

Formation analyzed in Section 6.0 (Figure 3.1). Construction information 

was developed from the daily drilling reports (DDR) of CAP-STAR Drilling, 

Inc. (the drilling contractor), discussions with Dana Downes of Frontier- 

Kemper, Inc. (the supervisor of construction operations), and Table 1.4, 
Part D of Stensrud and others (1988b). 

3.1 Pilot Hole 

The following subsections describe the principal events of the 

drilling/reaming history of the AIS pilot hole with particular attention 

to events affecting the formation fluid pressures of the members of the 

Rustler Formation. Figure 3.2 schematically illustrates the events of 

the drilling/reaming period. 
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3.1.1 Drilling 

The drilling of the 0.25-m pilot hole began on December 5, 1987 

(Calendar Day 339) using conventional rotary drilling methods and a 

bentonite-based brine drilling mud as a circulating medium. The actual 
mud weight was not recorded in the DDR on a daily basis. However, on 

January 13, 1988 (Calendar Day 378) the DDR indicated that the drilling 
fluid weighed 9.8 pounds per gallon (1174.44 kilograms/cubic meter 

[kg/m^]) with a viscosity of 28 centipoises and a pH of 8. Subsequent 

discussions with Frontier-Kemper and CAP-STAR have not uncovered any 

additional information concerning the drilling fluid's parameters. 

Therefore, the January 13, 1988, mud parameters were assumed to be in 

effect throughout the drilling period. 

Drilling of the initial stages of the pilot hole proceeded slowly due 

to administrative delays concerning the safety of the drilling location 
and technical delays caused by caving in the Gatufla Formation. 

Drilling penetrated the Forty-niner and Magenta Members of the Rustler 

on December 11 and 12, 1987 (Calendar Days 345 and 346). On December 

12 (Calendar Day 346), after finding the borehole was slightly 
deviated, CAP-STAR began reaming the upper part of the borehole to a 

0.37-m diameter in an attempt to correct the deviation. From December 

12 to 20 (Calendar Day 354) the pilot hole was reamed to a depth of 

92.97 m BGS. Operations were halted until December 26 (Calendar Day 

360) when the borehole was cemented from 190 to 130 m BGS in a further 

attempt to correct borehole deviation. The borehole was flushed and 

cleaned of drill cuttings and the drilling fluid was circulated until 
preparations for cementing were completed. 
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The pilot hole was reentered on December 27 (Calendar Day 361) and the 

cement and formations below 130 m BGS were redrilled in conformance 

with deviation standards to a 0.25-m diameter. The Forty-niner and 

Magenta Members were redrilled on December 29 and 30 (Calendar Days 363 

and 364), respectively. The Culebra dolomite was penetrated on 

January 1, 1988 (Calendar Day 366). Drilling continued to 262 m BGS to 

the upper part of the Salado Formation on January 3 (Calendar Day 368), 

when excessive borehole deviation was again detected. The borehole was 

cemented from 262 to 195 m BGS on January 6 (Calendar Day 371). On 

January 7 (Calendar Day 372), the cemented interval was redrilled at a 

0.25-m diameter to try to correct the deviation. The Culebra was 

redrilled on January 8 and 9 (Calendar Days 373 and 374), and drilling 
continued through the remainder of the Rustler and into the Salado. 

Drilling to the total depth of the 0.25-m pilot hole at 635 m BGS 

continued until January 30 (Calendar Day 395) with a short interruption 

on January 16 and 17 (Calendar Days 381 and 382) when the Salado 

Formation was cemented from 367 to 305 m BGS to correct excessive 

borehole deviation. 

3.1.2 Reaming 

The 0.25-m borehole was reamed to a 0.37-m diameter from 91.5 to 655 m 

BGS from January 31 to February 7, 1988 (Calendar Days 396 to 403) with 
a full column of brine-based drilling mud. The pilot hole penetrated 

the WIPP underground facility on Calendar Day 403. The Forty-niner and 

Magenta were reamed on February 1 (Calendar Day 397) and the Culebra 

dolomite was reamed on February 2 (Calendar Day 398). The drilling 
fluid was pumped from the pilot hole just before penetration of the 

underground facility. The pilot hole remained open and the Culebra and 

Magenta were draining to the pilot hole and later to the upreamed shaft 

from 2330 hours on February 7 (Calendar Day 403) until the time of this 

report. 
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3.2 Upreaming of the Air-Intake Shaft 

Upreaming of the AIS began on May 1, 1988 (Calendar Day 487) after 
2-1/2 months of preparatory work on the foundation for the AIS collar and 

installation of the drill pipe for the 6.17-m diameter Upreaming tool. 
Before installing the drill pipe, a 13-7/8-inch (0.35 m) drill bit was 

used to clear hole obstructions at 80 m and 226 m BGS. The obstruction 

at the 226-m depth, 5.2m below the Culebra, was cleared on April 7, 1988 

(Calendar Day 463) using compressed air as a circulation medium. The 

cleaning operation caused a slight offset in the H-16 fluid-pressure data 

for the Culebra but did not disturb the overall pressure trend. 

The members of the Rustler Formation isolated in H-16 were encountered by 

the Upreaming tool from June 16 to 28 (Calendar Days 533 to 545) . 

Specifically, the Culebra was upreamed on June 17 (Calendar Day 534), the 

Magenta on June 23 (Calendar Day 540), and the Forty-niner claystone on 

June 26 (Calendar Day 543). After Upreaming of the Rustler, Upreaming 

slowed considerably in the Dewey Lake Red Beds. Due to construction 

delays, the AIS Upreaming was not completed until August 24, 1988 

(Calendar Day 602). Throughout and after the Upreaming period, the 

Rustler members remained open and draining to the AIS. 
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4.0 OTHER HYDROLOGIC ACTIVITIES AFFECTING HYDROLOGIC RESPONSES 

Water-level and fluid-pressure responses from over 50 observation wells and 

shafts in the WIPP-site observation-well network were recorded from 

December 1987 to December 1988. During that time, hydrologically related 

activities other than the AIS construction affected the members of the 

Rustler Formation. A compilation of all such activities can be found in 

Stensrud and others (1988a, 1988b, and 1989). The following sections 

describe those activities that may have affected the area near the center 

of the WIPP site during construction of the AIS. 

4.1 Aquifer Testing 

The major aquifer test conducted during the construction of the AIS was 

the H-ll multipad/tracer test (Stensrud and others, 1989). During this 

test, well H-llbl was pumped at a relatively constant rate of 0.38 liters 
per second (L/s) from May 5 to July 7, 1988 (Calendar Days 491 to 554). 

Water-level responses to the H-ll multipad/tracer test were recorded at 
10 observation wells in addition to the fluid-pressure responses recorded 

at H-llb2, H-llb3, and H-llb4 at the H-ll hydropad. H-l, ERDA-9, and 

wells at the H-2 hydropad potentially could have responded to the H-ll 
multipad/tracer test, but the presence of the AIS dominated water-level 
responses at these locations during the test. 

Well development and a 3-day pumping test of the Culebra dolomite were 

performed at H-18, located about 1.5 km northwest of the AIS, from 

February 26 to March 14, 1988 (Calendar Days 422 to 439). The H-18 

pumping test was followed by three weeks of pumping for water-quality 
sampling as described in Section 4.2. The pumping at H-18 was observed 

at DOE-2, WIPP-13, P-14, and the H-6 hydropad. No evidence of the H-18 

pumping was detected at H-2, H-l, ERDA-9, and WIPP-21. 
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4.2 Water-Quality Sampling 

Water-quality sampling of the Culebra dolomite as part of the WIPP site's 
Water Quality Sampling Program (Colton and Morse, 1985) was conducted at 

WIPP-19, H-18, H-14, H-15, and DOE-2 during the period analyzed for this 

report. The wells were pumped with an air-lift pump at pumping rates of 

0.003 to 0.03 L/s. Responses to these pumping episodes were measured in 
some nearby wells, but the influence of these exercises was limited. 

The water-quality pumping at WIPP-19 from January 26 to February 12, 1988 

(Calendar Days 391 to 408) was observed distinctly at WIPP-18 and 

WIPP-22, but its effects could not be distinguished from drawdown induced 

by AIS construction at other nearby wells such as WIPP-21 (Stensrud and 

others, 1988b). 

Water-quality sampling at H-15 was performed on January 7 to 13 and 

October 25 to November 7, 1988. The January sampling was not observed at 

nearby wells due to the dominating influence of activities in the AIS. 

However, the August sampling exercise appears to have affected water 

levels in ERDA-9 and H-l (see Section 6.0). 

4.3 Grouting in the Waste-Handling Shaft 

Grouting in the WIPP-site shafts affected the fluid pressure of the 

Culebra dolomite as noted during pressure grouting in the exhaust shaft 

from July through December 1986. Examination of grouting reports 

indicated that drilling the grout-injection boreholes, which included 

opening the shaft-instrumentation sleeves (Bechtel, 1985; Saulnier, 
1987a) to prevent their being sealed by the grout, caused fluid-pressure 

decreases in the more permeable members of the Rustler such as the 

Culebra. These pressure decreases were observed at nearby observation 

well WIPP-21 and in the EXS (Stensrud and others, 1987; Saulnier and 

others, 1987). 
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The WHS was constructed as a 5.79-m-diameter shaft between November 1983 

and August 1984 (Bechtel, 1985). Special grouting methods were employed 

to seal the Culebra and Magenta dolomites. However, continued seepage 

was observed from the Culebra as well as from the other Rustler units 

(Saulnier, 1987a; Deshler and McKinney, 1988). In October 1987, an 

extensive grouting and sealing program was initiated to stop leakage from 

all members of the Rustler Formation in the WHS. The grouting procedures 

involved drilling annular rings of 16 boreholes, 0.05 m in diameter, 

through the WHS liner from 1.5 to 3 m apart vertically, and 0.6 m into 

the formations in contact with the liner. Class C cement followed by a 

chemical grout was then injected through these boreholes at pressures as 

high as 4.8 MPa to seal the liner-to-formation contact, any shrinkage 

cracks that may have developed in the liner itself, and to seal any 

incompletely sealed construction joints (Deshler and McKinney, 1988). 

Drilling and grouting of the Magenta, Culebra, and Forty-niner Members of 

the Rustler Formation occurred according to the following schedule: 

UNIT 

Culebra 

DRILLING 
DATE (Calendar 

Day) 

12/15/87(349) 

12/19/87(353) 

02/13/88(409) 

GROUTING 
DATE (Calendar 

Day) 

12/18/87(352) 

02/07/88(403) 

02/14/88(410) 

GROUT 

Cement 

Chemical 

Chemical 

Magenta 12/29/87(363) 
01/09/88(374) 
01/21/88(386) 

01/26/88(391) 

01/22/88(387) 
01/24/88(389) 

01/27/88(392) 
01/28/88(393) 
02/14/88(410) 

Cement 
Cement 

Chemical 
Chemical 
Chemical 
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UNIT DRILLING GROUTING GROUT 

DATE (Calendar DATE (Calendar 
Day) Day) 

Forty-niner 01/21/88(386) 01/21/88(386) Cement 
01/22/88(387) Cement 
01/26/88(391) 

02/13/88(409) 
01/28/88(393) Chemical 

02/14/88(410) Chemical 

The decline in the Culebra fluid pressure in H-16 from December 19, 1987 

to January 1, 1988 (Calendar Days 353 to 366) appears to have been caused 

by the drilling of the chemical-grout holes in the Culebra interval of 

the WHS liner. (Plots of the Culebra's fluid-pressure response during 

this time period are included in Section 6.0 of this report.) These 

grout holes remained open and draining until they were sealed on 

February 7, 1988 (Calendar Day 403). Similar fluid-pressure decreases 

were not noted for the Magenta or the Forty-niner because their grout 

holes were drilled and sealed on successive or near-successive days after 
the start of the drilling of the AIS pilot hole, apparently allowing 

insufficient time for any pressure decrease to be transmitted to the 

observation wells. 
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5.0 INTERPRETATION METHODOLOGY 

A consistent interpretation methodology was applied to the analysis of the 

fluid-pressure-response data from the Forty-niner claystone, Magenta 

dolomite, and Culebra dolomite in H-16. A well-test simulator was used to 

simulate the response of each individual unit to stresses induced by the 

events occurring during drilling of the pilot hole and upreaming of the 

AIS. Simulation results for different formation parameters were compared 

graphically to pressures measured in observation wells. Parameters 

providing the best simulation of observed pressures in H-16 and water-level 
responses from other observation wells were assumed to be representative of 

the unit being analyzed. The Culebra simulations were also compared to a 

single measurement of the flow rate from the Culebra to the AIS. 

5.1 GTFM Well-Test Simulator 

The GTFM well-test simulator (Pickens and others, 1987) was used for all 
interpretations. GTFM is a numeric simulator which models the response 

of a radial-flow regime to boundary conditions applied at a well located 

at the center of the flow system. Simulation results consist of 

calculated fluid-pressure responses at radial distances from the well 

corresponding to the locations of the observation wells, and of 

calculated fluid pressure, flow rate, and production volume in the well 

itself. A description of GTFM can be found in Pickens and others (1987). 

Application of GTFM to the simulation of pulse testing in low- 

permeability formations is described in Saulnier and Avis (1988). 
Assumptions inherent in the formulation of GTFM and capabilities of the 

model relevant to the AIS simulations are described below. 
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GTFM assumes that the hydrogeologic unit subject to analysis is 

horizontal, of constant thickness, and bounded above and below by 

impermeable layers. For the AIS simulations, formation thicknesses and 

formation depth were assumed identical to those described for H-16 in 

Beauheim (1987a) and are given in Table 5.1. Although both formation 

thicknesses and elevations vary over the WIPP site and surrounding area, 

variability in the immediate vicinity of the AIS is assumed to be 

minimal. Therefore, given the proximity of H-16 to the AIS, interval 
thickness values derived from H-16 are considered to be representative. 

Differences in formation thickness and elevation at the more distant 

monitoring locations, ERDA-9, WIPP-21, and H-l, will introduce 
uncertainty as to the accuracy of simulation results at the corresponding 

radii. All intervals of concern are bounded above and below by low- 

permeability anhydrite beds with little or no production potential 
(Beauheim, 1987a). Mapping in the WHS and EXS did not indicate any 

leakage from these anhydrite units (Holt and Powers, 1984, 1986) and 

these units were assumed to have had little impact on the observed fluid- 
pressure responses. 

GTFM simulates a formation of finite radial extent centered on a finite- 
radius well. The well is assumed to be the only source of hydraulic 

stress applied to the unit being analyzed. For the AIS simulations, the 

well consisted initially of the pilot hole, and after upreaming, the AIS. 

The radial extent of the formation was set at 10,000 m, large enough to 

preclude external boundary conditions from having any effects on the 

simulation results. The single-hydraulic-stress assumption is obviously 

not representative of the entire modeled area. For example, drilling and 

grouting operations in the WHS and hydraulic tests on other wells in the 

monitoring system appear to have affected water levels and observed 

pressures in the observation wells, including H-16. However, the AIS was 

the closest and most significant stress on the portion of the formation 

which includes the H-16 monitoring well. Within this area, the effects 

of any other stress events were assumed to have only minimal impact on 
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the H-16 pressure response. Water-level responses at observation-wells 

H-l, ERDA-9, and WIPP-21 were apparently more significantly affected by 

non-AIS hydraulic stresses, particularly those due to drilling and 

grouting operations in the WHS. 

Boundary conditions at the external boundary can be either fixed pressure 

or zero flow. The potential effects of external boundary conditions were 

minimized by using a large formation radius. Fixed-pressure boundary 

conditions were used in all simulations. Fluid pressures (corrected to 

the center of the water-bearing interval under consideration) measured at 
H-16 before the pilot-hole drilling intercepted the intervals (and 

applied stress to the units) were used as initial formation pressures. 

GTFM assumes that formation-fluid properties are constant. The only 

formation-fluid property required for the AIS simulations was fluid 

density. A value of 1020 kg/m^ (see Cauffman and others, 1990) was 

assumed to be representative of formation-fluid density for all three 

units of interest within the modeled area. 

GTFM allows the interval being analyzed to contain a single radially 

centered heterogeneity. The boundary of the heterogeneity is specified 

at some distance from the wellbore, thus allowing the tested formation to 

be represented by two zones with different hydraulic properties; an inner 

zone comprising the portion of the formation between the wellbore and the 

heterogeneity boundary, and an outer zone which includes the portion of 

the formation between the heterogeneity boundary and the external 
boundary of the modeled system. Formation properties such as 

transmissivity and storativity are assumed to be constant in each radial 

zone, but may be different between zones. Heterogeneities are most 

frequently used to model skin zones where, due to the effects of 

drilling, properties in the formation immediately surrounding the well 

are assumed to differ from those of the remainder of the formation. 
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However, heterogeneities may be placed at much larger radii, allowing 

simulation of the effects of larger-scale differences in formation 

properties. Both of these approaches were used in the AIS simulations. 
A skin zone was applied to portions of the Culebra simulations in order 

to simulate the effects of cement invasion, while larger-scale 
heterogeneities were used to simulate the fluid-pressure responses of the 

Forty-niner and Magenta units. 

As a numeric model, GTFM can simulate well tests with complex wellbore 

boundary conditions. Testing periods are subdivided into a number of 

discrete time intervals, known as sequences, which are distinguished by 

differing wellbore boundary conditions, due to either the type or value 

of the boundary conditions. Wellbore boundary conditions used in the AIS 

simulations consisted primarily of specified pressure corresponding to 

calculated mud overpressure during the pilot-hole drilling, and zero 

pressure after penetration of the underground facility by the pilot hole. 
A limited number of short-duration, specified-flow boundary conditions 

were also applied during the drilling period to simulate: a) the 

interval's fluid-pressure responses when the pilot hole was cemented to 

aid in reorienting the hole; and b) the apparent reduction in flow from 

the units caused by settling of drilling mud in the borehole which may 

have blocked the formations. Wellbore boundary conditions are discussed 

in greater detail in Sections 5.2 and 5.3. 

GTFM simulations are usually conducted with a constant wellbore radius. 

However, three wellbore radii were used for the AIS simulations. The 

intervals whose responses were analyzed in this report were initially 
penetrated by a 9-7/8-inch (0.25 m) diameter drilling bit. Shortly 

before penetration of the underground facility, the pilot hole was reamed 

to a diameter of 0.37 m. Subsequently, the intervals were upreamed to a 

6.17-m diameter. The effects of the different wellbore radii were 

simulated by subdividing the entire period of interest into three 

different sub-simulations corresponding to the times of the different 
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wellbore radii. For each sub-simulation performed, the pressure 
distributions over the radial extent of the modeled flow regime were 

adjusted to reflect the geometry of the subsequent sub-simulation. These 

adjusted pressure distributions were then used as initial conditions for 
the next sub-simulation. 

5.2 Drilling-Period WellBore Boundary Conditions 

As described in the following paragraphs, the actual wellbore boundary 

conditions in effect during the simulation periods corresponding to the 

drilling phase of the AIS construction were not known exactly. The 

principal areas of uncertainty were: 1) the degree to which the 

formation overpressure from the column of drilling fluid above the 

formation was reduced by mud-filter-cake skin; and 2) the lengths of time 

the formations were exposed to full-borehole mud pressure; i.e., before 

the effects of filter-cake skin affected the formations overpressured 

condition. Therefore, the approach used in the AIS simulations was to 

vary the reduced formation overpressures due to filter-cake skin 

arbitrarily, and to vary the durations of time periods with full- 
borehole-mud pressure (Section 5.2.2). These parameters were varied 

until a satisfactory match to the H-16 fluid-pressure responses was 

achieved. This approach was taken to increase the reliability of the 

simulations for the period following penetration of the pilot hole into 

the repository horizon, when the post-penetration wellbore boundary 

conditions under open and draining conditions were known with much 

greater certainty. 

During the period from the initial interception of the intervals of 

interest by the pilot hole until penetration of the underground facility, 
wellbore boundary conditions show considerable complexity. The basic 

sequence of events common to all intervals was as follows: 
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1) initial interception - the time when the 9-7/8-inch (0.25-m) 

drill bit used for drilling the pilot hole intersected the 

centers of the intervals. 

2) cementing - two cementing operations were performed to allow 

correction of excessive deviation of the pilot hole. The 

first occurred on December 26, 1987 (Calendar Day 360), when 

the hole was cemented from 190 to 93 m, affecting only the 

Forty-niner and Magenta units. The second cementation 

occurred January 6, 1988 (Calendar Day 371) when the hole 

was cemented from 259 to 195 m BGS, which affected only the 

Culebra. 

3) second unit interception - the time, after the cementation 

events, when the pilot hole intercepted the centers of the 

intervals for the second time. 

4) reaming - the time at which the 14-3/4-inch (0.37-m) reaming 

bit intersected the center of the intervals. 

5) final penetration - the penetration of the pilot hole into 

the WIPP-site underground facility on February 7, 1988 

(Calendar Day 403). 

Unit interception times for events 1, 3, and 4 were calculated based 

on hole-penetration data given in the pilot-hole DDR. Ideally, the 

wellbore boundary conditions for the periods between subsequent 

events would be described as follows: 
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Sequence 1, drilling - a fixed pressure corresponding to the 

calculated pressure at formation center due to an annulus filled 
with drilling mud. The pressure at formation center due to the 

mud filled annulus was in excess of actual formation pressure (see 

for example Stensrud, 1988a, 1988b) and is referred to as mud 

overpressure. Mud-overpressure values were calculated using a mud 

density of 1174 kg/m3, as noted in the DDR for January 13, 1988 

(Calendar Day 378), and a depth equivalent to the center of the 

interval. Calculated mud overpressures for each of the three 

intervals analyzed are given in Table 5.2. 

Sequence 2, cementation - specified flow at a flow rate of zero. 
Well diameter of 0.25 m. 

Sequence 3, drilling - same conditions as Sequence 1. 

Sequence 4, reaming - fixed pressure using the same parameters as 

Sequence 1 and a well diameter of 0.37 m. 

The actual types and values of the boundary conditions used in the 

simulations of the intervals' responses were affected by the true mud 

weight and height of the column of drilling fluid, by the amount of 

decrease in flow from the borehole to the formation due to settling of 

drilling mud in the borehole during periods when circulation was 

interrupted, and by the thickness and character of the build-up of mud 

filter cake on the face of the wellbore. The following subsections 

describe the techniques used to compensate for the effects of these 

factors. 
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5.2.1 Mud-Related Uncertainties 

The pilot hole was assumed to be constantly full of mud during drilling 
periods. This assumption is somewhat unrealistic considering that 

installing and removing the drill string during bit changes and other 

operations probably affected the mud level. In addition, this 
assumption postulated that no mud was lost to the formations during 

periods when drilling operations were suspended. Variations in mud 

levels could have caused changes in mud overpressure at the intervals, 
which in turn would have affected the fluid-pressure responses at the 

observation wells. 

A second mud-related uncertainty is the actual density of the drilling 
fluid used during drilling. Changes in drilling-fluid density due to 

variations in the amount and/or quality of makeup water and loss or 

gain of formation fluid can affect the fluid-pressure response of the 

formation. The DDR for the AIS pilot hole includes very few notations 

about the properties of the drilling fluid. 

5.2.2 Flow Reduction 

The measured formation-fluid pressures for the Forty-niner and Magenta 

intervals at H-16 (Figures 5.1 and 5.2) show periods where the fluid- 
pressure responses appear to have been affected by events consistent 

with an apparent loss of flow from the borehole to these intervals. 
The timing of the onset of these events is coincident with periods when 

pilot-hole drilling operations were suspended. Mud solids may have 

settled in the borehole when drilling-fluid circulation stopped. The 

settled solids may have partially occluded the formation causing 

reduced flow from the borehole to the intervals, thus allowing the 

interval fluid pressure to decrease toward formation pressure. 
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For the Magenta interval, flow reduction appears to have occurred over 
a nine-day period starting on December 13, 1987 (Calendar Day 347). 

During this period, drilling operations were suspended for safety 

reasons from December 13 until December 16 (Calendar Days 347 to 350). 

Drilling operations resumed with the reaming of the upper portion of 
the pilot hole to a depth of 93 m on December 20 (Calendar Day 354) . 

Drilling of the 0.25-m pilot hole resumed on December 22 (Calendar 

Day 356) and mud circulation was restored over the entire depth of the 

pilot hole. 

The H-16 fluid-pressure data indicate that flow to the Magenta was not 

restored to the interval during the first abbreviated reaming 

operation. The lack of circulation affecting the Magenta probably 

occurred because this reaming took place only in the upper portion of 

the pilot hole. 

The H-16 fluid-pressure data for the Forty-niner interval (Figure 5.1) 

indicate a flow reduction similar to that observed for the Magenta. 

However, complete loss of flow to the Forty-niner apparently did not 

occur until some time after the resumption of reaming on December 16 

(Calendar Day 347). The delay in developing reduced flow was probably 

because the Forty-niner claystone lies 5 m above the Magenta and the 

filiup of drilling solids may have taken longer to reach this interval. 

The actual reduced flow rates for the Magenta or Forty-niner intervals 
could not determined. Therefore, the reduced-flow-rate periods were 

assumed to result in complete flow loss and were simulated as 

specified-flow boundary conditions with a zero flow rate. 
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5.2.3 Filter-Cake Skin 

The H-16 fluid-pressure responses for all three units analyzed 

indicates the probable development of filter-cake skins, or the buildup 

of a layer of mud solids on the intervals' borehole faces, which 

created a flow impedance at the wellbore. The relatively flat fluid- 
pressure responses for the H-16 Magenta and Culebra (Figures 5.2 and 

5.3) intervals over the period from January 6 until February 1, 1988 

(Calendar Days 371 to 397) can be interpreted as the result of some 

mechanism substantially impeding flow into the intervals from the 

wellbore. Similarly, the almost linear rate of fluid-pressure increase 

in the Forty-niner interval over the same period (Figure 5.1) can be 

attributed to less severe flow impedance. 

Filter-cake-skin development is well understood qualitatively. One of 

the reasons for using clay-based muds is to promote formation of such 

skins, and thus prevent loss of drilling fluids to permeable 

formations. However, quantifying filter-cake skin parameters such as 

thickness and permeability, and estimating the rate of accumulation of 

the filter cake are difficult because of their dependence on drilling 
procedures and mud and formation properties (Krueger, 1986; Holditch 

and others, 1983). There are few quantitative data available on the 

actual dimensions of these filter-cake skins, primarily because the 

impact of filter-cake skins is not severe in conventional hydraulic 

testing where pretest well-development procedures are used to remove or 

ameliorate the effects of the filter-cake skins. 

The simulation of the proposed filter-cake skins was difficult 
primarily because of the lack of justifiable parameters for specifying 

the skins. Also, because GTFM can only simulate a single 
heterogeneity, simulating the filter-cake skin as a heterogeneity would 

have precluded the simulation of other, and potentially more 

significant, formation heterogeneities. As an alternative approach, 
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the reduced formation-to-wellbore permeability of the filter-cake skins 

was assumed to cause a constant pressure drop across the skins making 

them appear to the formation as a fixed-pressure boundary condition 

with wellbore pressure significantly less than the mud overpressure but 

greater than the formation pressure. 

The reduced-wellbore-pressure approach was validated by performing a 

number of scoping simulations with GTFM. The results of these 

simulations are shown in Figures 5.4 and 5.5. The formation and well- 

geometry parameters used for the scoping simulations are given in 

Table 5.3. Figure 5.4 illustrates the simulated fluid-pressure 

response at the skin/formation interface to an applied wellbore 

pressure of 2.498 MPa, 1.618 MPa above the assumed formation pressure 

of 0.88 MPa, for a range of skin hydraulic conductivities. Figure 5.4 

shows that the wellbore pressure transmitted to the formation is 

relatively constant. Figure 5.5 illustrates the differences in fluid- 
pressure responses, at a radial distance equivalent to the distance 

between the pilot hole and observation-well H-16, between simulations 

performed using a skin heterogeneity and those performed using reduced 

wellbore pressures. The reduced pressures selected for the comparison 

simulations were based on the skin/formation interface pressures from 

Figure 5.4 at a time equal to 1 day. Figure 5.5 demonstrates that 

reduced mud overpressures can produce reliable and defensible results 

when simulating the impact of filter-cake skins. 

Most periods when the formations of interest were exposed to mud 

overpressures were simulated using two or more sequences. The initial 
sequence had a relatively short duration and simulated the period 

before the build-up of a significant filter-cake skin, when full mud 

pressure was applied to the formation, as a fixed-pressure wellbore 

boundary condition. For subsequent sequences, reduced wellbore 

pressures were applied to simulate the effect of filter-cake skins on 

formation fluid pressures. 
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5.3 Wellbore Boundary Conditions After Penetration of the Underground 

Facility 

After penetration of the pilot hole into the WIPP-site underground 

facility, the complete wellbore was exposed to atmospheric pressure. 

Wellbore boundary conditions for all interval' analyzed during this 

period used a fixed wellbore pressure of 0 MPa. 

Filter-cake skins that developed on the intervals' faces before 

penetration of the WIPP-site underground facility were assumed to be 

removed as soon as the formations' flow directions reversed, because the 

removal of the drilling fluid from the pilot hole allowed the members of 

the Rustler to drain into the open hole or the AIS after upreaming. 

5.4 Formation Heterogeneities 

5.4.1 Cement-Invasion Skin 

Following cementation of the Culebra interval on January 5, 1987 

(Calendar Day 370), the fluid-pressure response of the Culebra in H-16, 

when compared to the fluid-pressure response after upreaming of the 

shaft, indicates a flow-reduction condition similar to that caused by a 

damage or skin zone (Figure 5.3). This condition persisted after the 

pilot hole was reamed and drained of drilling fluid after penetration 

of the underground facility. To simulate the Culebra's fluid-pressure 

response after cementation, a radially-oriented cement-invasion skin 

was added to the Culebra for the post-cementation drilling and reaming 

periods and for the draining of the Culebra before upreaming 

intercepted the Culebra. The vuggy and fractured nature of the Culebra 

dolomite enhances its permeability and probably allowed relatively easy 

penetration of the cement grout into the formation. 
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The cement-invasion skin zone was assumed to be a radial zone with a 

finite thickness having a permanent reduced permeability due to the 

presence of cement in the formation. The cement was assumed to be 

responsible for the formation's slower response times and relatively 
higher pressures during the post-cementation drilling and reaming 

periods. 

The simulations accounted for the cement-invasion skin by specifying a 

radial zone with an assigned permeability lower than that of the rest 
of the formation. In contrast to the use of reduced-wellbore-pressure 

boundary conditions to simulate the effect of filter-cake skins as 

described in Section 5.2.3, GTFM treated the cement-invasion skin as a 

formation heterogeneity. The thickness and permeability of the cement- 

invasion-skin heterogeneity were determined in an iterative manner by 

varying these parameters until a suitable match of observed and 

simulated data for the Culebra's drilling and reaming periods was 

achieved. Detailed descriptions of the use of the cement-invasion skin 

in the analysis of the Culebra fluid-pressure response to the 

construction of the AIS accompanies the discussion of the Culebra 

simulations in Section 6.1 

5.4.2 Radial Heterogeneity Boundaries 

The H-16 fluid-pressure responses of the Magenta dolomite and the 

Forty-niner claystone indicated that these units behaved as 

heterogeneous formations. The formation heterogeneities were assumed 

to correspond to zones of differing permeability within the formations. 
The radial-flow model employed by GTFM dictates that formation 

heterogeneities can only be included as radial boundaries at specified 

distances from the pumping, injection, or, in the case of the AIS, 

draining well. The direction to and physical character of the actual 

boundaries must be derived from hydrogeologic and structural data. 
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The simulation of the H-16 fluid-pressure responses of the Magenta and 

Forty-niner included specified formation transmissivities for inner 

(near-field) and outer (far-field) zones radially oriented about the 

AIS. The distances to the radial boundaries for both units and the 

inner and outer transmissivities were determined empirically by varying 

these parameters until achieving satisfactory matches of observed and 

simulated data. Detailed descriptions of the use of the radial- 
heterogeneity boundaries used in the analysis of the Magenta and Forty- 

niner fluid-pressure responses to the construction of the AIS 

accompanies the discussions of their simulations in Sections 6.2 and 

6.3, respectively. 

5.5 Diffusivity Relationship 

As mentioned previously, with the exception of several short-duration 

zero-flow boundary conditions, fixed-pressure boundary conditions were 

applied at the wellbore the majority of the time. As a result of the 

fixed-pressure boundary condition and the radial flow system simulated by 

GTFM, unique formation responses at observation wells are a function of 

the value of formation diffusivity, which is defined as: 

T 
D (5-1) 

where: D - diffusivity [l^t-1] 
T = transmissivity [L^fl] 
S - storativity [] 

Therefore, simulated interval responses cannot be used to provide 

completely independent estimates of transmissivity and storativity. 
Rather, the parameters are lumped, thus providing a single term to 

characterize the individual intervals. 
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The approach used in the AIS simulations was to fix storativity at a 

value assumed to be representative of the units analyzed. These data 

were based on values determined by analyzing the results of previous 

tests conducted at the WIPP site (Beauheim, 1987a, 1987b; Gonzalez, 1983; 

Mercer, 1983; and Saulnier, 1987b) and a review of published estimates of 
the intervals' rock and fluid properties (Touloukian and others, 1981). 

After fixing the storativity, transmissivity was varied over appropriate 

ranges until satisfactory simulations were achieved. Simulation of the 

fluid-pressure responses of the Magenta and Forty-niner used formation- 

heterogeneity boundaries at various radii. Utilizing these boundaries, 

those parameters or parameter combinations which produced the closest 
matches between simulated and observed observation-well fluid-pressure 

responses were determined to be most characteristic of the intervals 
being simulated. 

Interval transmissivities were calculated for the selected fixed 

storativities and the upper and lower limits of storativity assumed to be 

representative of the intervals whose fluid-pressure responses were 

analyzed (see Section 8.1). Upper- and lower-transmissivity limits were 

calculated from equation 5-1 and were not independently simulated. 
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INTERVAL 

Forty-Niner 
Clays tone 

Magenta 
Dolomite 

Culebra 
Dolomite 

Depth [meters] 

Top 
Bottom 
Center 

Thickness [meters] 

171.480 
174.894 
173.187 

3.414 

179.893 
187.635 
183.764 

7.742 

214.122 
220.797 
217.460 

6.675 

Drawn by 

Checked by 

Date 

Date 
Depths and Thicknesses of the Rustler Units 
Analyzed at H-16 

Revisions Date 

I NTLRJ\ Technologies Table 5.1 
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Depth to Interval 
Center 

[meters] 

Mud Overpressure 

[MPa] 

Interval 

^orty-Niner 
Magenta 
Culebra 

173.187 
183.764 
217.460 

1.9895 
2.1110 
2.4980 

Drawn by 

Checked by 

Revisions 

Date 

Date 

Date 

Calculated Rustler-Unit Mud Overpressures for 
Simulation of the Drilling Periods of the AIS- 
Pilot-Hole 

I NTER!\ Technologies Table 5.2 
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FILTER-CAKE SKIN SIMULATION PARAMETERS 

Formation Parameters 

Formation transmissivity 
Formation storativity 

Skin Parameters 

Radial thickness of skin 
Skin-zone storativity 
Skin hydraulic conductivity 

Value #1 
Value #2 
Value #3 
Value #4 
Value #5 

1.30003E-07 
9.99998E-06 

10.0 
9.99998E-06 

l.OOOOOE-09 
3.00000E-10 
l.OOOOOE-10 
6.00000E-11 
3.00000E-11 

[m2/s] 

[mm] 
[ ] 

[m/s] 
[m/s] 
[m/s] 
[m/s] 
[m/s] 

Other Parameters 

Test-interval length 
Test-interval radius 
Wellbore pressure 
Static formation pressure 
Fluid density 

Calculated Skin Factor 

6.675 
125 
2.4980 
0.8800 

1020.00 

[m] 
[mm] 

[MPa] 
[MPal 

[kg/m3: 

Case #1 
Case #2 
Case #3 
Case #4 
Case #5 

Ks 

[m/sec] 

l.OOOOOE-09 
3.00000E-10 
l.OOOOOE-10 
6.00000E-11 
3.00000E-11 

Skin Factor 
[ ] 

1.421909E+00 
4.919273E+00 
1.491174E+01 
2.490421E+01 
4.988538E+01 

Drawn by 

Checked by 

Date 

Date Parameters for Simulations Including Filter- 
Cake Skin 

Revisions Date 

I NTER!\ Technologies Table 5.3 
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6.0 ESTIMATION OF TRANSMISSIVITIES 

The transmissivities of members of the Rustler Formation were estimated by 

comparing simulation results from the GTFM well-test simulator to: the 

observed fluid-pressure responses of those members in H-16; water-level 
responses in observation wells H-l, WIPP-21, and ERDA-9 completed to the 

Culebra dolomite near the AIS; and a single flow-rate measurement from the 

Culebra dolomite to the AIS after upreaming the AIS. 

The drilling of the AIS pilot hole included periods of drilling, 
cementation, and reaming which provided a rather complex drilling history 

(see Sections 3.0 and 5.2). Transmissivities were estimated with GTFM 

after including the most important elements of the drilling history as they 

were reflected in the fluid-pressure responses at H-16. Figure 6.1 shows 

the H-16 fluid-pressure responses for all members of the Rustler isolated 

in the H-16 borehole during the drilling/reaming of the pilot hole and the 

upreaming of the AIS. These responses were used to develop the GTFM test 

sequences used to simulate the responses of the Culebra dolomite, the 

Magenta dolomite, and the Forty-niner claystone. The simulations were 

performed for a range of transmissivity values indicating the order of 

magnitude and variability of formation transmissivity. 

Figure 6.1 also shows that the fluid-pressure responses of the Tamarisk and 

unnamed lower members of the Rustler were not suitable for analysis to 

estimate their transmissivities. The unnamed lower member fluid pressure 

did not appear to respond to the construction of the AIS. The large and 

sudden pressure decrease shown on Figure 6.1 on Calendar Day 650 was due to 
a slug-withdrawal test of the unnamed lower member designed to establish 

whether or not its pressure transducer was operating properly. The fluid- 
pressure data from the Tamarisk Member show continued adjustment with no 

identified trend during the pre-AIS period. Because the data did not 

appear to approach a stable pre-AIS formation pressure, they could not be 

used with confidence to estimate the Tamarisk's hydraulic parameters. 
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The following sections will describe the GTFM simulation and analysis of 

the fluid-pressure responses of the Culebra dolomite, the Magenta dolomite, 

and the Forty-niner claystone. The simulations will be compared to their 
H-16 fluid-pressure responses and the responses of other observation wells 

near the WIPP site. As discussed in Section 5.5, the boundary conditions 

applicable to the simulations resulted in the treatment of transmissivity 
and storativity parameters as the combined parameter diffusivity. 
Published estimates of formation hydraulic properties for the WIPP site 
show that there is much less variability in storativity than in 

transmissivity. Therefore, to determine representative values of 

transmissivity, a fixed storativity value of 1 x 10'^, consistent with the 

published literature on testing at the WIPP site (Gonzalez, 1983; Mercer, 

1983; Beauheim, 1987b; LaVenue and others, 1988), was used for all 
simulations. In the summary of results presented in Section 8.0, the 

transmissivities are calculated for a range of storativities assumed to be 

representative of the intervals studied. Refer to Table 1.1 for the 

nomenclature used for the simulation parameters in the text and on the 

figures and tables. 

6.1 Culebra Dolomite 

The Culebra dolomite's fluid-pressure response to the construction of the 

AIS was simulated using the methodology described in Section 5.2. The 

analysis was based on the fluid-pressure response of the Culebra as 

measured in H-16 (Figure 6.2). Because of the complex history of the 

drilling and reaming of the pilot hole, more weight was given to the 

fluid-pressure data observed after the pilot hole penetrated the 

underground facility. The GTFM simulations of the Culebra dolomite's 

fluid-pressure response were compared to the observed fluid-pressure 

response at H-16, water levels measured at observation wells H-l, ERDA-9, 

and WIPP-21 (Figure 6.3), and a single flow-rate measurement of 0.056 L/s 

from the Culebra to the AIS measured on October 28, 1988 (Calendar 

Day 667) (R. Deshler, IT Corporation, written communication, December 
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1988). The flow-rate measurement may be somewhat uncertain because some 

of the following factors may have affected the measurement: evaporation 

in the AIS was not taken into consideration; the water ring may not have 

captured all the flow from the Culebra; and small amounts of water from 

grouting operations higher in the AIS and from a leaking water connection 

on the AIS conveyance system may have contributed to the measured flow 

rate. In spite of the potential inaccuracies, the estimate of 0.056 L/s 

is considered good and was corroborated by an informal INTERA estimate of 

0.063 L/s made during an AIS inspection on October 26, 1988 (Calendar 

Day 665) (Saulnier, INTERA Inc. internal memorandum, October 28, 1988). 

Six simulations were used to analyze the Culebra dolomite's fluid- 
pressure response. The simulations are distinguished by differences in 

the simulation's formation transmissivity and by the inclusion or non- 

inclusion of a cement-invasion skin immediately surrounding the pilot 
hole as described in Section 5.4. The simulations indicate the range of 

variability in transmissivity and sensitivity to use of the cement- 

invasion-skin heterogeneity. 

As discussed in Section 5.2, the actual wellbore boundary conditions 

during the pilot-hole drilling and reaming phases were uncertain. 
Simulation of this period required assumed wellbore pressures and flow 

rates to account for the events which occurred during the 

drilling/reaming period and to approximate the effect of filter-cake skin 

at the wellbore-formation interface. Using an iterative approach, the 

boundary conditions which provided the best simulation of the H-16 fluid- 
pressure data observed during this period were assumed to be 

representative of the formation's hydrologic conditions. 
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The simulation period for the Culebra was divided into six discrete time 

segments (Figure 6.2), the first four of which cover the drilling/reaming 
phase (Figures A.I to A.6, Appendix A). The observed H-16 formation 

fluid pressures for the drilling/reaming phase are shown in Figure 6.4. 
Segments 1, 3, and 4 were simulated with fixed- wellbore-pressure 
boundary conditions. As discussed in Section 5.2.3, the effect of a 

filter-cake skin was simulated, when necessary, by subdividing the 

drilling and reaming periods and applying reduced pressures to simulate 

the effects of the assumed filter-cake skin. The period durations and 

reduced pressures applied for each segment of the Culebra dolomite 

simulation are given in Table 6.1. Figures A.I through A.6, Appendix A, 

show the prescribed and simulated wellbore pressures during the 

drilling/reaming period for each of the Culebra simulations. (Note that 

for the period after cementation when the Culebra was isolated from the 

pilot hole, the formation's fluid-pressure response was simulated using a 

specif led-flow boundary condition with a flow rate of 0.0 L/s to simulate 

the effects of flow loss due to cementation.) 

After the drilling period, the period when the Culebra was open and 

draining through the pilot hole and/or the AIS to the underground 

facility was simulated using fixed-pressure wellbore boundary conditions 

with a value of 0.0 MPa, corresponding to atmospheric pressure. The well 

diameters used in the simulations were 0.25 m for the pilot hole, 0.37 m 

for the reaming period, and 6.17 m for the post-upreaming period 6. 

All Culebra simulations assumed a static formation pressure of 0.88 MPa 

before the start of the simulations. This value was based on the Culebra 

fluid pressure in H-16 (Figure 6.4) immediately before the initial 
interception of the interval by the pilot hole. 
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6.1.1 Simulation Results 

The Culebra simulations are described as follows: 

Simulation 1 - Matching The H-16 Fluid-Pressure Response, No Cement- 

Invasion-Skin Zone 

Because of the complex borehole history before penetration of the 

underground facility, the first Culebra simulation was intended to 

provide an initial transmissivity estimate by matching the H-16 fluid- 
pressure data during the period between penetration of the underground 

facility and interception of the Culebra by the upreaming of the AIS. 

The simulation was conducted using homogeneous formation properties 

with a formation transmissivity of 2.6 x 10"8 m2/s. The simulated 

formation pressures at the radii of H-16 and the other observation 

wells are shown in Figures 6.5 and 6.6, respectively. The simulated 

flow rate for Calendar Day 667 was 0.0031 L/s. Figure 6.5 shows that 

the simulated fluid-pressure response during the period before 

upreaming agrees ,with the observed H-16 response, but that the 

simulated response after upreaming does not agree. Figure 6.6 shows 

that the simulations of the observation-well responses are poor. 

Simulation 2 - Matching The H-16 Fluid-Pressure Response With A Cement- 

Invasion-Skin Zone 

The first simulation indicated a need for increased formation 

transmissivity. However, an increase in transmissivity, while 

maintaining homogeneous formation parameters, adversely affected the 

match to the H-16 data during the post-penetration/pre-upreaming 

period. To account for this apparent difference in formation 

transmissivity, a heterogeneity in the form of a reduced-permeability 

skin zone surrounding the pilot hole caused by cement invasion after 
cementation of the Culebra interval (see Section 3,1.1) was added to 
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the post-penetration/pre-upreaming period to restrict the formation's 

fluid-pressure response. The DDR for January 8, 1988 reports "cement 

and sand" in the cuttings during the period when the Culebra unit was 

redrilled following cementation, indicating that the Culebra was 

probably in contact with, and may have been invaded by, cement. 

The second simulation included a cement-invasion-skin heterogeneity 

during the period from redrilling following cementation until Culebra 

interception by the AIS upreaming. The skin zone was a radial 
heterogeneity with a radius of 0.24 m from the borehole center and a 

transmissivity of 3.0 x 10"9 m2/s. The formation transmissivity used 

in the simulation was 1.3 x 10" 7 vft/s, almost 2 orders of magnitude 

higher. This combination of parameters yielded a calculated skin 

factor of 3.64 during the drilling phase and 1.44 during the period 

between pilot hole reaming and AIS upreaming. The skin factor 
quantifies the pressure difference between the borehole and the 

formation across a thin skin zone at the borehole-formation interface. 
The skin factor indicates the degree of damage (positive skin factor) 

or improvement (negative skin factor) at the borehole-formation 

interface. The choice of skin-zone parameters was based on those 

parameter combinations that provided the best match to the H-16 fluid- 
pressure data. Simulation results for formation fluid pressures at the 

radius of H-16 and the other observation wells are shown in Figures 6.7 

and 6.8. Figure 6.7 shows that the simulation results closely match 

the H-16 fluid-pressure response. However, although the simulated 

responses at the observation wells was improved compared to the first 
simulation (Figure 6.6), Figure 6.8 indicates that a further increase 

in formation transmissivity was required to match data from those wells 

adequately. 

The simulated flow rate for Calendar Day 667 was 0.013 L/s, 
significantly less than the measured flow rate of 0.056 L/s, a further 

indication that an increase in formation transmissivity was needed. 
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Simulation 3 - Matching the Culebra-to-AIS Flow Rate Using a Cement- 

Invasion-Skin Zone 

The third simulation attempted to match the flow rate from the Culebra 

to the AIS of 0.056 L/s measured on Calendar Day 667. A cement- 

invasion-heterogeneity was included in the simulation to provide an 

acceptable match to the H-16 fluid-pressure-response data for the post- 

penetration/pre-upreaming period. The calibrated simulation parameters 

were a formation transmissivity of 6.6 x 10"7 m2/s, a skin-zone 

transmissivity of 6.0 x 10'^ m2/s, and a skin-zone radius of 0.48 m. 

The calculated skin factor was 10.26 for the drilling period and 4.05 

for the post-reaming period. The simulations are presented in Figures 

6.9 and 6.10. Figure 6.10 indicates reasonable agreement with the 

general character of the observed data for wells ERDA-9 and WIPP-21, 

but relatively poor agreement with the observed data for H-l. The 

calculated flow rate at Calendar Day 667 was 0.058 L/s, which compares 

favorably with the measured value of 0.056 L/s. 

Simulation 4 - Matching Observation-Well Data Using a Cement-Invasion- 

Skin Zone 

The fourth simulation included a cement-invasion skin, and used a 

formation transmissivity midway between those used for simulations 2 

and 3. This simulation was intended to provide a more reasonable match 

to the water-level response in H-l and to provide additional 
sensitivity to the range of formation transmissivities needed to match 

the WIPP-21 and ERDA-9 data. The simulation used a formation 

transmissivity of 2.6 x 10"7 m2/s and assumed a cement-invasion-skin 

zone with a radius of 0.48 m and a transmissivity of 3.5 x 10"9 m2/s. 

The calculated skin factors were 6.72 and 2.65 for the drilling period 

and the period following pilot-hole reaming, respectively. Simulated 

and observed fluid-pressure and water-level responses for these 

simulations are presented in Figures 6.11 and 6.12. The Culebra flow 

rate to the AIS for this simulation was 0.025 L/s for Calendar Day 667, 
a little more than half that calculated for simulation 3. 
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Simulations 5 and 6 - Sensitivity of H-16 Fluid-Pressure Response to 

Cement-Invasion-Skin Zone 

Figure 6.13 shows the results of two simulations using the formation 

transmissivities from simulations 2 and 3 (1.3 x 10-7 m2/s and 

6.6 x 10-7 m2/s, respectively) without including a cement-invasion-skin 

zone. The simulations show the sensitivity of the simulated fluid- 
pressure response of the Culebra in H-16 to the use of a cement- 

invasion-skin zone. The cement-invasion-skin zone has relatively 
little impact on the simulated results for the period after upreaming. 

The primary effect of adding the cement-invasion-skin zone was to 

retard the formation response during the period when the Culebra was 

draining to the pilot hole and improve the overall match to the 

observed fluid-pressure response. 

6.1.2 Discussion of Simulation Results 

Assuming a storativity of 1 x 10"^, the estimated Culebra 

transmissivities and the principal assumptions for the simulations 

presented above can be summarized as follows: 

ESTIMATED CULEBRA TRANSMISSIVITY SIMULATION ASSUMPTIONS 

2.6 x 10-8 m^/s Match to H-16 Fluid-Pressure Response 

Homogeneous Properties, 
No Cement-Invasion-Skin Zone 

1.3 x 10-7 sft/s Match to H-16 Fluid-Pressure Response, 

Cement-Invasion-Skin Zone 

6.6 x 10-7 n^/s Match to the Culebra to AIS Flow Rate 

Cement-Invasion-Skin Zone 

2.6 x 10-7 n^/s Match to H-l Water-Level Response 

Cement-Invasion-Skin Zone 
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The estimated values of formation transmissivities from the four 

calibration simulations range from 2.6 x 10"8 m^/s to 6.6 x 10"7 m2/s. 

The lower value determined from the first simulation is considered 

unrepresentative due to the inadequate match of the simulation results 

to the post-upreaming fluid-pressure data from H-16, the water-level 
responses at the observation wells, and the underestimate of flow to 

the AIS. A revised range of estimated transmissivities for the Culebra 

is therefore 1.3 x 10-7 n^/s to 6.6 x 10-7 m2/s. The value of 

6.6 x 10'7 m^/s appears to be the most representative of the Culebra 

between the AIS and H-16, between the AIS and ERDA-9, and between the 

AIS and WIPP-21. Simulation 3, which used this value, has the best 

match to the H-16 and observation-well data, and Simulation 3 provided 

the best estimate of the flow rate from the Culebra to the AIS. A 

transmissivity value of 2.6 x 10"7 m2/s for the Culebra appears to 

provide the best approximation of the H-l response. It should be 

noted, however, that the simulations of the observation-well responses 

are less certain because other hydrologically-related influences (see 

Section 4.0) affecting the observation-well water-level responses, such 

as the WHS grouting, water-quality sampling, and the H-ll 
multipad/tracer test, were not included in this analysis. 

Figure 6.14 shows simulated flow rates from the Culebra to the AIS for 
the four principal simulations for the period after upreaming. The 

shapes of the flow-rate curves are similar, with the differences in the 

magnitudes of the rates being relative to the differences in simulated 

formation transmissivities. 
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6.2 Magenta Dolomite 

The analysis of the fluid-pressure response of the Magenta dolomite in 

H-16 (Figure 6.15) was performed using a methodology similar to that 

described in Section 6.1.1 for the Culebra dolomite. The H-16 fluid- 
pressure response (Figure 6.15) was the only observed data with which to 

compare the simulated results. No measurements of the flow from the 

Magenta to the AIS were available to use for simulation calibration. 
Personnel mapping the geology in the AIS reported one 0.9-m and one 1.5-m 

"damp" zone in the Magenta interval (R. Holt and R. Williams, 
International Technologies, personal communication, October 26, 1988). 

As was noted in the analysis of the Culebra dolomite (Section 6.1), the 

complexity of the drilling/reaming period meant that the simulation 

results were best judged by comparing the simulated fluid-pressure 
response, at a radius equivalent to the distance between the AIS and 

H-16, to the observed fluid-pressure data from H-16 after the pilot hole 

penetrated the underground facility because borehole conditions were 

known with the most certainty during this period. 

Wellbore boundary conditions for the Magenta dolomite simulations were 

specified in a similar manner as discussed for the Culebra dolomite. The 

simulation period for the Magenta was divided into eight discrete time 

segments (Figure 6.15), the first six of which covered the 

drilling/reaming phase (Figures A.7 to A.16, Appendix A). Segments 1, 3, 

5, and 6 were simulated with fixed-wellbore-pressure boundary conditions. 

Where required, the effects of a filter-cake skin (see Section 5.2.3) 

were simulated by subdividing the segments into two or more periods and, 

where necessary, reduced pressures were applied to simulate the effects 

of the assumed filter-cake skin. The period durations and reduced 

pressures applied for segments 1, 3, 5, and 6 of each simulation are 

given in Table 6.2. Table 6.2 shows that the assumed filter-cake skin 

was not required for some segments of some of the sensitivity 
simulations. For these segments, the H-16 pressure response during the 

drilling/reaming phase was either reproduced satisfactorily with full mud 
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pressure or could not be reproduced. Specified flow boundary conditions, 

with a flow rate of 0.0 L/s were applied for segments 2 and 4 to simulate 

the effects of flow loss due to mud settling and cementation, 

respectively. 

The observed H-16 fluid pressures for the Magenta during the 

drilling/reaming phase are shown in Figure 6.16. Figures A. 7 through 

A. 16, Appendix A, show the prescribed (segments 1, 3, 5, and 6) and 

simulated (segments 2 and 4) wellbore pressures for the drilling/reaming 

period for each of the Magenta simulations and the simulated formation 

fluid pressure at H-16 for the drilling/reaming period. 

A static formation pressure of 0.928 MPa was used as the initial 
condition for the Magenta dolomite simulations. This value was based on 

the Magenta's fluid pressure in H-16 before the initial interception of 

the interval by the pilot hole. The pressure measured at H-16 before 

drilling the pilot hole is constant, indicating that the selected 
formation pressure is representative of the interval. 

6.2.1 Simulation Results 

Ten simulations of the Magenta's fluid-pressure response in H-16 were 

conducted. Two simulations, with and without formation-heterogeneity 

boundaries, compare the simulated data to the Magenta's observed H-16 

fluid-pressure response. Eight simulations were performed to show the 

simulations' sensitivity to formation heterogeneity. 

6-11 



The Magenta simulations are described as follows: 

Simulation 1 - Match to the H-16 Fluid-Pressure Response, 

Homogeneous Formation 

The first simulation (Figure 6.17) shows the best match to the H-16 

fluid-pressure response using homogeneous formation properties and a 

formation transmissivity of 2.5 x 10"^ vft/s. Although the match 

appears adequate for the late portion of the post-reaming/pre-upreaming 

period and only slightly underestimates the post-upreaming period, the 

match was unacceptable for the early and middle portions of the post- 

reaming and post-upreaming periods when the pilot hole or the AIS was 

open and the Magenta was draining. Additionally, the simulated flow 

rate from the Magenta to the AIS on Calendar Day 667 was 0.21 L/s, four 

times higher than the 0.056-L/s flow rate measured for the Culebra 

interval (see Section 6.1). This simulated flow rate is inconsistent 

with the geologist's report of only "damp" zones in the Magenta in the 

AIS (R. Holt and R. Williams, International Technologies, personal 

communication, October 26, 1988) an indication that the transmissivity 

of the Magenta interval is probably considerably lower than that of the 

Culebra. 

The H-16 fluid-pressure response of the Magenta, unlike that of the 

Culebra interval, did not appear as if a cement-invasion skin was 

affecting the Magenta's H-16 response because of the simulation's good 

late-time matches to both the pilot-hole and AIS draining periods. 

Moreover, the shape of the H-16 fluid-pressure-response curve for the 

post-drilling/reaming period was consistent with that expected for a 

heterogeneous formation, indicating the need to simulate the Magenta's 

response as the result of a heterogeneous formation with a hydrologic 

boundary at some distance from the AIS. 
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Simulation 2 - Match to the H-16 Fluid-Pressure Response, 

Heterogeneous Formation 

For the second simulation, the Magenta was divided into two radial 

zones with different transmissivities separated by a hydrologic 

boundary. The inner zone included the portion of the formation between 

the wellbore and the heterogeneity boundary. The outer zone consisted 

of the portion of the formation between the heterogeneity boundary and 

the external boundary of the modeled system. The three parameters 

which define the heterogeneity are: T^, the inner-zone transmissivity; 

To, the outer-zone transmissivity; and rb, the radius to the boundary 

between the two zones. 

The Magenta's fluid-pressure response was simulated with a T^ of 

8.0 x 10-8 m2/s, a To of 4.0 x 10-8 m2/s, and an rb of 40 m. 

Figure 6.18 shows that the match to the H-16 fluid-pressure response is 

very good over the entire duration of the pilot-hole draining period 

and the early-time period after the Magenta was intersected by 

upreaming, and acceptable over the mid- and late-time portions of the 

post-upreaming period. Furthermore, the simulated flow rate of 

0.0063 L/s for Calendar Day 667 is more consistent with the reported 

"damp" zones in the Magenta. 

After achieving a reasonable match to the Magenta's fluid-pressure 

response using a formation-heterogeneity boundary, sensitivity 
simulations were performed to provide an indication of the ranges of 

T^, To, and rb. Following is a discussion of these simulations, 

numbers 3 through 10. 
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Simulations 3 through 8 - Sensitivity of the Heterogeneity Parameters 

of the Simulation of the Magenta's H-16 Fluid-Pressure Response 

Six simulations were performed to assess the sensitivity of the Magenta 

simulation using a formation-heterogeneity boundary. For each 

simulation, one of the three heterogeneity parameters was changed while 

the remaining two parameters were the same as the values used in 

simulation 2. For TQ and T^, values approximately ± one half an order 

of magnitude of the calibration values were used for sensitivity, while 

rb was increased and decreased by a factor of two. Simulations 3 and 4 

used Tj/s of 2.5 x 10-8 n^/s and 2.5 x 10-7 n^/s, respectively; 
simulations 5 and 6 used TQ'S of 1.3 x 10" 8 m2/s and 1.3 x 10" 7 m2/s, 

respectively; and simulations 7 and 8 used r^'s of 20 and 80 m, 

respectively. The results of the sensitivity simulations are presented 

in Figures 6.19 through 6.22. Figures 6.19, 6.20, and 6.21 show the 

simulated results for simulations 3 and 4, 5 and 6, and 7 and 8, 

respectively, for the entire simulation period. Figure 6.22 shows 

semi-log plots which compare the results of the sensitivity simulations 

with the best-match simulation for the period between penetration of 

the underground facility and Magenta interception by upreaming. Figure 

6.22 illustrates explicitly the two-transmissivity nature of the 

heterogeneous formation response. The early-time magnitude of the 

simulated fluid-pressure response at H-16 is largely dependent on the 

inner-zone transmissivity (Figure 6.22a). Although there are 

differences in the magnitude of the simulation's late-time fluid- 
pressure response, Figure 6.22a shows that the shape of the late-time 

curve is similar for all values of T^. In contrast, Figure 6.22b 

illustrates that the value of TQ primarily affects the simulation of 

the late-time fluid-pressure response while having very little impact 

on the early-time behavior. Figure 6.22c shows that changing the 

radius of the heterogeneity boundary primarily affects the time of the 

transition between inner- and outer-zone-dominated fluid-pressure 

responses. 
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Simulations 9 and 10 - Homogeneous-Formation Characterization Showing 

Sensitivity to T^ and To of the Best-Match Heterogeneous 
Characterization 

Simulations 9 and 10 show the Magenta's simulated fluid-pressure 
response using a homogeneous-formation characterization with formation 

transmissivities equal to the inner- and outer-zone transmissivities of 

the best-match heterogeneous simulation. Figure 6.23 shows the 

simulated fluid-pressure responses at H-16 for a homogeneous formation 

with transmissivities equal to 8.0 x 10"8 m2/s and 4.0 x 10"8 m2/s. 

6.2.2 Discussion of Simulation Results 

Simulation 1 indicated that the portion of the Magenta dolomite 

responding to the influence of the pilot hole/AIS does not exhibit 

behavior consistent with homogeneous formation properties. Therefore, 

heterogeneous-formation parameters were used in simulation 2 in an 

attempt to describe the assumed heterogeneity. However, the 

description is probably not unique, and simulation of the pilot hole 

drilling/AIS upreaming using models with other geometries, such as a 

two-dimensional cartesian flow regime, could result in different 
descriptions of the formation properties. Indeed, this is likely the 

case as the formation heterogeneities simulated in the heterogeneous 

simulations assume radial symmetry. The likelihood of radial symmetry 

in formation transmissivity is remote. Furthermore, the abrupt spatial 
change in properties used in the GTFM simulations, where the 

transmissivity decreases by a factor of two at a discrete boundary, is 

also unlikely. 
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The physical basis for a formation-heterogeneity boundary in the 

Magenta is not immediately evident. Only a limited number of test 
wells are completed to the Magenta and extensive aquifer testing of 

this unit has not been performed (Mercer, 1983). While core samples 

from the Magenta indicate a rather uniform geologic character to this 

formation, Snyder (1985) describes patterns of halite dissolution in 

the Rustler Formation which may have led to fracturing of the Magenta. 

Areal differences in fracturing of the formation, such as could develop 

in response to halite dissolution, could result in heterogeneity in the 

areal distribution of the formation's hydrogeologic properties. This 

heterogeneity could affect its fluid-pressure response to major 

hydraulic stresses. 

Notwithstanding the preceding discussion, the high sensitivity of 

simulated formation response to changes in the heterogeneity properties 
indicates that formation transmissivities used in the heterogeneous- 

formation-characterization simulations give a reasonable approximation 

of effective formation properties for the Magenta dolomite near the 

AIS. Therefore, the inner- and outer-zone transmissivities of 

8.0 x 10-8 n^/s and 4.0 x 10-8 n^/s are considered representative of 

the effective transmissivities for the Magenta dolomite in that area. 

6.3 Fortv-Niner Clavstone 

The analysis of the H-16 fluid-pressure response of the Forty-niner 
Member of the Rustler Formation in H-16 was performed with the same 

procedures used to analyze the Magenta dolomite's response (see Section 

6.2). Although the entire Forty-niner was monitored in H-16, the fluid- 
pressure response was assumed to be derived from the Forty-niner 
claystone unit (see Beauheim, 1987a for Forty-niner drill-stem-test 
results). The basic methodology for all simulations is described in 

Section 5.2 with certain modifications as described in the following 

paragraphs. 
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The H-16 fluid-pressure response (Figure 6.24) was the only observed data 

with which to compare the simulated results. No flow-rate measurements 

were made from the Forty-niner at the AIS. Geologic mapping of the 

Forty-niner interval in the AIS indicated only that the unit was "moist" 

(R. Holt and R. Williams, International Technologies, personal 
communication, October 26, 1988). As was the case for the Culebra and 

Magenta dolomites, because of the complex drilling/reaming-period 

history, the Forty-niner's simulated fluid-pressure response at a radius 

equivalent to the distance between the AIS and H-16 was compared to the 

observed fluid-pressure response in H-16 primarily for the period after 

penetration of the underground facility by the pilot hole. 

Unlike that of the more permeable Culebra and Magenta dolomites, the 

Forty-niner claystone's H-16 fluid-pressure response to events in the AIS 

was often delayed by periods of a day or more. For example, according to 

the DDR, the Forty-niner interval was penetrated on December 11, 1987 

(Calendar Day 345) while the observed H-16 formation fluid pressure did 

not definitively deviate from the constant pre-drilling pressure until 
Calendar Day 347. Consequently, a direct connection between an event 

described in the DDR and the Forty-niner's resulting H-16 fluid-pressure 

response was sometimes difficult to establish. Therefore, the DDR was 

used to determine segment durations and the Forty-niner's H-16 fluid- 
pressure response was used only to corroborate the timing of events. 

Preliminary simulations indicated that the Forty-niner interval exhibited 

similar but more extreme heterogeneous behavior than that previously 

described for the Magenta dolomite. Consequently, the simulation 

approach for the Forty-niner claystone was identical to that performed 

for the Magenta dolomite. Wellbore boundary conditions for the Forty- 

niner claystone simulations were specified in a similar manner as 

discussed for the Culebra dolomite in Section 6.1.1. Like the Magenta 
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dolomite, the simulation period for the Forty-niner claystone was divided 

into eight discrete time segments (Figure 6.24), the first six of which 

covered the drilling/reaming phase (Figures A. 17 to A.26, Appendix A). 
The observed H-16 fluid-pressure response for the drilling/reaming period 

covered the first six segments as shown on Figure 6.25. Segments 1, 3, 

5, and 6 of the drilling/reaming period were simulated with fixed- 

wellbore-pressure boundary conditions. As discussed in Section 6.2.1 for 
the Magenta simulations, some of the simulations did not require the use 

of filter-cake skin to reproduce the H-16 pressure response. The period 

durations and reduced pressures applied for segments 1, 3, 5, and 6 of 

each simulation of the drilling/reaming period are given in Table 6.3. 
Specif led-flow boundary conditions with a flow rate of 0.0 L/s were 

applied for segments 2 and 4 to simulate the effects of flow loss due to 

mud settling and cementation, respectively. Figures A. 17 through A. 26 

display the prescribed (segments 1, 3, 5, and 6) and simulated (segments 
2 and 4) wellbore pressures for each of the Forty-niner claystone 

simulations and the simulated formation fluid pressure at H-16 for the 

drilling/reaming period. (Note that when the Forty-niner was isolated 
from the borehole during cementation, the formation's fluid-pressure 

response was simulated with a specified 0.0 L/s boundary condition 

simulating flow loss from the lower pressured borehole.) 

The Forty-niner's formation fluid pressure observed at H-16 before the 

start of the drilling of the pilot hole was 0.796 Mpa (Figure 6.25). 
This pressure was used as the static formation pressure for the Forty- 

niner claystone simulations. This pressure was observed during the pre- 

construction period, indicating that the selected formation pressure was 

representative of the interval. 
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6.3.1 Simulation Results 

Ten simulations of the Forty-niner claystone's fluid-pressure response 

in H-16 were conducted. Two simulations evaluated the need for a 

formation-heterogeneity boundary and eight simulations evaluated the 

sensitivity of the results to the formation-heterogeneity parameters. 

The Forty-niner claystone simulations are described as follows. 

Simulation 1 - Match to the H-16 Fluid-Pressure Response, 

Homogeneous Formation 

The goal of the first simulation was to match the Forty-niner's H-16 

fluid-pressure response using homogeneous formation properties. A 

simulated transmissivity of 4.0 x 10"7 m2/s resulted in the best match 

as shown in Figure 6.26. The match offers a very poor fit to all 
portions of the observed H-16 fluid-pressure response except for the 

very late-time portion of the post-interception/pre-upreaming period. 
The simulated flow rate from the Forty-niner to the AIS on Calendar Day 

667 was 0.033 L/s, just slightly lower than the measured flow rate for 
the Culebra interval, and inconsistent with the geologist's report that 

the Forty-niner interval was only "moist". 

Like the first simulation of the Magenta dolomite's fluid-pressure 

response in H-16 (Section 6.2.1), the results of the Forty-niner 
simulation indicated that the Forty-niner claystone interval was 

exhibiting a fluid-pressure response characteristic of a strongly 

heterogeneous formation. 
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Simulation 2 - Match to the H-16 Fluid-Pressure Response, 

Heterogeneous Formation 

The second Forty-niner simulation assumed a formation-heterogeneity 

boundary and the Forty-niner was modeled with two radial zones having 

different transmissivities. The inner zone included the portion of the 

formation between the wellbore and the heterogeneity boundary. The 

outer zone consisted of the portion of the formation between the 

heterogeneity boundary and the external boundary of the modeled system. 

The heterogeneous-formation simulation was performed with a T^ of 9.0 x 

10-9 m^/s, a To of 1.5 x 10-9 n^/s, and an rb of 40 m. Results of the 

simulation are shown in Figure 6.27. The match to the H-16 fluid- 
pressure response is very good over the entire duration of the pilot- 
hole draining period and is acceptable for the period after 
intersection of the interval by upreaming. The simulated flow rate of 

5.5 x 10-4 L/s for Calendar Day 667 is consistent with the "moist" 

interval noted during geologic mapping. 

After achieving a reasonable match to the Forty-niner claystone's 

fluid-pressure response using a formation-heterogeneity boundary, 

sensitivity simulations were performed to provide an indication of the 

ranges of T^, To, and rb. Following is a discussion of these 

simulations, numbers 3 through 10. 

Simulations 3 through 8 - Sensitivity of the Heterogeneity Parameters 

of the Simulation of the Forty-Niner's H-16 Fluid-Pressure Response 

Six simulations were performed to assess the sensitivity of the Forty- 

niner simulation using a formation-heterogeneity boundary. For each 

simulation, one of the three heterogeneity parameters was changed while 

the remaining two parameters were the same as the values used in 

simulation 2. The following parameter values were used for the 
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respective simulations: simulation 3, T^ - 3.0 x 10'9 m^/s; simulation 

4, TI - 3.0 x 10-8 m2/s; simulation 5, To - 5.0 x 10-10 m2/s; 

simulation 6, TQ - 5.0 x 10"9 m^/s; simulation 7, rfc - 20 m; and 

simulation 8, r^ - 80 m. Simulation results are shown on Figures 6.28 

through 6.31. Figures 6.28, 6.29, and 6.30 show the simulated results 

for simulations 3 and 4, 5 and 6, and 7 and 8, respectively, for the 

entire simulation period. Figure 6.31 contains semi-log plots 
comparing the results of the sensitivity simulations with the best- 

match simulation for the period between penetration of the underground 

facility and the interception of the Forty-niner interval during 

upreaming. In general, the heterogeneous sensitivity simulations for 

the Forty-niner interval show results similar to those of the 

corresponding Magenta dolomite simulations. For simulations 3, 6, and 

8, the H-16 fluid-pressure response during the drilling/reaming period 

could not be matched, and therefore the results for the period after 
penetration of the underground facility are not directly comparable. 

However, the shape of the simulated fluid-pressure-response curve 

yields results similar to the Magenta dolomite simulations. Due to the 

more extreme permeability contrast between the inner and outer zones, 

the Forty-niner heterogeneous best-match simulation shows more 

sensitivity to the heterogeneity parameters than did the Magenta best- 

match simulation. 

Simulations 9 and 10 - Homogeneous-Formation Characterization Showing 

Sensitivity to T^ and To of the Best-Match Heterogeneous 

Characterization 

Simulations 9 and 10 illustrate the Forty-niner's fluid-pressure 
response using a homogeneous-formation characterization with formation 

transmissivities of 9.0 x 10"9 m2/s and 1.5 x 10'9 m2/s, the inner-zone 

and outer-zone transmissivities of the best-match heterogeneous 
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characterization, respectively. Results of these simulations are shown 

on Figure 6.32. Even though full-borehole mud pressure was applied for 

the entire duration of each fixed-pressure segment of the 

drilling/reaming period, the observed formation-fluid pressure at H-16 

could not be matched. This provides further indication of the 

heterogeneous nature of the Forty-niner interval. 

6.3.2 Discussion of Simulation Results 

The poor matches of all simulations using a homogeneous-formation 

characterization, and the sensitivity of the simulation results to 

variance in the parameters defining the heterogeneities, provide 

conclusive evidence of heterogeneous behavior of the Forty-niner 
claystone. The accuracy of the assumed heterogeneity geometry is 

subject to the same uncertainties discussed in Section 6.2.2 for the 

Magenta dolomite. However, as for the Magenta dolomite simulations, 

the formation transmissivities used in the heterogeneous-formation- 

characterization simulations probably provide a reasonable 

approximation of effective formation properties for the Forty-niner 

claystone. The inner-zone and outer-zone transmissivities of 

9.0 x 10'9 m^/s and 1.5 x 10'9 m^/s, respectively, can therefore be 

considered representative of effective transmissivities of the Forty- 

niner claystone in the area near the AIS. 

As discussed in Section 6.2.2, the physical basis for the existence of 
a radial formation-heterogeneity boundary in the Forty-niner is not 

readily apparent. The fluid-pressure response of the Forty-niner 

suggests that a type of heterogeneity may exist in the Forty-niner. 
The heterogeneity could be the result of areal differences in the 

sedimentary fabric of the Forty-niner claystone. 
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During Simulation of th 
Drilling/Reaming Period 

Time at 
Reduced 
Pressure 

[hour] 

97.016 

107.016 
110.448 
112.448 

107.016 
112.448 

546.656 

556.656 
556.656 
556.656 

566.656 
574.656 

137.040 

137.040 
137.040 
137.040 

140.040 
139.040 

11 
I 

e 

3ore Pres 
boundary 
Culebra 

Table 6.1 

Reduced 
Pressure 

[MPa] 

1.550 

1.380 
1.310 
1.240 

1.380 
1.240 

1.500 

1.550 
1.690 
1.760 

1.370 
1.310 

1.450 

1.450 
1.510 
1.520 

1.280 
1.350 

sures Used 
Conditions 

Dolomite 
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Simulation 
Number 

Segment 1 - initial penetration to flow reduction 
Total duration - 40.080 hours 

Formation-Characterizatio 
1) Homogeneous 
2) Heterogenous 

Heterogeneity 
3) TI - 

4) TI - 

5) To - 

6) To - 

7) rb - 

8) rb " 

Homogeneous Characterizat 
Heterogeneity Simulation 

9) Tf - 8.0E-08 m2/s 
10) Tf - 4.0E-08 m2/s 

Segment 3 - circulation restoration to cementing 
Total duration - 63.000 hours 

Formation-Characterizatio 
1) Homogeneous 
2) Heterogeneous 

Heterogeneity-Parameter-S 
3) TI - 2.5E-08 m2/s 
4) Ti - 2.5E-07 m2/s 
5) To ° 1.3E-08 m2/s 
6) To - 1.3E-07 m2/s 
7) rb - 20 m 

8) rb - 80 m 

Homogeneous Characterizat 
Heterogeneity Simulation 

9) Tf - 8.0E-08 m2/s 
10) Tf = 4.0E-08 m2/s 

Drawn by 

Checked by 

Revisions 

1 NTLRIX Technologies 

Time at Full Mud Time at Reduced Reduced 

- Parameter-S 
2.5E-08 m2/s 
2.5E-07 m2/s 
1.3E-08 m2/s 
1.3E-07 m2/s 
20 m 

80 m 

Do-te 

Dote 

Dote 

Overpressure Pressure 
[hour] [hour] 

n Simulations 
0.080 40.000 
22.000 18.080 

ensitivity Simulations 
40.080 0.000 

5.000 35.080 
22.000 18.080 
40.080 0.000 
12.000 28.080 
40.080 0.000 

ion Showing Sensitivity to 
Parameters 

40.080 0.000 
40.080 0.000 

n Simulations 
0.500 62.500 

18.250 44.750 

ensitivity Simulations 
63.000 0.000 

3.000 60.000 
8.250 54.750 

18.250 44.750 
8.250 54.750 

18.250 44.750 

ion Showing Sensitivyt to 
Parameters 

23.250 39.750 
63.000 0.000 

Values and Durations of Well 
Used for Fixed-Pressure Wel 
Conditions During Simulation 
Dolomite Drilling/Reaming Per 

Pressure 
[MPa] 

1.600 
2.000 

n/a 
1.600 
1.900 
n/a 
1.800 
n/a 

n/a 
n/a 

1.500 
1.700 

n/a 
1.400 
1.500 
1.950 
1.500 
1.800 

1.900 
n/a 

bore Pressures 
Ibore Boundary 
of the Magenta 
iod 

Table 6.2 
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Simulation 
Number 

Segment 5 - re-penetratio 
Total duration - 799.536 hours 

Formation-Characterizatio 
1) Homogeneous 1.536 124.000 674.000 1 

2) Heterogeneous 60.000 104.712 634.824 1 

Heterogeneity 
3) TI - 

4) TI - 

5) To - 1.3E- 
6) To - 

7) rb - 20 m 

8) rb - 

Homogeneous Characterizat 
Heterogeneity 

9) Tf - 

10) Tf - 4.0E-08 m2/s 

Segment 6 - reaming Interception to underground facility penetration 
Total duration - 154.656 

Formation Characterizatio 
1) Homogeneous 
2) Heterogeneous 

Parameter-Sensitivity Simulations 
3) Ti - 

4) TI - 

5) To - 

6) To - 

7) rb - 

8) rb - 

Homogeneous Characterizat 
Heterogeneity 

9) Tf - 

10) Tf - 

rown by 

^ecked by 

evasions 

NTEPA Technologies 

Time at Full Mud Times at Reduced 

-Parameter-Sensitivity Simulations 
2.5E-08 m2/s 
2.5E-07 m2/s 
08 m2/s 
1.3E-07 m2/s 

80 m 

Simulation 
8.0E-08 m2/s 

2.5E-08 m2/s 
2.5E-07 m2/s 
1.3E-08 m2/s 
1.3E-07 m2/s 
20 m 

80 m 

Simulation 
8.0E-08 m2/s 
4.0E-08 m2/s 

Date 

Date 

Date 

Overpressure Pressure 
[hour] [hour] 

n to reaming interception 

n Simulations 

284.712 514.824 
4.000 160.712 634.824 1 

12.000 116.712 670. 
164.712 634. 
12.000 152.712 634. 

116.712 682.824 

ion Showing Sensitivity to 
Parameters 

140.712 658. 
236.712 562. 

hours 

n Simulations 
0.656 154. 

19.992 134. 

154.656 0. 
3.992 150. 

15.992 138. 
67.992 86. 
10.992 143. 
31.992 122. 

ion Showing Sensitivity to 
Parameters 

43.992 110. 
67.992 86. 

Wellbore Pressures and Durations 
Fixed Pressure Well-bore B 

Conditions During Simulation of 
Dolomite Drilling/Reaming Period 

824 1 

824 
824 1 

824 
824 

000 
664 

000 
664 
664 
664 
664 
664 

664 
664 

Table 

Reduced 
Pressure 

(MPa] 

.700 1.520 

.800 1.520 

1.950 
.450 1.330 
.600 1.400 

1.850 
.700 1.500 

1.600 

1.720 
1.850 

1.700 
1.750 

n/a 
1.450 
1.520 
2.000 
1.650 
1.800 

1.900 
2.000 

used for 
oundary 
Magenta 

6.2 (cont.) 
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Simulation 
Number 

Segment 1 - initial penetration to flow reduction 
Total duration - 48.000 hour 

Calibration Simulations 
1) Homogeneous 
2) Heterogeneous 

Heterogeneity 
3) Ti - 

4) Ti - 

5) To - 

6) To - 

7) rb - 

8) rb - 

Homogeneous C 

Heterogeneity 
9) Tf - 

10) Tf - 

Segment 3 - circulation restoration to cementing 
Total duration - 90.000 hour 

Calibration Simulations 
1) Homogeneous 
2) Heterogeneous 

Heterogeneity Parameter S 

3) Ti - 3.0E-09 m2/s 
4) TI - 3.0E-08 m2/s 
5) To - 5.0E-10 m2/s 
6) To - 5.0E-09 m2/s 
7) rb = 20 m 

8) rb - 80 m 

Homogeneous Characterizat 
Heterogeneity Simulation 

9) Tf - 9.0E-09 m2/s 
10) Tf - 1.5E-09 m2/s 

Drown by 

Checked by 

Revisions 

1 NTER'\ Technologies 

Time at Full Mud Time at Reduced Reduced 

Parameter S 

3.0E-09 m2/s 
3.0E-08 m2/s 
5.0E-10 m2/s 
5.0E-09 m2/s 
20 m 

80 m 

naracterizat 
Simulation 

9.0E-09 m2/s 
1.5E-09 m2/s 

Date 

Date 

Date 

Overpressure Pressure 
[hour] [hour] 

0.250 47.750 
24.000 24.000 

ensitivity Simulations 
48.000 0.000 
4.000 44.000 

24.000 24.000 
24.000 24.000 
10.000 38.000 
48.000 0.000 

ion Showing Sensitivity to 
Parameters 

48.000 0.000 
48.000 0.000 

2.000 88.000 
90.000 0.000 

ensitivity Simulations 
90.000 0.000 
20.000 70.000 
90.000 0.000 
90.000 0.000 
90.000 0.000 
90.000 0.000 

ion Showing Sensitivity to 
Parameters 

90.000 0.000 
90.000 0.000 

Values and Durations of Wellb 
for Fixed-Pressure Wellbore B 

During Simulation of the For 
Drilling/Reaming Period 

Pressure 
[MPa] 

1.000 
1.600 

n/a 
1.300 
1.600 
1.600 
1.300 
n/a 

n/a 
n/a 

1.450 
n/a 

n/a 
1.700 
n/a 
n/a 
n/a 
n/a 

n/a 
n/a 

ore Pressures Used 
oundary Conditions 
ty-Niner Claystone 

Table 6.3 
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Simulation 
Number 

Segment 5 - re-penetratio 
Total duration - 806.232 

Formation Characterizatio 
1) Homogeneous 
2) Heterogeneous 

Heterogeneity 
3) TI - 

4) TI - 

5) To - 

6) To - 

7) rb - 

8) rb - 

Homogeneous C 

He terogene i ty 
9) Tf - 

10) Tf - 

Segment 6 - reaming inter 
Total duration - 157.776 

Formation Characterizatio 
1) Homogeneous 
2) Heterogeneous 

Heterogeneity 
3) Ti - 

4) Ti - 

5) To - 

6) To - 

7) rb - 

8) rb - 

Homogeneous C 

He te ro gene i ty 
9) Tf - 

10) Tf - 

rawn by 

lacked by 

eviaions 

NTE-RJ\ Technologies 

Time at Full Mud Time at Reduced Reduced 

- Parameter-S 
3.0E-09 m2/s 
3.0E-08 m2/s 
5.0E-10 m2/s 
5.0E-09 m2/s 
20 m 

80 m 

naracterizat 
Simulation 

9.0E-09 m2/s 
1.5E-09 m2/s 

- Parameter-S 
3.0E-09 m2/s 
3.0E-08 m2/s 
5.0E-10 m2/s 
5.0E-09 m2/s 
20 m 

80 m 

^aracterizat 
Simulation 

9.0E-09 m2/s 
1.5E-09 m2/s 

Date 

Date 

Date 

Overpressure Pressure 
[hour] [hour] 

n to reaming interception 
hour 

n Simulations 
5.232 801.000 

156.232 650.000 

ensitivity Simulations 
806.232 0.000 

16.232 790.000 
98.232 708.000 

806.232 0.000 
26.232 780.000 

806.232 0.000 

ion Showing Sensitivity to 
Parameters 

806.232 0.000 
806.232 0.000 

ception to underground facility 
hour 

n Simulations 
2.776 155.000 

17.776 140.000 

ensitivity Simulations 
157.776 0.000 

1.776 156.000 
17.776 140.000 

157.776 0.000 
4.776 153.000 

157.776 0.000 

ion Showing Sensitivity to 
Parameters 

157.776 0.000 
157.776 0.000 

Values and Durations of Wellfc 
for Fixed-Pressure Wellbore E 

During Simulation of the For 
Drilling/Reaming Period 

Pressure 
[MPa] 

1.670 
1.780 

n/a 
1.330 
1.650 

n/a 
1.500 

n/a 

n/a 
n/a 

r penetration 

1.700 
1.750 

n/a 
1.300 
1.600 
n/a 

1.450 
n/a 

n/a 
n/a 

yore Pressures Used 
Soundary Conditions 
ty-Niner Clays tone 

Table 6.3 (cont.) 
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7.0 POTENTIAL LEAKAGE INTO THE AIR-INTAKE SHAFT 

GTFM was used to calculate the flow rate to the AIS for each of the three 

members of the Rustler whose fluid-pressure responses were analyzed in this 

report. Figure 7.1 is a log-log plot of the simulated flow rate from these 

members to the AIS versus time since the interval was intercepted by the 

upreaming of the AIS for the following simulations: the flow rate from the 

Culebra for the best-match simulation with a cement-invasion-skin zone for 
the period before upreaming; the flow rate from the Culebra for the best- 

match simulation with a cement-invasion-skin zone and calibrated to the 

single measured flow rate from the Culebra to the AIS after upreaming; the 

flow rate from the Magenta for the best-match simulation using a formation- 

heterogeneity boundary; and the flow rate from the Forty-niner claystone 

for the best-match simulation using a formation-heterogeneity boundary. 

Also shown on the figure is the measured flow-rate of 0.056 L/s. Note that 

the time scale on Figure 7.1 is elapsed time in days since interception by 

the upreaming of the AIS, which occurred on different days for each of the 

formations. 

Assuming that the transmissivity used for the best-match simulation 

calibrated to the single measured flow rate is the most representative for 

the Culebra, then the order-of magnitude differences in flow-rate estimates 

for all the units, as shown on Figure 7.1, are consistent with the 

published estimates of transmissivities for these units from observation- 

well H-16 (Beauheim, 1987a). As an additional comparison, Haug and others 

(1987) and LaVenue and others (1988) estimated a steady-state water inflow 

from the Culebra to a single model grid block representing a composite open 

shaft (comprising the open, unsealed time periods of the WHS, C&SH shaft, 
and EXS) of 0.085 L/s. 
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Figure 7.1 also shows that after about 15 days of drainage, the Forty-niner 

claystone flow rate begins to decrease at a higher rate, indicating 

transition of the controlling flow regime from the higher permeability 

inner or near-field zone to the lower permeability outer or far-field zone. 

This transition is more obvious for the Forty-niner than for the Magenta 

because the Forty-niner's permeability contrast between the inner and outer 

zones is greater than that of the Magenta. However, the derivative of the 

flow rate versus time shows a similar transition for the Magenta. 

Table 7.1 provides a summary of simulated flow rates on Calendar Day 667 

for the four simulations whose estimated flow rates are plotted oh Figure 

7.1. Table 7.1 also includes two calculations of total combined inflow to 

the AIS from all three units analyzed. The first calculation is based on 

the best-match simulation with a cement-invasion skin, and the second 

calculation is based on the best-match simulation with a cement-invasion 

skin and calibrated to the single flow-rate measurement. Using the highest 

estimated inflow rates for each unit, and considering the consistent flow- 

rate decline indicated on Figure 7.1, total estimated inflow from the 

Rustler Formation to the unsealed AIS would be less than 0.065 L/s. 
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Culebra - Best Match to H—16 Fluid—Pressure 
Response and Calibrated to 
Culebra-to-AIS Flow Rate 

0.1 

V) 
\ Best Match to H—16 Fluid—Pressure 

Response with Cement Invasion Skin 

I_J 

^ 
or 0.01 

o 

0.001 -=\ 
Forty—Niner 

* - Culebra to AIS Flow Rate 0.056 L/s, 
Measured October 28, 1988 

0.0001 

0.01 0.1 1 10 100 
TIME SINCE UPREAMING (DAYS) 

Drawn by J.D.A. 
Checked by G.S. 
Revisions ABW 

Dote 3/15/89 
Date 3/15/89 
Date 6/23/89 

CALCULATED FLOW RATE TO THE AIS VERSUS TIME SINCE 
UPREAMING FOR THE CULEBRA AND MAGENTA DOLOMITES 
AND THE FORTY-NINER CLAYSTONE 

H09700R876 3/15/89 

I NTER^ Technologies Figure 7.1 
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Rustler Unit Simulation Flow rate 
[L/s] 

Culebra Best Match to H-16 Fluid-Pressure 
Response with Cement-Invasion 
Skin 

Culebra Best Match to H-16 Fluid-Pressure 
Response with Cement-Invasion Skin 
and Calibrated to the Culebra for 
Culebra to AIS Flow-Rate Measurement 

1.3E-2 

5.8E-2 

Magenta Heterogeneous-Formation Characterization 6.4E-3 

Forty-Miner Heterogeneous-Formation Characterization 5.5E-4 

Total Rustler Flow Rate Using the Culebra Best-Match 
Simulation of the H-16 Fluid-Pressure Response with a 

Cement-Invasion Skin 

1.9E-2 

Total Rustler Flow Rate Using the Culebra Best-Match 
Simulation of the H-16 Fluid-Pressure Response with 
a Cement-Invasion Skin and Calibrated to the Culebra 
to AIS Flow-Rate Measurement 

6.5E-2 

Drawn by 

Checked by 

Revisions 

Date 

Date 

Dote 

Calculated Flow Rates From the Units of the 
Rustler Formation to the AIS on Calendar 
Day 667 

I NTER!\ Technologies Table 7.1 
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8.0 SUMMARY AND CONCLUSIONS 

8.1 General 

The effect of the construction of a fourth underground-access shaft, the 

AIS, at the WIPP site on the hydrology of the Rustler Formation was 

analyzed using the Rustler's fluid-pressure responses at observation-well 

H-16, water-level responses at observation wells H-l, ERDA-9, and 

WIPP-21, and a single measurement of the flow rate from the Culebra 

dolomite to the AIS. Well H-16 was drilled approximately 17 m northwest 

of the AIS and is equipped with a multipacker completion tool which 

monitors the formation fluid pressure of five packer-isolated members of 

the Rustler Formation using downhole pressure transducers. The formation 

fluid pressures of the isolated units were recorded before and during the 

drilling of the 0.25-m pilot hole for the AIS, the reaming of the pilot 
hole to 0.37-m diameter, and the upreaming (raise boring) of the pilot 
hole to a 6.17-m diameter. The responses of three of the Rustler 

members, the Culebra dolomite, the Magenta dolomite, and the Forty-niner, 

were analyzed to provide estimates of the hydraulic parameters of these 

units near the center of the WIPP site. Fluid-pressure data from the 

Tamarisk Member were not analyzed because they did not indicate that the 

formation had achieved a stable formation pressure or was proceeding on a 

definable trend before the construction of the AIS. The unnamed lower 

member did not appear to respond to the construction of the AIS. 

Transmissivity estimates for the three Rustler members were obtained 

primarily by analyzing their H-16 fluid-pressure responses, as well as 

other available response and flow-rate data using the well-test simulator 

GTFM. The analysis required separate consideration of the 

drilling/reaming period when the pilot hole was filled with drilling 
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fluid and the post-reaming/pre-upreaming period when the pilot hole had 

penetrated the WIPP-site underground facility and all units were open and 

draining to the pilot hole and/or shaft and subject to a zero-wellbore- 

pressure boundary condition. 

The fluid-pressure data for the drilling/reaming period were influenced 

by a complex sequence of drilling operations which were affected by 

excessive borehole deviation and the use of a bentonite-mud-based-brine 

drilling fluid. Drilling the 0.25-m-diameter pilot hole included three 

periods when borehole intervals, including the units analyzed, were 

cemented and redrilled using directional-drilling techniques. In 

addition, a drilling-mud-related filter-cake skin appeared to have 

developed on the borehole walls of the more permeable units encountered 

by the pilot hole during drilling and reaming. The drilling/reaming 
periods were analyzed using primarily fixed-pressure wellbore boundary 

conditions which corresponded to calculated mud overpressures and reduced 

pressures representing the effect of the apparent filter-cake skins. In 
addition, specified zero-flow boundary conditions were applied for short 

periods to simulate the effects of cementation (which affected all units) 
and apparent flow-reduction due to the settling of the fine particles in 

the bentonite-mud-based drilling fluid (which affected the Magenta 

dolomite and Forty-niner claystone only). Zero-wellbore-pressure 
boundary conditions, corresponding to formation exposure to atmospheric 

pressure, were applied to the three units analyzed after the pilot hole 

penetrated the WIPP-site underground facility. 

The combination of predominantly fixed-wellbore-pressure boundary 

conditions and the radial-flow system modeled by GTFM resulted in 
simulated formation fluid-pressure responses as a function of formation 

diffusivity or transmissivity divided by the storativity. Based on the 

available literature on hydrologic tests at the WIPP site (Beauhelm, 
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1987 a, 1987b; Gonzalez, 1983; Mercer, 1983; and Saulnler, 1987b), the 

transmissivity of the units analyzed appears to be more variable than the 

storativity. Therefore, the approach used for the AIS simulations was to 

fix storativity at a representative value for the unit analyzed, and to 

use the simulation results to estimate transmissivity. The 

transmissivity values which provided the closest match between the 

observed and simulated fluid-pressure data were assumed to be 

characteristic of the formations being analyzed. Transmissivity 
estimates for the three units analyzed are discussed in Section 8.2. 

The analysis of the Culebra dolomite's H-16 fluid-pressure response to 

the construction of the AIS included fluid-pressure-response simulations 

which indicated the presence of a heterogeneity corresponding to a 

postulated cement-invasion skin assumed to be caused by cementation 

operations during the pilot-hole drilling period. 

The analysis of the H-16 fluid-pressure responses of the Magenta and 

Forty-niner provided evidence of heterogeneity in these formations. The 

heterogeneities were best characterized by considering that the Magenta 

and Forty-niner contained near-field and far-field permeability zones 

characterized by different transmissivities. A sensitivity analysis of 

the simulation results with respect to the parameters characterizing the 

heterogeneity, the inner-zone (near-field) transmissivity, the outer-zone 

(far-field) transmissivity, and the radius of the heterogeneity boundary, 

provided a degree of confidence in the estimated parameter values for the 

assumed heterogeneity geometry. 

The results of the simulations of the H-16 fluid-pressure responses were 

used to estimate the inflow to the AIS from the Culebra and Magenta 

dolomites and the Forty-niner claystone. The simulations indicated that 

the Culebra provided the majority of the inflow to the AIS, a conclusion 
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corroborated by observations in the AIS during geologic mapping. Inflow 

from the Magenta dolomite was estimated to be one order of magnitude less 

than that from the Culebra, and the inflow from the Forty-niner claystone 

was estimated to be one order of magnitude less than inflow from the 

Magenta. 

8.2 Summary of Transmissivities 

Table 8.1 summarizes the results of the analyses of the H-16 fluid- 
pressure responses of the Culebra and Magenta dolomites and the Forty- 

niner claystone. All transmissivity values were estimated assuming a 

storativity of 1 x 10-5. 

8.2.1 Culebra Dolomite 

Figures 6.7 to 6.12 indicate that the best match between observed and 

simulated data for the Culebra dolomite was achieved using a cement- 

invasion skin and a formation transmissivity ranging from 

1.3 x 10-7 m2/s (0.12 ffc2/day) to 6.6 x 10-7 m2/s (0.62 ft2/day). 

However, the estimated transmissivity obtained using the single 

measurement of the flow rate from the Culebra to the AIS as a 

calibration point was 6.6 x 10'7 m2/s (0.62 ft2/day) , 
a value 

considered to be the most representative of the Culebra's 
transmissivity between the AIS and H-16, and between the AIS and 

observation-wells ERDA-9 and WIPP-21. Beauheim (1987a) analyzed the 

Culebra's fluid-pressure responses to drill-stem and slug tests in H-16 

and reports a range of transmissivity of 9.13 x 10-7 m2/s (0.85 

ft2/day) to 7.42 x 10-7 m2/s (0.69 ft2/day). The transmissivity data 

from Beauheim (1987a) and the transmissivity values in Table 8.1 

indicate that the near-field transmissivity of the Culebra dolomite in 

the vicinity of the underground-access shafts is probably between 
1 x 10-7 and 1 x 10-6 m2/s (0.093 to 0.93 ft2/day). All the 

simulations overestimated the drawdown (i.e., fluid-pressure response) 
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for the post-upreaming period during which all the units were open and 

draining to the AIS. This lack of correspondence may be due to the 

influences of other activities at the WIPP site, most probably due to 

pressure recovery from grouting and sealing operations in the WHS, and 

possible lesser influences from water-quality sampling in nearby wells 

and recovery from the H-ll multipad/tracer test (see Section 4.0). 
Table 8.2 shows the Culebra transmissivity ranges for a range of 

Culebra storativities from 1 x 10-6 to 1 x 10-4 using diffusivities 
calculated from the results of the analyses presented in this report. 
These diffusivities are of the same order of magnitude as the 

diffusivities used by Stevens and Beyeler (1985) (4.6 x 10-2 to 

9.3 x 10-2 n^/s) to model the Culebra responses at the H-l and H-3 

hydropads during the construction of the C&SH shaft. 

8.2.2 Magenta Dolomite 

The results of the analyses and simulation of the Magenta dolomite's 

H-16 fluid-pressure responses, Figures 6.17 and 6.18, indicate that the 

Magenta dolomite is a heterogeneous formation. The inner- and outer- 

zone transmissivities were estimated to be 8.0 x 10-8 m2/s 

(0.074 ft^day) and 4.0 x 10-8 vft/s (0.033 ft^day) , respectively, and 

the heterogeneity boundary between the inner and outer zones was 

located at a radial distance of 40 m from the center of the AIS. The 

Magenta was not involved in any other testing or sampling activities 
during the time its fluid-pressure response was analyzed. However, 

part of the Magenta's response may have been affected by grouting 

operations in the WHS. 

Beauheim (1987a) analyzed drill-stem and slug tests of the Magenta in 
H-16 and estimated the transmissivity to be 3.01 x 10-8 n^/s 

(0.028 ft^day) and 2.58 x 10-8 n^/sec (0.024 ft^day), respectively. 
Because of the potential non-uniqueness of the assumed heterogeneity 

geometry, the best-match inner-zone and outer-zone transmissivities 

provide only estimates of the range of effective formation 
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transmissivities for the Magenta dolomite. Table 8.2 shows the 

possible range in estimated Magenta transmissivlty for a representative 

range of storativity of 1 x 10-6 to 1 x 10-4 using diffusivities 
calculated from the results of the analyses presented in this report. 
As with the Culebra results, the Magenta diffusivities are of the same 

order of magnitude as those presented in Stevens and Beyeler (1985) 

(2.8 x 10-3 m2/s). 

8.2.3 Forty-Niner Claystone 

The results of the analyses and simulation of the Forty-niner 
claystone's H-16 fluid-pressure responses, Figures 6.26 and 6.27, 
indicate that the Forty-niner is a strongly heterogeneous formation, 

with a stronger transmissivity contrast than observed for the Magenta 

dolomite (see Section 8.2.2). The inner-zone and outer-zone 

transmissivities were estimated to be 9.0 x 10-9 m2/s 

(8.4 x 10-3 ft2/day) and 1.5 x 10-9 m2/s (1.4 x 10-3 ft2/day) , 

respectively, and the heterogeneity boundary between the inner and 

outer zones was located at a radial distance of 40 m from the center of 

the AIS. Beauheim (1987a) analyzed pulse, slug, and drill-stem tests 

in H-16 and estimated that the transmissivity of the Forty-niner 
claystone ranges from 2.4 x 10-10 m2/s (2.2 x 10-4 ft2/day) from the 

analysis of a pulse test, to 6.0 x 10-9 m2/s (5.6 x 10'3 ft2/day) from 

the analysis of a drill-stem test. As noted in Section 8.2.2 for the 

Magenta dolomite, the potential non-uniqueness of the assumed 

heterogeneity geometry means that the best-match inner-zone and outer- 

zone transmissivities for the Forty-niner provide estimates of the 

range of its effective formation transmissivities. Table 8.2 shows the 

possible range in estimated Forty-niner transmissivity for a 

representative range of storativity of 1 x 10-^ to 1 x 10-4. 
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8.3 Conclusions 

The results of the analysis of the H-16 fluid-pressure responses to the 

construction of the AIS indicate: 

o in the area between the AIS and H-16, the transmissivity of the 

Culebra dolomite is approximately one order of magnitude greater 

than the transmissivity of the Magenta dolomite, and the Magenta 

transmissivity is one order of magnitude greater than the 

transmissivity of the Forty-niner claystone; 

o the cementing of the AIS pilot hole to correct excessive borehole 

deviation during the drilling period created a cement-invasion skin 

in the Culebra dolomite but not in the Magenta dolomite or Forty- 

niner claystone; cement invasion of the Culebra dolomite was 

probably facilitated by its higher permeability and the vuggy, 

fractured character of the dolomite which may have allowed easier 

penetration of the formation by the cement grout; 

o the water-level responses of Culebra observation wells H-l, ERDA-9, 

and WIPP-21 were affected by other hydrologic and construction 

activities at the WIPP site, and the analyses of those responses 

provided a general indication of the range of formation 
transmissivity; 

o the analysis of the fluid-pressure responses of the Magenta dolomite 

and Forty-niner claystone indicated that both units behave as 

heterogeneous formations in the vicinity of the AIS; and 

o the estimated long-term flow rate from all of the Rustler units to 

the unsealed AIS is less than 0.065 L/s. 
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GEOLOGIC UNIT APPLICABLE 
AREA 

TRANSMISSIVITY STORATIVITY 
(m2/s) (ft2/day) 

CULEBRA DOLOMITE H-16 
H-l 

AIS to 
AIS to 
AIS to 
AIS to 

ERDA-9 
WIPP-21 

6.6E-7 
6.6E-7 
2.6E-7 
6.6E-7 

6.2E-1 
6.2E-1 
2.4E-1 
6.2E-2 

1E-5 
1E-5 
1E-5 
1E-5 

MAGENTA DOLOMITE 

FORTY-NINER 
CLAYSTONE 

AIS to H-16 
>40 m from AIS 

AIS to H-16 
>40 m from AIS 

8.0E-8 
4.0E-8 

9.0E-9 
1.5E-9 

7.4E-2 
3.7E-2 

8.4E-3 
1.4E-3 

1E-5 
1E-5 

1E-5 
1E-5 

Drawn by 

Checked by 

Revisions 

Date 

Date 

Date 

Summary of the Transmissivities Determined 
From the Analysis of the Fluid-Pressure 
Responses of the Culebra Dolomite, Magenta 
Dolomite, and Forty-Niner Claystone 

I NTER^ Technologies Table 8.1 
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CULEBRA 

DIFFUSIVITY' 
(T/S) 
[m2/s] 

6.6E-02 

2.6E-02 

1.3E-02 

MAGENTA 8.0E-03 

4.0E-03 

FORTY-NINER 9.0E-04 

1.5E-04 

STORATIVITY 
(S) 
[ ] 

l.OE-04 
l.OE-05* 
2.0E-05 
l.OE-06 

l.OE-04 
l.OE-05* 
2.0E-05 
l.OE-06 

l.OE-04 
l.OE-05* 
2.0E-05 
l.OE-06 

l.OE-04 
l.OE-05* 
2.0E-05 
l.OE-06 

l.OE-04 
l.OE-05* 
2.0E-05 
l.OE-06 

l.OE-04 
l.OE-05* 
2.0E-05 
l.OE-06 

l.OE-04 
l.OE-05* 
2.0E-05 
l.OE-06 

TRANSMISSIVITY 
(T) 

[m2/s] 

6.6E-06 
6.6E-07* 
1.3E-06 
6.6E-08 

2.6E-06 
2.6E-07* 
5.2E-07 
2.6E-08 

1.3E-06 
1.3E-07* 
2.6E-07 
1.3E-08 

8.0E-07 
8.0E-08* 
1.6E-07 
8.0E-09 

4.0E-07 
4.0E-08* 
8.0E-08 
4.0E-09 

9.0E-08 
9.0E-09* 
1.8E-08 
9.0E-10 

1.5E-08 
1.5E-09* 
3.0E-09 
1.5E-10 

* Values Determined From Simulations and Presented on Table 8.1. 

DIFFUSIVITY* STORATIVITY TRANSMISSIVITY 
(T/S) (S) (T) 
[m2/s] [ ] (m2/s] 

CULEBRA 6.6E-02 l.OE-04 6.6E-06 
l.OE-05* 6.6E-07* 
2.0E-05 1.3E-06 
l.OE-06 6.6E-08 

2.6E-02 l.OE-04 2.6E-06 
l.OE-05* 2.6E-07* 
2.0E-05 5.2E-07 
l.OE-06 2.6E-08 

1.3E-02 l.OE-04 1.3E-06 
l.OE-05* 1.3E-07* 
2.0E-05 2.6E-07 
l.OE-06 1.3E-08 

MAGENTA 8.0E-03 l.OE-04 8.0E-07 
l.OE-05* 8.0E-08* 
2.0E-05 1.6E-07 
l.OE-06 8.0E-09 

4.0E-03 l.OE-04 4.0E-07 
l.OE-05* 4.0E-08* 
2.0E-05 8.0E-08 
l.OE-06 4.0E-09 

FORTY-NINER 9.0E-04 l.OE-04 9.0E-08 
l.OE-05* 9.0E-09* 
2.0E-05 1.8E-08 
l.OE-06 9.0E-10 

1.5E-04 l.OE-04 1.5E-08 
l.OE-05* 1.5E-09* 
2.0E-05 3.0E-09 
l.OE-06 1.5E-10 

* Values Determined From Simulations and Presented on Table 8.1. 

Drawn by 

Checked by 

Revisions 

1 NTE-HJX Technologies 

Date 

Dote 

Dote 

Calculated Transmissivities for a Range of 
Storativities Using the Diffusivities From 
the Results of the Analyses Presented in 
this Report 

| Table 8.2 
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APPENDIX A: 

SPECIFIED AND SIMULATED WELLBORE PRESSURES AND SIMULATED 

AND OBSERVED FORMATION FLUID PRESSURES FOR THE 

DRILLING/REAMING PERIODS OF THE SIMULATIONS OF THE 

H-16 FLUID-PRESSURE RESPONSES OF THE CULEBRA DOLOMITE, 

THE MAGENTA DOLOMITE, AND THE FORTY-NINER CLAYSTONE 
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