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ABSTRACT

Pressure-pulse,constant-pressureflow, and pressure-builduptests have been performed in bedded

evaporitesof the Salado Formationat theWaste IsolationPilotPlant (WIPP) siteto evaluatethe hydraulic

propertiescontrollingbrineflow throughthe Saiado. Transmissivitiesrangingfrom about 7 x 1015to 5 x

1013m2/shave been interpretedfromsixsequencesof testsconductedonfivestratigraphicintervalswithin

15 m of the WIPP undergroundexcavations. The correspondingvertically averaged hydraulic

conductivitiesof the intervalsrange fromabout 1 x 1014to 2 x 1012 rn/s (permeabilitiesof 2 x 1021 to 3

x 1019m2). Storativitiesof thetested intervals;ange fromabout1 x 108 to 2 x 106, and valuesof specific

storagerangefrom 9 x 108 to 1 x 10s m1, Porepressuresin eightstratigraphicintervalsrange from about

2.5 to 12.5 MPa, and appearto be affectedby stressrelief aroundthe excavations. Anhydriteinterbeds

appear to be one or more orders of magnitudemore permeablethan the surroundinghalite, primarily

becauseof subhorizontalbedding-planefracturespresentin the anhydrites. Interpretationsof the tests

revealedno apparenthydrologicboundarieswithinthe radiiof influenceof thetests,whichwerecalculated

to range from about2 to 20 m fromthe test holes. An assumptionof Darcy flow throughthe evaporites

is thoughtto be a reasonableinterpretiveapproachbecauseDarcy-flowmodelsare able to replicatethe

flow and pressurebehaviorobserved duringentire testingsequencesinvolvingdifferenttypes of tests

performedwithdifferenthydraulicgradients.
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1. INTRODUCTION

This report presents interpretations of hydraulic have affected hydraulic properties and/or

tests conducted in bedded evaporites of the formation pore pressures in the surrounding

Salado Formation from mid-1989 through mid- rock; and

1992 at the Waste Isolation Pilot Plant (WIPP)

site in southeastern New Mexico (Figure 1-1). • To provide data to allow evaluation of the

The WIPP is a U.S. Department of Energy mechanisms controlling brine flow through

research and development facility designed to evaporites.

demonstrate safe disposal of transuranic wastes
from the nation's defense programs. The WIPP This report represents a continuation of the work

disposal horizon is located in the lower portion of described by Beauheim et al. (1991). That report

the Permian Salado Formation. The hydraulic presented preliminary interpretations of pressure-

tests discussed in this report were performed in pulse tests completed in nine isolated borehole

the WIPP underground facility by INTERA Inc., intervals between September 1988 and February

Austin, Texas, under the technical direction of 1990. Two problems associated with pressure-

Sandia National Laboratories, Albuquerque, New pulse tests were identified by Beauheim et al.

Mexico. (1991). First, estimation of transmissivity

requires knowledge of the aggregate

Hydraulic testing is being performed in the compressibility of everything contained within a

Salado Formation to provide quantitative test zone in a borehole, which is not always well

estimates of the hydraulic properties controlling defined. Second, pressure-pulse tests provide

brine flow through the Salado Formation. The no information on the storage properties of the

specific objectives of the tests are: medium being tested. To remedy these

problems, the testing program was expanded to

• To determine transmissivities and include constant-pressure flow and pressure-

storativities of different stratigraphic buildup testing. Constant-pressure flow tests

intervals in the Salado Formation around provide estimates of transmissivity independent

the WIPP facility; of test-zone compressibility. Pressure-buildup

tests (the recovery of fluid pressure after a

• To determine formation pore pressures constant-pressureflow test is terminated) provide

within different stratigraphic intervals in the direct information on both test-zone

Salado Formation around the facility; compressibility and transmissivity. Conjunctive

analysis of pulse, flow, and buildup tests also

• To determine the radii of influence of the allows determination of formation storativity.
tests in order to define the scales at which

the interpreted properties are This report discusses testing completed between

representative; May 1990 and July 1992. The hydraulic testing

reported herein consists of pressure-pulse,

• To determine how and to what distance(s) constant-pressure flow, and/or pressure-buildup

excavation effects around the WIPP facility tests of five stratigraphic intervals at locations
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within 15 m of the WIPP excavations. The fluid pressures observed during the tests were

stratigraphicintervalstestedincludedhalite(both not affected by inelastic or nonlinearlyelastic

pure andimpure)andanhydrite(with associated deformationof the rock. These assumptionsare

clay seams). Eightsets of pressure-pulsetests evaluated in light of the data providedby the

were completed in different intervals in six testing. The hydraulic-test analyses also

boreholes. Constant-pressureflow tests were included an assumptionof cylindricalflow to

also performed in six intervals, all but one of vertical boreholes. In reality, three of the six

which were followed by pressure-builduptests, boreholesconsideredinthisreportweredrilledat

Tests of two stratigraphicintervals containing acuteanglesto the subhorizontalbedding,which

anhydriteinterbedswere attemptedinone of the could result in elliptical and vertical flow

boreholes, but the intervals were apparently components.Modelingstudieswere performed,

connectedby fracturesand/or roof-boltholesto therefore, to determine the effects of borehole

the room below, and couldnot be pressurized, orientation(slant)onthe test interpretations,and
the resultsof these studiesare includedin this

The hydraulic-test analyses presented in this report. Modeling studieswere also performed to

report and in the report of Beauheim et al. (1991) attempt to develop an understanding of the

were performed under assumptions that Darcy's pressure depletion observed while testing an

law adequately describes flow through low- anhydrite layer exhibiting two-phase behavior.

permeability evaporites, and that the transient





2. GEOLOGIC SETTING AND LOCAL STRATIGRAPHY

The WIPP site is located in the northern part of description covers a 41.2-m interval of the

the Delaware Basin in southeastern NewMexico. Salado, centered approximately at the

WIPP-site geologic investigations have stratigraphic midpoint of the excavations. This

concentrated on the upper seven formations description delineates 16 "map units" numbered

typically found in that part of the Delaware Basin. 0 to 15 and 23 other map units. The majority of

These are, in ascending order, the Bell Canyon the units are composed primarily of halite, and

Formation, the Castile Formation, the Salado are differentiated principally on the basis of

Formation, the Rustler Formation, the Dewey differing clay and polyhalite contents. The halite

Lake Red Beds, the Dockum Group, and the units lacking integer map-unit designations are

Gatur_a Formation (Figure 2-1). All of these identified by H (pure halite), AH (argillaceous

formations are of Permian age, except for the halite), or PH (polyhalitic halite) prefixes, followed

Dockum Group, which is of Triassic age, and the by a number representing that unit's position with

Gatur_a,which is a Quaternary deposit, respect to the base of the sequence, which was

arbitrarily defined as the halite unit immediately

The WIPP underground facility lies in the lower underlying anhydrite "c" and clay B. For

part of the Salado Formation at an approximate example, AH-4 is the fourth argillaceous halite

depth of 655 m below ground surface. The unit above the base of the sequence. The

Salado Formation is approximately 600-m thick remainder of the units are anhydrite interbeds

at the WIPP site, and is composed largely of such as Marker Beds 138 and 139. Thinner

halite, with minor amounts of interspersed clay anhydrite interbeds and a number of the more

and polyhalite. The Salado also contains continuous clay seams have also been given

interbeds of anhydrite, polyhalite, clay, and letter designations (e.g., anhydrite "a", clay B) to

siltstone. Many of these interbeds are traceable facilitate consistent referencing. These units are

over most of the Delaware Basin. Jones et al. shown on Figure 2-2. T_=.stratigraphic positions

(1960) designated 45 of the continuous anhydrite of the WIPP excavations with respect to the

and/or polyhalite interbeds as "Marker Beds", designated map units are shown in Figure 2-3.
and numbered these "Marker Beds" from 100 to The testing and guard-zone monitoring discussed

144, increasing downward. The WIPP facility in this report were carried out in Marker Bed 138,

horizon (the stratigraphic location of the Marker Bed 139, anhydrites "a", "b", and "c",

underground excavations) lies between Marker map unit 0, polyhalitic halite 4, argillaceous halite

Beds 138 and 139. 1 (clay J), and halite 2.

A typical stratigraphic section of the Salado The halitic units described by Deal et al. (1989)

Formation in the vicinity of the WIPP are not encountered by all boreholes, however.

underground facility, adapted from Deal et al. As shown in detailed geologic maps of drift and

(1989), is shown in Figure 2-2. Deal et al. room ribs (walls) throughout the underground

(1989) present a detailed description of facility (e.g., Westinghouse, 1989, 1990), the

stratigraphic units that correlate throughout most halitic map units are locally crosscut by

of the underground facility (Appendix A). The syndepositional dissolution pits (Powers and
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Figure 2-2. Detailed stratigraphy near the WIPP underground facility.



10 36

_iI C_'-T "--:-_-:--_-C _- ::-_T_ : ::c_T_"Zn:_GR,iT:);-;6Ti_(_;iU'6-Y"E-&-Y-_7_7_A_'YF_F6%CT':-_--_:-:--_'J-'7" :-_S:.S-.- :7.1- 917
8 96

H--5 C:L.EA_ COARSELY CRt_IA,[.LINE HAl. lIE

7.01
a AH-I ........ CLAY d. (i_ ARGIILAC[OtJS HALITE. O_ 1 25cm I<E[)[JISH-..E_ROWN CLAY _EAM, AND SCATTERED CLAY BREAKS .......

640
15 CLLAR TO GRA_ISI-I OPANGE-PlNK HALITE, [RACE OF DISPERSED

POLYHA[ITE AND INTEF,_CRfSIAILINE CLAY

_., --i: -C L-LT_- U-SLTZ-L#TT_T-7_-J-i__ --]+i_---[-.ii-Z_ "_-[77 :-"- ......7- ]--__-- 5.48209
CI..E.AJ_ TO GI_t'flSH ORANGE-pINK t"4:¢LIT[, TRACE f

POLYHALITE AND DISCOI'4TINUOUej CLAY %IRIINGEp_
/

GRAT CLAY SEAM
LOCALLY WITH

CLEAR TO MODERATE REDDISH-BPOWN HAl IlL, ANHYDRITE

_ IRACE TO SOME POLYHAUTE AND TRACf OF CLAY...................................................I 351
J I CLEAR TO MODERATE REDDISH-BROWN I.,tAIITF,

I I TRACE TO SOME POLYHALIIE, ANHYDRITE
I 121 S/RINGERS NEAR BOTTOM OF UNIT TYPICAL 5.5-m HIGH
I I SIMULATED-WASTE

............................ EXPERIMENTAL ROOM _-_-_--:-=---

L_ _ ..........' ...._-_'_--'-_- 222907
. .-{I "._-'T'T_{D'R,TE'm" u;:DEpLAI;I BY CLAY %E_A_" "

I I.._CLFLAR TO MODERATE REDDISH- K_OWN HALITE, T_A(:E

_- u-I TO SOME POI'YHAUTE AND D'%CONI'NUOU':_" CLAY %T_'NGf R'" .................... 1 "_8

I ICLEAR )O GRAnFP4 ",RANGE Pl)i_"HA_)T,_9

I AHH_DF_IT['b" UNDERLAIN BY I.I_Y {, _ 0.0_

II-I ............................................. o.oo

_RAY HALITE, PACE PFLYHA[ T[ AND r_.ClMl:. (LAY "_ ..... --=_-_- .......... -.................

STPlhGER _

......................................................................................... 0 67

( I|A_ tO FtfDD % _-OPA iC,E HALITE , TRACI_ P(JL ,'HAlIT[

.................................................. 213

i]r" CLEAR HALITE TI_ACE AJ_r_It.LACI ()LI_MATERIAL ") 74................ ,c.

CL_AP TO PEI'._E,_H-[_IPqWI_ARCilL._/'EOL%

_tALtTE WIT_'i[ll',F#)tWrli_!.If)O". rLAf P_.'TINC,']

j ilN IJIJF'[[ _ HA[_
.... _ .... _, .................. TYPICAL 4,0-M HIGH .......... :_ 4-/

I I rL[AP TC) IvED[)I'.,H F:,I'_AI'IC,E MAt if! WASTE-STORAGE TI'_PO1; 7

| _ I TP.ACE POL,YHALITE ROOM OP_</

_IL..... R[IJDIC)H (]l_/Vi,',} I-(Aj _fE f_¢._i][ ............ ' " 4 4 _"

I RFDDtSH-BRr'WN te_ F]l_n%. r,p^_
\_

j ARGIL LACEF)IJS H_-I IT[

<'[[.AO Ti3 _[r>[,Ir)t4 t')_+_li#,[ APE) PIbDIqH r<+<+lwh HJI,H. AJ";;IttAc.!fliJ ", iPI 'll'+f i I-'A_+T I+AC+I l"){ +i'4At 1l

................................. FIT

_t rt[,_ _¢, pFF,[_,:_,tt .fjI+Ahp')[ i_,')[ ftlA_ ir.( ,t_Llll LC'rAtL ' ¢iTJ[Jll_(, [IfiWII,I/AI-t[ tt I"_1"1fIIAL lie

A/4ticr_)t_ T{ )FI[,IF/LAII 1 []r <iAr ',fAM

MARV'FP fill tMlll f _'-.J _ _ t:]Cj

--I_j f][[_.l _l If; (,PAl' AN[J #[[}(:l++t 4 !JPAPIF.I liAl,,ilF Tf#Ai.i l''.+l f;tAllrl API[' Af'>r,lt!Ai lrjlJ <, MAI_t'_I,_L .

I:,t 2 "ItAf_ '' C,PA¢ A_'IIT. f._{[ ,i'.It + nJll_,l llAi . ,_l-_&!t I)')[fH,_ !l IDII[S Al'F>ll[J:fl;'J ' MATt 7iAl
_.3CJ

ILL--21 .. _4 4 "_

"IA,' _J 1( l f' f' %r _i
. . - " . li , (j ("j.I,

Figure 2-3. Schematic of typical WIPP underground rooms showing stratigraphic positions.



Hassinger, 1985). These pits range in depth and rather than onsedimentological differences. Holt

width from a few centimeters to a few meters, and Powers (1990) present a detailed discussion

and may completely crosscut one or several map of the sedimentology of the Salado Formation.

units at any given location. The pits are typically They provide descriptions of lithofacies

filled by relatively pure, coarsely crystalline halite, commonly found within the Salado, and discuss

syndepositional alteration processes. Salado

As mentioned above, the halitic map units textures and lithofacies distributions are highly

designated by Deal et al. (1989) were defined on variable both laterally (at a local scale) and

the basis of relatively consistent differences in vertically, as they are the products of repeated

clay content and/or color and polyhalite content episodes of dissolution and alteration over a

that are apparent in macroscopic examination, large areal scale.
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Figure 2-2. Detailed stratigraphy near the WIPP underground facility.



Figure 2-3. Schematic of typical WIPP underground rooms showing stratigraphic positions.
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3. TESTING EQUIPMENT

The following sections briefly describe the in response to pressure buildup was used to

equipment used in the permeability-testing restrain the tool.

program in the WIPP underground facility. The

equipment includes multipacker test tools, Each multipacker test tool is equipped with three

data-acquisition systems, pressure transducers, sets of ports to the bottom-hole test zone and

thermocouples, linear variable-differential the guard zone betweenthe packers. One set of

transformers, a differential-pressure-transmitter ports is used to transmit pressures from the test

panel, and a system to separate gas and brine and guard zones to the transducers, which are

and measure the production of each. More mounted outside of the boreholes. A second set

detailed descriptions of the testing equipment of ports is used to dissipate "squeeze" pressures

and the procedures and methods used to created during packer inflation and to vent fluid

calibrate the equipment are presented in from the isolated intervals during withdrawal

Stensrud et al. (1992). tests. These two sets of ports are accessed by

continuous lengths of 3/16-inch (0.48-cm) O.D.

NOTE: The use of brand names in this report is stainless-steel tubing. The third set of ports

for identification only, and does not imply provides access for 1/8-inch (0.32-cm) diameter

endorsement of specific products by Sandia Type E thermocouples to measure temperatures

National Laboratories. in the test and guard zones. Packer-inflation

pressures are monitored with transducers

3.1 Multipacker Test Tool attached to the packer-inflation lines.

The multipacker test tool designed for this testing

program, shown on Figures 3-1 and 3-2, has two The test-interval section of each test tool is

sliding-end, 9.5-cm outside diameter (O.D.) equipped with linear variable-differential

inflatable packers mounted on a 4.83-cm O.D. transformers (LVDTs) to measure borehole

mandrel and oriented with the packers' fixed deformation and test-tool movement during the
ends toward the bottom-hole end of the test tool. testing period. Three radially oriented LVDTs

The packers have 0 92-m-long inflatable elastic are located below the test-interval packer, and

elements composed of natural rubber and one axially oriented LVDT is mounted at the

synthetic materials. The packer elements have bottom end of the multipacker test tool (Figure

approximately 0.84-m seal lengths when inflated 3-2) to measure tool movement relative to the

in 4-inch (10.2-cm) diameter boreholes. For bottom of the hole during testing.

some tests, the test tool was restrained using a

cross made of 1-m lengths of 2-inch (5.08-cm) 3.2 Data-Acquisition System

square tubular steel which is clamped onto the A computer-controlled data-acquisition system
mandrel or its extension and anchored to the (DAS) monitors the progress of each test and

floor or wall using 61-cm-long rock bolts. For records pressure, temperature, and borehole-

other tests, a set of radially oriented tapered deformation data (Figure 3-3). Each DAS

jaws or slips that tighten on the test-tool mandrel consists of an IBM PSI2 Model 50 desktop

as the tool attempts to move out of the borehole computer for system control and data storage,
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14



and a Hewlett Packard (HP) 3497A Data- transducers used during testing in boreholes

Acquisition/Control Unit containing: power $1P71 and $1P73 to have maximum errors of

supplies to excite the transducers, about 0.04 MPa by the ends of the tests, while

thermocouples, and LVDTs; a signal scanner to the error in the transducer used for testing in

switch and read channels; and a 5-1/2 digit borehole L4P51-B increased to 0.11 MPa. The

voltmeter to measure the output from the accuracies of the test-zone transducers used

transducers, thermocouples, and LVDTs. The during testing in the other boreholes improved

data-acquisition software allows sampling of the slightly during the tests. Small errors in the third

sensors' outputs at user-specified time intervals or fourth significant digits of the transducer

ranging from 15 seconds to 24 hours. As data readings are considered to have insignificant

are acquired, they are stored both on the effects on interpretations of transmissivities from

computer's hard disk and on either 3.5-inch or the pressure data. The sensitivity coefficients

5.25-inch diskettes. Real-time listing of the data derived from the calibration of the transducers

on an auxiliary printer and screen and/or printer usedduring the permeability testing discussed in

plots of the accumulated data are also possible, this report are tabulated in Stensrud et al.

(1992).

3.3 Pressure Transducers

Pressures in the test andguardzonesand inthe 3,4 Thermocouples

packers are monitored with Druck PDCR-830 Type E ChromeI-Constantanthermocouplesare

strain-gage pressure transducers rated to used to monitortemperatureswithinthe testand

monitor pressures from 0 to 2000 psi (0 to 13.8 guardzones duringthe permeabilitytests. The

MPa). The transducers are mounted on thermocouplesare 1/8 inch(0.32 cm) indiameter

instrumentpanels outsidethe boreholesand are and are sheathed in Inconel 600. The

connectedto the isolatedzones and the packers thermocouples are reported to be accurate to

through3/16-inch(0.48-cm) O.D. stainless-steel within + 0.06 °C by the manufacturer, ARI

tubingwhichpassesinto andthroughthe packer Industries. The thermocouplesare calibrated by

mandrels (Figure 3-2). The manufacturer's SandiaNationalLaboratories.

statedaccuracyof the transducers is + 0.1% of

full scale, or + 2 psi (0.014 MPa). 3,5 Linear Variable-Differential

Transformers
Transducers are calibrated before and after each

Open boreholes, rooms, and drifts in the
installation of a multipacker test tool according to underground facility exhibit closure, deformation,
procedures described in Stensrud et al. (1992) to and differential movement between halite and
determine their accuracies and to evaluate the

anhydrite beds (Bechtel, 1986). Measurable
magnitude of transducer drift during the testing borehole closure (on the order of a few tenths-of-

periods. For the tests discussed in this report, a-millimeter change in borehole diameter) in a
the pre-test calibrations showed that the test- shut-in, fluid-filled test interval could raise the
zone pressure transducers were accurate to pressure in the hole. Axial movement of the

within + 0.02 MPa over the pressure ranges multipacker test tool can be caused by changes

observed during the tests. The post-test in packer-inflation pressure, pressure buildup or
calibrations showed that drift caused the withdrawal in the isolated intervals, and hole
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elongation resulting from creep closure of the The DPT panel includes five cylindrical columns:

excavations. The rate of rock creep decreases 4-inch (10.16-cm), 1-inch (2.54-cm), 1/2-inch

with increasing distance from an excavation (1.27-cm), and 3/8-inch (0.95-cm) O.D. stainless-

(Westinghouse, 1990), causing boreholes drilled steel columns, and a 1/4-inch (6.35-mm) Lexan-

from an excavation to elongate. Axial movement column manometer (Figure 3-4). As fluid from

of the test tool can change the test-zone volume, the test zone enters and fills a column, voltage

which, in low-permeability media, can affect the measurements are taken by the DAS from the

observed pressure response in an isolated DPT. The DPT measures the difference in the

borehole interval. Three Trans-Tek Model 241 pressure exerted on two sides of a sensing

LVDTs are radially mounted, with 120° diaphragm. On one side of the diaphragm is the

_eparation, on the test-interval part of the ambient test pressure. On the other side of the

multipacker test tool to measure radial borehole diaphragm is the pressure exerted by the fluid in

deformation (Figures 3-1 and 3-2). These the column, plus the ambient pressure. The

LVDTs can each measure a range of motion of difference, or differential pressure, is equal to the

0.5 cm. An axially mounted Trans-Tek Model pressure exerted by t,_;_fluid in the column. As

245 LVDT on the bottom of the test tool the fluid level in the column changes (a change
J

measures tool movement along the borehole axis in fluid-column height corresponds to a linear

(Figures 3-1 and 3-2)° This LVDT has a range of change in the volume), the voltage output

motion of 10 cm. The LVDT responses are changes proportionally.

reported by Trans-Tek to be linear within ± 0.5%

over their working ranges. Jensen (1990) During constant-pressure flowtests, the pressure

discusses in detail the design, calibration, and inside the injection/withdrawal column is

use of the LVDTs. maintained under near constant-pressure

conditions. To maintain constant pressure, the

3.6 Differential-Pressure- injection/withdrawal column is connected to a

Transmitter Panel nitrogen-gas reservoir. Before testing, the
reservoir pressure is set to the designatedtest

Fluidvolumesproducedduringconstant-pressure

flow tests were measured using a differential- pressure. Duringa constant-pressurewithdrawal

pressure-transmitterpanel (Figure 3-4). The test, fluid (and sometimes gas) enters a

panel consists of a differential-pressure designatedcolumnfrom the test zone, but little

transmitter (DPT) and injection/withdrawal changein the gas pressureinthe columnoccurs
due to the bufferingcapacityof the gas reservoir.columns. RosemountAlphalineModel 1151DP

DPTs are used in the WIPP permeability-testing

program. The DPTs are calibratedfrom 0 to 100 3.7 Gas-Brine Separation and

cm of water (0-9.8 kPa). The manufacturer's Measurement System

stated accuracy of the DPTs is ± 0.2% of the Fluidvolumesproducedduringconstant-pressure

calibratedspan, includingthe combinedeffectsof flow tests in borehole $1P72 were measured

hysteresis, repeatability, and independent usingthe gas-brineseparationandmeasurement

linearity system shown in Figure 3-5 The system
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consisted of a 1-gallon (3.785-L) stainless-steel brine again covered the end 3f the vent line, and

brine-collection vessel coupled with a tygon- the process would repeat.

tubing manometer, a 300-mL stainless-steel gas-

brine separator, a 4-L graduated cylinder (gas The volume of brine that flowed into the brine-

reservoir) inverted in a water-filled 6-L Pyrex collection vessel over a given period of time was

vessel, and a vacuum pump. Brine and gas calculated from changes in the height of the

flowing from the test zone through the zone vent brine in the manometer. Calibration of the brine-

line were collected in the 1-gallon brine-collection collection vessel before the test provided a

vessel and in the gas reservoir, respectively, correlation between a change in the height of the

The 300-mL gas-brine separator prevented brine brine in the manometer and the corresponding

from flowing into the 6-L Pyrex vessel where it volume of brine that had flowed into the brine-

could not be measured, collection vessel. Manometer readings were

manually entered in the test log book and were

The $1P72 constant-pressure flow tests were not recorded by the DAS.

performed with the flow line open to atmospheric

pressure at the surface. However, the pressure The volume of gas produced from the test zone

in the test zone did not remain constant during over several hours during the constant-pressure

these tests, but cycled between about 0.05 MPa flow tests exceeded the volume of the gas

and about 0.08 MPa The test-zone pressure reservoir, preventing continuous direct

varied because both brine and gas were measurement of gas flow. To calculate the total

produced during the flow test. Brine and gas gas flow, several gas-flow cycles were measured

traveled from the test zone to the gas-brine directly using the gas-brine separation and

separation and measurement systemthrough the measurement system and a correlation was

test-zone vent line (Figure 3-5). The downhole developed between the change in test zone

end of the vent line was located between 0.09 pressure during each cycle and the volume of

and 0.18 m (depending on test-tool rotation) gas produced. Total gas production during each

vertically above the lowest point in the test zone. constant-pressure flow test was then determined

Given the low pressures in the test zone (0.05 - by multiplying the pressure change during each

0.08 MPa), the gas in the test zone was probably cycle as recorded by the DAS by the correlation

present as a separate phase and collected at the coefficient. This correlation was developed in

top of the test zone above the brine. When the the following manner. Gas flowing from the test

brine level in the test zone was high enough to zone first entered the gas-brine separator. From

cover the end of the vent line, the flow of brine there the gas flowed through 3/16-inch (4.76-

and gas from the formation into the test zone mm) stainless-steel tubing into the gas reservoir

would cause the gas pressure above the brine to which was inverted in a 6-L Pyrex vessel partially

increase. The gas pressure would continue to filled with water (Figure 3-5). A vacuum pump

increase until enough brine had flowed to the was used before each flow cycle to decrease the

gas-brine separation and measurement system pressure in the gas reservoir, causing the water

to cause the brine level to fall below the bottom to rise in the gas reservoir. Gas flowing into the

of the vent line. The gas would then vent to the gas reservoir displaced the water and the volume

gas-brine separation and measurement system, of gas produced during each cycle was

decreasing the gas pressure in the test zone until calculated from the volume of water displaced.
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Two corrections were made to the gas volumes the compressibility in the packer/cylinder system,

directly measured in the gas reservoir. Brine Subsequent losses of fluid from the packer

flowing into the 1-gallon brine-collection vessel and/or changes in packer volume thereafter

during each cycle displaced a corresponding resulted in smaller changes in packer pressure

volume of gas which then flowed into the gas than would have otherwise occurred (see Figure

reservoir, This volume was subtracted from the F-3).

measured volume of gas at the end of each

cycle. Also, the gas pressure in the gas 3.9 Compliance-Testing Equipment
reservoir at the end of each cycle was usually Pickenset al. (1987) have shownthat test-tool

aboveor belowatmosphericpressuredepending movement in responseto packer inflation and

on the relativepositionsof thewaterlevels inthe fluid injectionor withdrawalcan affectpressure

gas reservoirand in the 6-L Pyrex vessel(Figure responses in isolated intervals in boreholes in

3-5). The remaining volume of gas was adjusted low-permeability media. Figure 3-7 illustrates

to reflect the volume it would occupy at how packer movement due to packer inflation

atmospheric pressure, can cause the packer element to displace fluid in

isolated intervals, causing changes in pressure.

3.8 Packer-Pressure-Maintenance Changes in the shape, volume, or positionof the

System test toolwhichaffectpressureresponsesduring

Packerpressuressteadilydeclinedduringsome testing are referred to as compliance. To

testing sequences, potentiallyjeopardizingthe evaluate the magnitudeof compliance for the

isolationof test and/orguardzones. For testing multipackertest tool, preinstallationcompliance

in borehole L4P52, a pressure-maintenance testswere conductedin the undergroundfacility

system (Figure 3-6) was attachedto the guard- on alltest toolsaccordingto proceduresoutlined

zone packerto holdthe packerpressurenearly in Section 4.1. Compliance tests were

constantduringtesting. A 1-galloncylinderwas conducted in sealed and pressure-tested

filled approximatelyhalf-fullwith water andthen sectionsof 4.5-inch (11.43-cm) O.D. stainless-

pressurizedwith nitrogento the desiredpacker steel casing to differentiate test-tool-related

pressure.The controlvalvebetweenthecylinder phenomena from formation-related pressure

and the nitrogen tank was closed when the responsesobserved in boreholes. The casing

desired pressurein the cylinderwas achieved, was intended to simulate a borehole with

and the controlvalve between the cylinderand effectivelyzero permeability. The casing was

the packerwas open_.d,allowingthe pressures placed in a borehole to minimize temperature

in the packer and in the cylinderto equilibrate, fluctuationsand associated pressure changes

The nitrogen in the cylinderservedto increase (Figure3-8).
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4. TESTING PROCEDURES

The multipacker test tools are used to conduct testing in a compliance-test chamber (Section

hydraulic tests in boreholes drilled from the 3.8) before being installed in the test borehole.

underground excavations. In low-permeability Compliance testing quantifies the response of the

formations such as the Salado, changes in the test tool to the types and magnitudes of pressure

volume or temperature of the test-zone fluid changes anticipated during hydraulic testing.

and/or the test tool can affect observed pressure After compliance testing is completed, the test

responses, as described in Pickens et al. (1987). tool is installed in the test borehole. A hydraulic

In addition, pressure changes in isolated sections testing sequence is then performed, consisting of

of boreholes in low-permeability media can cause a shut-in pressure buildup followed by one or two

physical movement of the test tool. Pressures in pressure-pulse tests and in some cases a

test intervals may also be affected by changes in constant-pressure flow test followed by a buildup

packer-inflation pressures, and vice versa, as test. Compliance- and hydraulic-testing proce-

when a pulse injection in a test zone increases dures are discussed below.

the forces acting against the outside of the test-

zone packer, causing the packer-inflation

pressure to increase. 4.1 Compliance Testing
Compliance tests are performed for each test

Changes in the volume and pressure of the test- tool before the tool is installed in a test borehole.

zone fluid that are not due to the formation's The purposes of the compliance testing are to (1)

hydraulic response but instead to changes in the establish that the test tools have been properly

position of the test tool or deformation of the test assembled and that all seals and fittings are

tool or borehole are included under the term performing as designed; and (2) evaluate

"compliance". Pickens et al. (1987) showed that test-tool responses to packer inflation and ap-

compliance-related pressure changes during plied pressure pulses in the intervals isolated by

hydraulic tests of formations with hydraulic the inflated packers. For compliance tests, the

conductivities less than 10 _ m/s can obscure test tools with all monitoring instruments are

and/or dominate actual formation-related installed in test chambers in the same manner

pressure changes and result in incorrect employed when installing the test tool in a

estimates of the formation's hydraulic properties borehole. The compliance chambers consist of

Test-tool-related compliance can be empirically stainless steel well casing sealed at one end.

estimated by subjecting the testing equipment to The DAS is used to monitor and record the

simulated test conditions and observing the results of the compliance testing.

resulting pressure responses. These

"compliance tests" provide data to understand The test tool's packers are sequentially inflated,

and/or compensate pressure changes resulting starting with the test-zone packer. Both packers

from compliance during actual hydraulic testing, are inflated to between 8 and 10 MPa, after

which the pressures are monitored for 24 to 48

The multipacker test tool to be used for hydraulic hours for evidence of leaks or improper perfor-

testing =n any borehole undergoes compliance mance. Packer pressures usually decrease
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during this period due to the elasticity of the increased from approximately 0 MPa to 7 MPa

packer-element material, air that may have been on Day223 by injecting a small quantity of brine.

entrapped during inflation going into solution, and The peak pressure quickly dissipated to about 4

other compliance-related phenomena. After MPa and then slowly decreased due to

monitoring this pressure decline for the initial 24- compliance effects, such as packer readjustment

to 48-hour period, packer-inflation pressures are as stresses were redistributed through the entire

usually increased to 8 to 10 MPa and monitored test-tool string and axial test-tool movement.

for an additional 24 to 48 hours. Figure 4-1 also shows that the guard zone

received a pulse injection on Day 227 when the

After the leak-check/packer-pressure-adjustment pressure was increased from 0 MPa to 5 MPa.

periods, the test zone is subjected to a pressure- The guard-zone pressure displayed similar

injection pulse of at least 3.5 MPa. The pressure behavior to that of the test zone. The pulse

responses of both the test and guard zones are injections into the test and guard zones caused
then monitored for evidence of leaks, and the pressure changes throughout the system. As the

associated packer-pressure responses are also pressure in a zone is increased, the adjacent

monitored. After evaluation of test-zone integrity packer(s) is compressed, causing its internal

is completed, the same procedure is followed to pressure to increase (Figure 4-2). The packer(s)

evaluate the integrity of the guard zone. also deforms slightly away from the zone being

pressurized, which can cause the pressure in the

In some instances, the test- and guard-zone adjacent zone to rise slightly. This pressure

pressures are increased and/or decreased in a increase can in turn be transmitted to another

series of step pressure-injection and/or pressure- packer.

withdrawal pulses to provide a range of test-zone

and packer-pressure responses to pressure Figure 4-3 shows the temperatures measured in

changes in neighboring zones and packers, the test and guard zones during compliance

During the withdrawals, the volume of fluid testing. Temperatures were stable throughout

released during each pressure drop is measured the testing period except for short-lived increases

to provide data with which to evaluate test-tool or in the guard-zone temperature following the

system compressibility, pulse injections.

Figures 4-1 to 4-5 display the results of a typical Figures 4-4 and 4-5 show the LVDT responses

compliance-test sequence. Figure4-1 shows the during compliance tests. The radial LVDTs

pressures in the test and guard zones; Figure (Figure 4-4) shr)w that the test chamber's

4-2 shows the pressures in the test-zone and diameter in the test zone increased by about

guard-zone packers; Figure 4-3 shows the fluid 0.04 mm during the pulse injection. This

temperatures in the test and guard zones; Figure increase is consistent with the predicted diameter
4-4 shows the relative movement of the radial increase calculated from the material properties

LVDTs; and Figure 4-5 shows the relative of the test chamber. Note that because of the
movement of the axial LVDT. LVDTs' orientatk. _, (see Section 3.5), the actual

increase in diameter must be estimated

During the compliance test depicted on Figures by integrating the responses of all three radial

4-1 to 4-5, the pressure in the test zone was LVDTs. Figure 4-5 shows that the axial LVDT
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Figure 4-5. AxiaI-LVDT data for compliance test COMP 16, multipacker test tool #5.

was compressed (shortened) when the test-zone Upward-drilled boreholes are filled after a test

packer was inflated, but tended to lengthen as tool is installed and the packers are inflated by

the test-zone-packer pressure declined. This injecting brine through an injection line until brine

response is probably due to some elastic discharges from a vent line located at the top of

response of the packer element. During the the isolated interval. The brine used is collected

pulse injection in the test zone, the axial LVDT from boreholes in the WlPP underground facility

lengthened as the increase in test-zone pressure and, therefore, should already be in chemical

forced the test tool upward in the compliance- equilibrium with the Salado strata (Deal et al.,

testing chamber. The guard-zone pulse injection 1991). A multipacker test tool is installed in each

did not have the same effect on the axial LVDT test borehole as soon after drilling as possible to

response. Stensrud et al. (1992) present minimize pretest borehole history under

complete plots and tabulated data for the non-shut-in conditions. The packers are

compliance tests performed before the hydraulic sequentially inflated to approximately 11 MPa,

tests analyzed in this report, starting with the lower-most packer. The packers
are inflated with fresh water using a positive-

4.2 Hydraulic Testing displacement pressure-intensifier pump. The

A hydraulic-testing sequence begins with the packer-inflation pressures are monitored closely

drilling of a nominal 4-inch (10.2-cm) diameter for 24 to 48 hours after inflation. If

borehole. Downward-drilled boreholes are filled compliance-related reductions in the packer-

with brine shortly after drilling is completed, inflation pressures of greater than 3 MPa are
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observed, the packer-inflation pressures are 4.2.1 PRESSURE-PULSETESTING. Pressure-

increased to 11 MPa and observed for an pulse testing as described by Bredehoeft and

additional 24 hours. After the initial transient Papadopulos (1980) is the first type of hydraulic

decreases in packer pressures occur and the test performed in a test interval.

packer-inflation pressures approach relative Pulse-withdrawal rather than pulse-injection tests

stability, valves on the test- and guard-zone vent were generally chosen for the Salado

lines are closed to shut in the test and guard permeability testing because: they do not force

zones. Once the test and guard zones are shut fluids into the formation that may not be in

in, the pressures in the two zones increase as complete chemical equilibrium with the rock; they

they equilibrate with the formation pore pressure do not overpressurize the formation, a process

in the vicinity of the borehole. After the rate of which could potentially open existing fractures or

pressure increase in the test zone decreases and create new fractures by hydrofracture; and they

the pressure-recovery curve appears to be on an more closely represent the hydraulic conditions

asymptotic trend (Figure 4-6), hydraulic testing expected shortly after closure of the WIPP

begins, underground facility when brine may be flowing

Figure 4-6. Typical permeability-testing sequence,
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from the host rock towards the relatively test is to be conducted. The flow tests discussed

underpressurized rooms, in this report were all withdrawal tests, and were

conducted at constant pressures between 0.2

Pulse-withdrawal tests are initiated in a test or and 3 MPa below the pretest zone pressures.

guard zone by opening the zone's vent valve and As a constant-pressure flow test proceeds, the

allowing fluid to flow from the zone until the increase in fluid volume in the column is

desired fraction of the shut-in pressure has measured by the DPT. If free gas is also

dissipated. After the desired pressure decrease produced, it is captured and its volume measured

has been achieved, the valve is then closed to as described in Section 3.7. The test is

shut in the zone. The volume of fluid released terminated by shutting in the test zone after

from the vent line during each pulse withdrawal adequate flow data have been collected for

is measured and recorded. Following the pulse analysis.

withdrawal, the reequilibration of the zone's

pressure and the formation pore pressure is 4.2.3 PRESSURE-BUILDUP TESTING,

monitored with the DAS. After the zone's Pressure-buildup testing consists of monitoring

pressure has recovered to approximately its pre- the pressure recovery after terminating a

pulse value, the test is usually repeated (Figure constant-pressure flow test and shutting in the

4-6) to provide assurance that the observed test zone. A pressure-buildup test should

pressure responses are reproducible and are generally last longer than the preceding flow test

representative of formation responses, to provide adequate data for analysis. In low-

permeability systems, buildup periods between

Pulse-injection tests were performed when little two and ten times as long as the preceding flow

pressure buildup occurred in a shut-in interval to periods are often required, and are always

determine whether the lack of pressurization was preferred.

caused by low pore pressure in the formation or

by low permeability. A pulse-injection test was

also performed in the L4P51-B guard zone (see

Section 7.1.2.2) to evaluate the integrity of the

test tool. Pulse-injection tests are initiated by

injecting brine until the desired pressure increase

has been achieved. The zone is then shut in and

the reequilibration of the zone's pressure and the

formation pore pressure is monitored.

4.2.2 CONSTANT-PRESSURE FLOW

TESTING. Constant-pressure flow tests are

performed after pressure recovery from a

pressure-pulse test is complete and the fluid

pressure in the zone to be tested is relatively

constant. The test zone is opened to one of the

coXumns on the DPT panel (Section 3.6) which is

pressurized to the constant pressure at which the
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5. TEST LOCATIONS AND BOREHOLES

Figure 5-1 shows the locations of all of the 5-inch (12.7-cm)I.D., 20-inch (51-cm)long, steel

boreholes drilled to date for the underground borehole collar was grouted to the formation in

hydraulic-testing program. Boreholes have been the top of each of the holes. The multipacker

drilled in the experimental area, the operations test tools were then bolted or otherwise anchored

area, and the waste-storage area. Borehole to the collars as described in Section 3.1 to

locations are chosen to provide access to reduce test-tool movement in responseto packer

different Salado Formation lithologies (Figure inflation and pressure buildup in the guard and

2-3), to investigate whether or not the ages of test zones.

excavations affect permeability in similar

stratigraphic intervals, and to provide a Core samples were recovered from 95 percent of

representative distribution of data from a wide the drilled lengths of the test boreholes. The

area of the underground facility. The tests lithologies, fracturing, penetration times, and fluid

discussed in this report were performed in occurrences noted in each borehole were

boreholes L4P51,L4P52, $1P71, $1P72, $1P73, recorded on core sample logs presented by

and SCP01. Stensrud et al. (1992). The lithologies are

referencedto the standard WIPP map units listed

In some instances, holes are deepened and in Appendix A. +

additional testing is performed after testing of the

initial borehole configuration has been Descriptions of the drilling locations and

completed. In such a case, the first testing individual boreholes are presented below. A

sequence performed in a borehole is given an summary of the configuration information for

"A" suffix, as in L4P51-A, and subsequent testing each test is presented in Table 5-1.

sequences are given "B", "C", etc. suffixes, as in

L4P51-B and L4P51-C. Note that the "A" testing 5.1 Room L4

for boreholes L4P51 (test zone only) and $1P71 Room L4 was excavated in February 1989

was reported in Beauheim et al. (1991). (Westinghouse, 1990) to nominal dimensions of

10.1 m wide, 3.7 m high, and 59.7 m long.

All of the boreholes were cored and/or drilled to Borehole L4P51 was drilled and cored vertically

a nominal 4-inch (10.2-cm) diameter. The downward to a depth of 4.75 m below the floor of

boreholes were cored, when possible, to allow the room (Figure 5-2j from October 18 to 19,

sample recovery. In most cases, compressed air 1989 (Calendar Days 290 and 291). The

was used as the circulation medium during borehole was drilled to allow testing of Marker

drilling to remove drill cuttings from the holes. Bed 139 and the underlying halite, polyhalitic

When visible quantities of formation brine were halite, and clay D during test sequence L4P51-A.

encountered in association with clay and/or Marker Bed 139 (including clay E) was
anhydrite layers, brine saturated with respect to encountered from 1.50 to 2.36 m below the floor

sodium chloride was used as the drilling fluid and of the room, and clay D was encountered from

conventional, non-coring drill bits were used. To 4.55 to 4.57 m deep (Figure 5-2).
provide an anchoring assembly for a test tool, a

33



r ---- 1379 m (4523 it) --,.-

R_m ._ Roorn

,:,,,>.r,,.n,,,,Ar..I , ,,1!,,ooo,,,,.,,,..,,

U N Salt-Handling
F1 .... Shaft

Air-lntake _ _ II

OperationSArea"_ I c:ll :]II Waste-Handling 1552 rn_1 I.'1IL_.._ I"_ Shaft
Core-Storage _ -I __---q-S400 Drift (5091 ft)

Library _ ._IJl__II._"_
Typical Stora e- I SCP01"I _1 -- --' i _-" Exhaullt

Room Dimeni_(_ni _ IEIEII31N.....s...__(10 m W x 4 m H x 91 m L) ;I -3 L"I r"l I B ISO__POSl HOOmI

S1300 Ddit Jr__lJ sSI__

i i-_t i-i '-i i-i i-i i-i ' -" S1P74"I
I! II II II II Ii I i ' '

Panel8 ,, 11 1, ,, 11 ,1 1' 7AF 7flF]NNNF_ Pl'anell
II.JIJI.JI.Jl.Jl.Jl__...JI IL....._JOL,JULJLJI I l

_,.-.'.'__'__',..':27___'1 r7 r7 0 $19_ Drift- |

"-"-"-"-"-"-'l -_ ,"'AF',";'-IFI""-"-"-"-,'
iljijlj!ji'i': i J_ '" "" ""Panel7 _ il il _i _i ii Ji ii Panel2

Waale- ..... _l i[ I i. i t.l t. i l,.i t.i I

ll-lf - rStorage _ II 1 I
Area ji_l. ,_l,-

;,-,,-,,-,,-,,-,,-,.---,_..-7:--:,-,,-,,-,,-,,-,,-,;Panel6 II II II II ii II "" II I II II il II II II Panel3II II II II II II "" I I I II II II II II II II
._ LI l-iLl LII. I I.I ILIJ I J IJ IJI Ji.II '.., .Ji-- Ii.-/

1f--If -itII I II
• _Jl.J.. ,_11. i

I I--I I--I i'l i-I I--I I-I r --"1 i'--I i" _ "• I-" i I-I I-I I-I I'1 I-I I-I i
il li li il II li I l I II :1 il II il il II II li

Panel 5 ii ii i i ii ii ii i I j i _ Panel 4
I il It il II II II il

I 'Ji J "JIJlJ/.J L. i . .-i i__l I. I L Iil_, t.I I. I I. I I

r" 776 m 12545ft)

i I e Teat BOrehOieLOcatiOn

* Tearing Underway
- ] Yet to Be Excavated

NOTE: Drift/Room Widths
Are Not to Scale

TRI-6330-129-5

Figure 5-1. Map of the WIPP underground facility showing test locations.
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Table 5.1. Summary of Test-Configuration Information

Hole Orientation Radius Zone Fluid Isolated Map Units Tested
(cm) Volume Interval

(cm _) (m)

L4P51-A vertical down 5.297 guard 2927 1.45-249 PH-4, MB139, clay E, H-4

L4P51-B vertical down 5.340 test 4532 8.63-10.06 PH.1, anhydrite "c", clay B, H-1

vertical down 5.340 guard 2906 6.75-7.79 Ho2
.... ,,,,

L4P52-A up 50 ° 5.163 test 3403 4.14-5.56 11 (anhydrite "a"), 10 (halite),
9 (halite)

up 50 ° 5.163 guard 2201 2.27-3.32 9 (halite), 8 (anhydrite "b"),
7 (halite)

................... ,,,

S1P71-B vertical down 5296 test 4418 8.70-10.15 PH-1, anhydrite"c", clayB, H-1
....................

vertical down 5.296 guard 2813 6.82-7.87 H-2

S1P72-A down 32° 5.265 test 5009 4.0i-6.05 PH-4, MB139, clay E, H-4

down 32 ° 5.265 guard 2522 2.15-3.18 0 (halite), PH-4

S1P73.A vertical up 5.269 test 3964 3.38-4.80 12 (polyhalitic halite),
11 (anhydrite "a"), 10 (halite),
9 (halite)

........ ,,

vertical up 5.269 guard 2599 0.85-2.49 9 (halite), 8 (anhydrite "b"),
7 (halite)

S1P73-B vertical up 5.253 test 3868 9.92-11.32 H-6, MB138, clay K, AH.2
.......

vertical up 5.253 guard 2637 8.04-9.09 H-5, AH-1 (clay J), 15 (halite).....

SCP01-A down 13° 5.197 test 8734 10.68-15.39 PH-4, MB139, H-4
,,,

down 13° 5.197 guard 2454 8.80-9.85 PH-4
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Figure 5-2 Schematic illustration of boreholes L4P51 and L4P52 in Room L4
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L4P51 was deepened on October 1 and 2, 1990 Borehole $1P72 was drilled downward into the

(Calendar Days 274 and 275) to 10.06 m below east rib of Room 7 at an angle of 58° from

the floor of Room L4. The deepening allowed vertical on December 12 and 13, 1989 (Calendar

testing of anhydrite "c" and clay B during test Days 346 and 347). The hole was drilled to a

sequence L4P51-B. Anhydrite "c'° was total length of 6.05 m, and encountered Marker

encountered from 9.62 to 9.72 m deep. Clay B Bed 139 from 4.40 to 6.00 m along its length

directly underlies anhydrite "c" and is nnly about (Figure 5-3).
0.005 m thick at L4P51.

i

Borehole$1 P73was drilled vertically upward into

Borehole L4P52 was drilled on April 1 and 2, the back (roof) of Room 7 on December 10 and

1991 (Calendar Days 91 and 92). The hole was 21, 1990 (Calendar Days 344 and 355) to a

drilled into the upper part of the west rib of Room length of 4.80 m. Anhydrite "b" was encountered

L4 at an angle 40° below vertical to a distance of from 1.84 to 1.90 m along the hole (including

5.56 m (Figure 5-2). The borehole was drilled to 0.003 m of clay G) and anhydrite "a" was

allow testing of anhydrites"a" and"b" during test encountered from 3.94 to 4.09 m. After

sequence L4P52-A. Anhydrite "b" was attempted testing of these anhydrites (testing

encountered from 2.62 to 2.66 m along the hole sequence S1P73-A), the hole was extended to a

(including up to 0.01 m of clay G) and anhydrite length of 11.32 m on January 14 and 15, 1991

"a" was encountered from 5.25 to 5.50 m (Calendar Days 14 and 15). The hole

(including 0.005 m of clay H). encountered clay K from 10.86 to 1Q89 m along
its length and Marker Bed 138 from 10.89 to

5.2 Room 7 of Waste Panel 1 11.03 m (Figure 5-3).

Room 7 of Waste Panel 1 was excavated in

March 1988 to nominal dimensionsof 10.1 m 5.3 Core-Storage Library

wide, 4.1 m high, and 91.4 m long The core-storagelibrary west of the West 170

(Westinghouse, 1989). Borehole $1P71 was drift at South 400 (Figure 5-1) was excavated in

drilled vertically downward into the floor of Room April and May 1989 to nominal dimensions of 7.9

7 (Figure 5-3) on November 10, 1988 (Calendar m wide, 4.1 m high, and 45.7 m long

Day 315) to a depth of 4.56 m. After the (Westinghouse, 1990). Figure 5-4 shows the

S1P71-A testing sequence reported in Beauheim location of borehole SCP01 in the core-storage

et al. (1991) was completed, the hole was library. The boreholewas drilled downward into

deepened to 10.15 m between July 20 and 24, the south rib of the room angled 45 o to the west

1989 (Calendar Days 201 to 205). The hole was (S 45° W) and inclined 77° from vertical. The

deepened to allow testing of anhydrite "c" during hole was drilled from March 26 to 30, 1990 to a

test sequence S1P71-B. Anhydrite "c" was total depth of 15.39 m. Marker Bed 139 was
encountered from 9.75 to 9.80 m below the floor encountered from 10.50 to 14.78 m along the

of Room 7 and an additional anhydrite layer was hole (Figure 5-4).

encountered from 9.48 to 9.51 m (Figure 5-3).
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Panel 1.

38



PLAN VIEW

X_%,.,._, I BOREHOLEI
"_.--']SCPO1 I

.,_,,. l 7,77 m

""_""_, CORE-STORAGE LIBRARY

....7 .-f_-_-- E

q ..... -----JJ I _

w. 90 DRIFT (NOT TO SCALE)

SCHEMATIC CROSS SECTION

Figure 5-4. Schematic illustration of borehole SCP01 in the core-storage library.

39





6. INTERPRETATION METHODOLOGY AND OBJECTIVES

Both analytical and numerical methods were used analytical solution by Bredehoeft and

to interpret the hydraulic tests discussed in this Papadopulos (1980). Constant-pressure flow

report. These methods and the objectives of the tests can be interpreted using type curves based

interpretations are discussed in Section 6.1. on an analytical solution for the decay in flow rate

Section 6.2 summarizes the major assumptions as a function of time developed by Jacob and

underlying the test interpretations. Section 6.3 Lohman (1952). Pressure-buildup tests can be

discusses the values of material properties and interpreted using standard analytical solutions for

experimental parameters needed as input in the wells with wellbore storage and skin, such as

test interpretations and how those values were those of Gringarten et al. (1979). Details about

determined, the derivations of the analytical solutions are

presented in Appendix B. All three types of tests

6.1 Interpretive Methods can also be interpreted using numerical

Interpretation of hydraulic tests is essentially an simulations. Brief discussions about the

inverse problem. During a hydraulic test, one or application of the analytical solutions and about

more known stresses are applied to the system the numerical techniques used to interpret the

being studied, and the responses of the system tests discussed in this report are presented below.

are measured. Interpretation of the test consists The objectives of the different types of

of inferring the properties of the system from its interpretations are also presented.

measured responses. Typically, a unique set of

properties cannot be inferred from a single test. 6.1.1 ANALYTICAL METHOD FOR PRESSURE-

As noted by Gringarten et al. (1979), however, PULSE TESTS. Bredehoeft and Papadopulos

increasing the number and types of stresses (1980) derived an analytical solution to describe

applied to a system provides an increase in the response of a shut-in test interval to an

information gained from the measured responses, instantaneous pressure pulse (Appendix B), and

By solving the inverse problem simultaneously or used that solution to construct a family of type

iteratively for a variety of different testing curves to be used for pulse-test interpretation

conditions, the number of viable alternative (Figure 6-1). Each type curve represents a plot of

solutions can be greatly reduced, one lumped parameter, #, on a logarithmic x-axis
versus the normalized pressure change, H/Hcj, on

The three types of tests discussed in this report a linear y-axis for a specific value of a second

are amenable to interpretation using different lumped parameter, e, where a and/Y are given by:

techniques, providing the opportunity for cross- nr'2S (6-1)checking and cross-validation among results, e- •
V C,. p_,g

Both analytical and numerical methods can be '

used. Pressure-pulse tests (also referred to as

"shut-in" or "modified" slug tests) can be nTt
- (6-2)

interpreted using type curves developed from an t_ VwC,_P_ g
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Figure 6-1. Type curves for pressure-pulse tests.

where: H = change from pretest pressure at axis. If the analysis is to be performed manually,

time t, M/LT 2 the data plot is placed over the type-curve plot

Ho = pulse change in pressure, M/LT 2 and translated in the x direction, while keeping

I", = radius of well, L the x-axes overlapping, until the best possible

S = storativity, dimensionless match between the data and one of the type

T = transmissivity, L2fr curves is obtained. In this position, an arbitrary

t = time since pressure pulse, T match point is chosen and the corresponding

Vw = volume of water within shut-in values of t and/7 are read from the data and type-

interval or test zone, L3 curve plots, respectively. The curve-matching

C,, = compressibility of test zone, procedure can also be carried out ona computer.

LT2/M

Pw = density of water, M/L 3

g = gravitational acceleration, Lfr 2 The transmissivity (T) of the tested interval is

calculated from the following rearrangement of

Pulse-test data are plotted as elapsed time (t) on Eq. 6-2, using the t and ,8 values from the match

a logarithmic x-axis versus H/H o on a linear y- point:
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by wellbore-storage effects and provide little

T --- V_ C,_Pw g .8 (6-3) information on formation properties. Also, as can
rrt

be seen from Eq. 6-3, error in the estimation of

Using petroleum terminology for dimensionally test-zone compressibility results in linearly

consistent units, Eq. 6-3 can be written as: proportional error in interpreted transmissivity.

Interpretation of constant-pressure flow tests and

kh .- V,, C,, I.Z.8 (6-4) pressure-buildup tests does not depend on

n t knowledge of test-zone compressibility. Despite

their limitations, however, pressure-pulse tests are

where: k -- permeability, L2 useful in obtaining rough estimates of

h = test-interval thickness, L transmissivity in a relatively short period of time

p = fluid viscosity, M/LT that can then be used to design more definitive
tests.

and other symbols are as defined above.
6.1.2 ANALYTICAL METHODS FOR

Pressure-pulse tests are conducted because they CONSTANT-PRESSURE FLOW TESTS. Jacob

represent the fastest, simplest technique available and Lohman (1952) provided the first analytical

to estimate transmissivity In low-permeability solution to interpret constant-pressure flow tests

media. Equipment requirements and, hence, in the field of groundwater hydrology (Appendix

costs are small relative to other types of tests. B). In the petroleum literature (e.g., Fetkovich,

However, of the tests discussed in this report, the 1980; Uraiet and Raghavan, 1980; Ehlig-

pressure-pulse tests are the tests least amenable Economides and Ramey, 1981), Jacob and

to analytic interpretation. Because pressure-pulse Lohman's (1952) solution is represented by a type

tests involve less of a stress on the tested system curve of dimensionless time, t_, plotted versus

than do flow and buildup tests, non-ideal dimensionless flow rate, qr), on a log-log graph

antecedent conditions have more of an effect on (Figure 6-2). Test data are then plotted as

pressure-pulse test responses. Such non-ideal elapsed flow time, t, versus flow rate, q, on a

antecedent conditions in fact precluded analytic similarly scaled graph. The data can be matched

interpretation of many of the pressure-pulse tests to the type curve manually by placing the data

considered in this report, plot on top of the type-curve plot, and shifting the
data plot, keeping both sets of axes parallel, until

The transmissivity interpreted from a pressure- the data overlie the type curve as much as

pulse test also tends to be less definitive than that possible. The curve-fitting procedure can also be

derived from a constant-pressure flow test or a carried out on a computer.

pressure-buildup test. Pulse tests have smaller

radii of influence than flow or buildup tests. Once a match is obtained, an arbitrary point is

Therefore, pulse tests may be more sensitive to selected and the coordinates of that point are

drilling-induced changes in permeability around a read on both plots. The permeability-thickness

borehole than are the other types of tests, product (transmissivity) of the tested interval is

Pressure responses observed during pulse tests calculated from the following equation:

in low-permeability media may also be dominated
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Figure 6-2. Type curves for radial constant-pressureflow.

deviate from the type curve. Once the effects of

kh -- ql_ (6-5) the flow test reach the boundary, a constant-
2nq_(p,-p_

pressure (or increased permeability) boundarywill

where: k = permeability, L2 cause the flow rate to stabilize, and a no-flow (or

h = test-interval thickness, L decreased permeability) boundary will cause the

q = flow rate at match point on data flow rate to decrease more rapidly than predicted

plot, 1_3/'1" by the type curve.

p = fluid viscosity, M/LT

qD = dimensionless flow rate at match Uncertainty or inaccuracy in the estimation of

point on type curve transmissivityfrom matching of constant-pressure

p_ = initial pressure before flow flow data to type curves arises primarily from

began, M/LT2 poor definition (non-uniqueness) of the match

p,_ = constant pressure at which well between the data and the type curve. Definition

flowed, M/LT2 of a type-curve match typically improves as more
data become available. Therefore, uncertainty in

If hydraulic boundaries are encountered during transmissivity generally decreases as the test

constant-pressure flow testing, flow-rate data will duration increases. A secondary source of
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uncertainty in transmissivity estimation is acting as a line source, with no wellbore storage

uncertainty in the driving pressuredifferential (see or skin. Gringarten et al. (1979) included wellbore

Eq. 6-5). When a constantpressure flow test is storage and skin in their analytical solution when

only one in a sequence of hydraulic tests, the they devised a new set of type curves for flow-

initial pressure before flow begins (p,) may be and buildup-test interpretation (Appendix B).

different from the stabilized pressure that existed Each type curve is characterized by a distinct

throughout the formation before the sequence of value of Coe_ and is plotted as p_ versus tj'Cr_

tests began. When a transient pressure on a log-log graph (Figure 6-3), where:

distribution already exists within a formation at the

start of a constant-pressure flow test, the driving Co = dimensionless wellbore-storage

pressure differential will include another transient coefficient

component in addition to that caused by the flow s = dimensionless wellbore skin

test itself. If this additional transient component p_ = dimensionless pressure change

is ignored, the transmissivity estimate may be in t/_ = dimensionless elapsed time

error by a factor not greater than the percentage

difference between the pressure difference Test data are plotted as pressure change, Ap,

betweenthe actual initialpressureand the flowing versus elapsed flow time, t, on a log-log graph of

pressure and the pressure difference betweenthe the same scale as the type curves. The data can

pre-test stabilized pressure and the flowing be matched to a type curve manually by placing

pressure. However, transient pressure conditions the data plot on top of the type-curve plot and

existing at the start of a constant-pressure flow shifting the data plot, keeping both sets of axes

test may also affect the quality of the match parallel, until the best match possible is obtained

between the flow data and the type curve, between the data and one of the type curves.

because the analytical solution underlying the After a match is obtained, an arbitrary point is

type curve assumesstabilizedpressureconditions selected and the coordinates of that point are

at the start of the test. Again, the significance of read on both plots. Using the ordinate values for

this problem correlates withthemagnitudeofthe the match point (the pressure match), the

difference betweenthe assumed and actual initial permeability-thicknessproduct (transmissivity)of

pressuredifferentials. Estimationof transmissivity the tested interval is calculated from the following

from constant-pressure flow tests is entirely equation:

independentof test-zone compressibility because

those tests do not involve transient pressures in kh - qp p_ (6-6)
2n Apthe test zone.

where: k --- permeability, L2

6.1.3 ANALYTICAL METHODS FOR h = test-interval thickness, L

PRESSURE-BUILDUPTESTS. Many authors in q = flow rate, L3/T

the fields of groundwater hydrology and p = fluid viscosity, M/LT

petroleum reservoir engineering have studied the Ap = pressure change, M/LT2
buildup of pressure in a well following a constant-

rate flow period. The early studies of Theis The wellbore-storage coefficient (C)can then be
(1935), Cooper and Jacob (1946), and Horner calculated from the abscissa values of the match

(1951) considered only the behavior of a well point (the time match)as:
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Figure 6-3. Pressureand pressure-derivativetype curves for wells with wellbore storage and skin.

2nkht effective wellbore radius (r,) by the following

C - p(t_/C_) (6-7) equation:

The apparent wellbore skin (s) can be calculated r = r e" (6-9)

using the value of C_e2' for the type curve that Although the solution of Gringarten et al. (1979)
matched the data and the value of C_determined was developed for the drawdown response of a

from the following equation: well producing at a constant rate, it can be

extended to analysis of the pressure buildup

C following a constant-rate flow period through
C. - (6-e)

2n_c, hr_ linear superposition of the buildup response on
the continuing drawdown response. The solution

where: ¢) = porosity, dimensionless can be further extended to apply to the buildup

c, = total systemcompressibility,LT2/M response following a constant-pressure flow test

rw = wellbore radius, L by subdividing the constant-pressure flow period

into a number of shorter periods having constant,

Note that calculation of the skin value requires but different, rates and using linear superposition

knowledge of the porosity-compressibility product to combine the effects of all of the flow periods.

(equivalent to specific storage divided by fluid This approach was verified theoretically by Ehlig-

density). Earlougher (1977) relates skin to an Economides (1979).
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The analytical solution of Gdngarten et al. (1979) tests. Third, we wanted to define the stabilized

is included in the Interpret/2 well-test- pore pressure in the tested stratum at the time of

interpretation code developed by Scientific testing. Fourth, we wanted to know the

Software-lntercomp. Interpret/2 also includes approximate radius of influence of the constant-

numerous analytical solutions for systems other pressure flow and buildup tests. Fifth, we wanted

than the infinite stngle-porositysystemconsldered information on whether the tested stratum

by Grlngarten et al. (1979). These include behaved hydraulically as infinite (on the scale of

analytical solutions for double-porosity systems, testing) or bounded, fully confined or leaky, and

fractured systems, bounded systems, radially as a single-porosity medium or a double-porosity

heterogeneous systems, and leaky systems, as medium.

well as for wells that are horizontal or only

partially penetrate a permeable layer. The Estimation oftransmissivityfrompressure-buildup

pressure-derivative analysis techniques developed tests is independent of test-zone compressibility.

by Bourdet et al. (1989) are also included in Instead of needing a value of test-zone

Interpret/2. The pressure derivative serves a compressibility as model input, log-log analysis of

diagnostic role by providing insight into the nature pressure-buildup tests provides an estimate of the

of the system being tested, such as the presence wellbore-storage coefficient (the product of the

(or absence) of hydraulic boundaries, fractures, test-zone compressibility and the shut-in test-zone

leakage, or double-porosity effects, which aids in volume) as output. Stabilized pore pressure is

selection of an appropriate model. Once a readily determined by extrapolating the late-time

particular well and system model is selected pressure trend on a Horner plot to infinite

within Interpret/2, the code generates pressure recovery time. Information on the nature of the

and pressure-derivative type curves for that model system tested comes from the pressure-derivative

(Figure 6-3). Built-in regression techniques allow data and the final model fit to the data by

optimization of the fit between type curves and Interpret/2

data. Simultaneous type-curve matching to

pressure data and pressure-derivative data The radius of influence of a flow or buildup test is

provides much more definitive results than given by different authors as some multiple of the

matching to pressure data alone. In addition to parameter group (kt/q_pc,) '+. For instance,

automated log-log type-curve matching, Earlougher (1977) defines the radius of drainage

Interpret/2 also provides matching to semilog of a test, using SI units, as:

Horner (1951) plots and simple linear-linear

pressure-versus-time plots. Horner plots are r_- 1.786 kt (6-10)
particularly useful in defining the pressure towards _pc,

which a system is stabilizing.
where: t = test duration, T

The interpretation of each pressure-buildup test

had five principal objectives. First, we wanted to and other parameters are as defined above.

determine the transmissivity of the tested interval. Oliver (1990) examined how the properties of a

Second, we wanted an estimate of the wellbore- formation at different radial distances from a well

storage coefficient to compare to the test-zone contributed to the permeability interpreted from a

compressibility measurements made during pulse well test. He found that fifty percent of the
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permeability information was from the region different from those of the remainder of the

between r = 0.67 (kt/epc,) '_ and r = 1.35 formation.

(kt/@pc,)'_, and less than one percent of the

Information came from beyond r = 2.34 GTFM can be used with assigned conditions of

(kt/epc,) "_. Both Earlougher (1977) and Oliver either fixed pressure or zero flow at the external

(1990) ignored wellbore storage and skin in their boundary of the model. Selection between the
formulations. Thesefactorswould tend to reduce two boundary conditions is m_de on a test-

the radius of influence of a test. Interpret/2 uses specific basis, depending on whether or not the

Eq. 6-10 to calculate the radius of Influence of test data show boundary effects. If no boundary
well tests, effects are indicated by the test data, a fixed-

pressure boundary condition ts specified at a

6.1.4 NUMERICAL METHODS. A major distance from the borehole such that the type of

limitationencounteredwheninterpretinghydraulic boundaryhasno effectonthecalculatedpressure

testswithanalyticalsolutionsis thatactualpretest responsein the borehole The adequacy of the

conditionsdo not entirely match the idealized specifieddistanceis verifiedby ensuringthat the

boundary conditionsand initial conditionsthat pressure in the node adjacent to the fixed-

underliethe analytica!solutions. Forthisreason, pressureboundarynode does not change over

a numerical model capable of dealing with the duration of the test simulation. In cases

complex pretest borehole history and variable whereboundary effectsare indicatedby the test

boundaryconditionswas also used to interpret data, the type of and distanceto the boundary

the Saladohydraulic tests. The numericalmodel are parameters selected and fitted as part of the

chosen, GTFM (.G_.raphIheoretic Field Model; test interpretation.

Pickens et al., 1987), simulates the hydraulic

response of a single-phase, one-dimensional, The model has wellbore (inner) boundary

radial-flow regime to boundary conditions applied conditions which can be used to simulate pulse-

at a borehole located at the center of the injection/withdrawal tests, specified borehole-

modeled flow system. The problem domain is pressure conditions, specified formation flow

discretized by dividing the radial-flow system into rates, and slug-injection/withdrawal tests. The

a series of concentric rings centered on the cumulative effects of consecutive tests are

borehole, with each ring represented by a node. incorporated in the simulations. The model can

A constant multiplicative factor is used to increase also incorporate test-zone pressure changes

the spacing between nodes with increasing resulting from temperature variations in the test

distance from the origin (borehole). For the zone as well as from test-equipment- and/or

simulations presented in this report, 250 radial formation-induced changes in the test-zone

nodes were used. The model assumes that the volume. The model output consists of simulated

formation has a constant thickness with vertically pressure responses in the borehole and at

homogeneous hydraulic properties. Formations selected radial distances from the borehole. The

may have single or double porosity, and may model can also calculate formation flow rates and

include a single radially centered heterogeneity to cumulative production based on the formation's

simulate the presence of a "skin"zone adjacent to estimated hydraulic properties.

the borehole. The skinzone may have properties
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The primary input parameters to GTFM include (often zero, or atmospheric) during the period

the formation's hydraulic properties (hydraulic between drilling and initial shut-in of the test zone:

conductivity, pore pressure, and specific storage (2) time periods when external factors, such as

or its constituent parameters), fluid properties changes in packer pressures, affected the

(density, compressibility, and thermal-expansion observed test-zone pressures; and (3) test-zone

coefficient), test-zone parameters (radius, length, pressures during constant-pressure flow tests.

contained fluid volume, and compressibility), and, The pressures specified for history sequences

ffused, skin properties (radial thickness, hydraulic are taken directly from the DAS records. Model

conductivity, and specific storage). For test output during history sequences consists of flow

interpretation, all of the input parameters except rates between the test zone and the surrounding

for the formation's hydraulic (and skin) properties formation and transient formation pore pressures.

and test-zone compressibility are fixed. Valuesfor Sequences during which a test zone is shut in,

test-zone compressibility are determined and and pressures in the test zone and the

assigned as discussed below in Section 6.3.2. surrounding formation are equilibrating, are

Different combinations of the hydraulic properties referred to as pulse sequences. Pulse sequences

are then investigated by creating a matrix of were used to represent: (1)periods immediately

values and graphically comparing the simulated after test zones were shut in for the first time; (2)

and observed pressure responses for each pressure-recovery periods following individual

combination. The graphical comparisons can pulse injections and pulse withdrawals; and (3)

involve linear-linear, semilog, and/orlog-log plots pressure-buildup (recovery) periods following

of individual tests or of the entire testing constant-pressure flow tests. Model outputduring

sequence. The parameters yielding the simulated pulse sequences consists of transient pressures

responses that most closely match the observed in both the test zone and formation, as well as

pressure responses are considered to be flow rates.

representative estimates of the actual formation

parameters. The matching procedure is entirely GTFM can be used to define a radius of influence

subjective. That is, no goodness-of-fit evaluations of a test or testing sequence. This is

or fitting algorithms are available within GTFM. accomplished by successively decreasing the

GTFM can be used, however, to perform distance to the external boundary in the model

parameter-sensitivity studies to obtain an estimate until boundary effects alter the test simulation.

of the uncertainty associated with a particular For the tests discussed in this report, a change of

simulation, one percent in the simulated pressure at the end

of a test was established as the criterion for

For the interpretations presented in this report, defining the radius of influence. A one-percent

the individual testing periods were subdivided into deviation from a best-fit simulation is readily

discrete time intervals, called sequences, apparent in simulation plots and would ordinarily

Sequences are differentiated by the wellbore induce the analyst to alter the model parameters

boundary conditions in effect during those time to try to achieve a better fit.

periods. Sequences during which borehole

pressures are prescribed in the model are referred A complete description of the methodology,

to as history sequences. History sequences were appropriate boundary conditions, and governing

used to represent: (1) the pressure in a test zone equations of GTFM can be found in Pickens et al.
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(1987). GTFM was verified by comparing its environments, and hydraulic conductivitles are

results to analytical solutions for pulse tests, slug less than 10.9 m/s. However, he could find no

tests, constant-pressure flow tests, and constant- compelling evidence that Darcy's law is n._ootvalid

flow-rate pumping tests (Pickenset al., 1987). under those conditions.

6.2 Assumptions Used in Test Other resuarchers (e.g., Swartzendruber,1962;

Analysis Pascal, 1981; Remson and Gorelick, 1982) have

The expressions "Darcy flow" or "Darcian suggestedthat there may be thresholdgradients
for low-permeabilitymediawithsmallporesbelowbehavior"usuallyrefer to a flow systeminwhich

the flow rate is linearly proportionalto the which no flow occurs. Possiblecausesof the
thresholdgradientsincludeelectricalinteractionshydraulicgradient. The empiricalobservationof
betweenpolarizedwater moleculesand chargedthis proportionalityby Darcy (1856) formed the

basis for what is today knownas Darcy's law. clay particles and resistanceto flow caused by

Mostequationsusedin hydraulic-testanalysesto capillarityor surface-tensioneffectsin very small

describe the flow of groundwaterassume this pores.

linear proportionality found in Darcy's law.
The testing discussed in this report was notHowever, systematicstudies of the validity of

Darcy's law have not been performedoverwide performedunder low-gradientconditions,but in

rangesof hydraulicconductivitiesand hydraulic an environment where both high hydraulic

gradients. Data from Stearns (1927)support gradients already existed and where high

Darcy's law over a range of gradientsbetween hydraulicgradientswerecreatedduringthetests.
For example,a shut-inpressureof nearly12 MPa0.0009 and 0.05 for hydraulicconductivitieson

the order of 10.4 m/s. Conversely,Davis et al. was measuredin boreholeSCP01 in a test zone
lying only 10.7 to 15.4 m from an excavationat(1992)adduceevidencefrom Darcy's(1856)own

experiments,performedwith hydraulicgradients atmospheric pressure. A 12-MPa pressure

between 1.9 and 19, that Darcy's law is not valid differentialovera distanceof 10.7 m corresponds

underthosehigh-gradientconditions, to a hydraulicgradientof about 94 (mof brineper
m distance).Pressuredifferentialsbetween1 and

4 MPa were typicallyinducedfor each pressure-Neuzil(1986) performeda comprehensivereview

of information pertaining to flow through low- pulsetest, creatinghighpressuregradientsin the
immediate vicinities of the test boreholes.

permeability media. He could find no

determinationsof hydraulic conductivitiesless Hydraulic conductivitiesof Salado evaporites

than 10.8m/s from experimentsconductedwith reported by Beauheimet al. (1991)are generally

hydraulic gradients less than one. In addition, all less than 101_ m/s. Under these conditions,

determinations of hydraulic conductivities less Darcian behavior cannot be considered a given.

than 101° m/s involved gradients between 100 Nevertheless,interpretation of thetests discussed

and 1,000,000. He concluded that the validity of in this report assumed Darcian behavior as a

Darcy's law remains to be demonstrated in working hypothesis. The extent to which this

situations where hydraulic gradients are much hypothesis resulted in acceptable test

less than one, as are commonly found in natural interpretations is discussed in Section 7.2.2.
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In analyzing each of the tests discussed in this radius of a circle with the same perimeteras the

report, we assumed that the only factor causing ellipse, and calculating the radius of a circle with

transient pressure and flow responses was the the same area as the ellipse. They concluded

pressuredisequilibriumbetweenthe borehole and that the area-based method led to the greatest

surrounding formation induced by the testing errors, that the perimeter-basedmethod gave the

sequence. Transient responses caused by best results at early time, and that the axis-

ongoing stress redistribution around the averaging method gave the best results at

excavations, by creep of halite towards the intermediate and late time. Abbaszadeh and

excavations, by dilation of the rock, or by any Hegeman (1990) recommend the following

other deformation mechanisms related to the rock refinement of the axis-averaging method to define

responseto the presence of the excavationswere an effective circular borehole radius (r,,'):

not considered in the test interpretations. These

processes, if acting, could cause progressive

changes in hydraulic properties and/or pore , r rc
pressures during long testing sequences, r, - -_. 1 . 1/,i °s2'''_ . k-_sin28
However, because the hydraulic tests were all (6-11)
performed around excavations that were several

years old, residual transient responses due to where: 8, = borehole slant from vertical

excavation effects were assumed to be occurring k, -- vertical permeability

on time scales much longer than the hydraulic kh = horizontal (radial) permeability
tests and, therefore, not affecting the hydraulic-

test responses. An inability to simulate an entire In the absence of prior knowledge about the ratio

testing sequence adequately might indicate that of vertical to horizontal permeability, the axis-

processes such as these that are not included in averaging method of calculating effective circular
GTFM were affectingthe observed responses, radii of slanted holes was used for the

interpretations presented in this report. That

For all tests considered, our initial working model method representsthe limiting case of Eq. 6-11 in

also assumed cylindrical flow towards the which k, goes to zero, and results in a maximum
borehole through a continuous porous medium, circular radius.

In reality, three of the six boreholes considered in

this report were drilled at acute angles to the The value for borehole radius used in analyzing a

bedding, which may have resulted in elliptical and hydraulic test has no effect on the interpreted

vertical flow components. The elliptical opening transmissivity, but does affect the interpreted

created by an inclined cylindrical borehole storativity. In the definition of dimensionless time

passing through a horizontal plane can be (see Eq.B-22 in Appendix B), storativity (porosity-

considered as an equivalent circular opening to compressibility-thickness product) appears with

simplify test interpretation. Kuc_k and Brigham the borehole radius squared in the denominator.

(1981)compared several methods of determining Thus, any combination of storativity and radius

effective circular radii of elliptical openings. They squared having the same product will result in

examined averaging elliptical axes,calculating the identical well behavior. Error in the estimation of
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one term, therefore, translates directly into error instance, an anisotropy ratio of 0.01 makes a

in the estimation of the other. Because the borehole inclined 77° from vertical (such as

uncertainty in the exact effective radius of any SCP01) behave like a borehole inclined only 23°

hole may be a significant fraction of that radius, in an isotropic system. Thus, as vertical

estimation of storativity from single-hole tests is permeability decreases relative to horizontal

inherently less reliable than estimation from permeability, the first radial-flow phase observed

multihole tests in which the uncertainty in the in a slanted hole differs less and less from the

distance between holes is a small fraction of the late-time pseudo-radial-flow phase which is the

distance, only phase observed in a vertical hole.

Cinco et al. (1975) examined the effects of As an approximation, the interpretations

boreholeinclination on pressure responses during presented in this report of tests conducted in

flow and buildup tests. They considered the case slanted holes treated the holes as if they were

in which a slanted hole fully penetrated a vertical. The actual fluid volumes present in the

horizontal permeable layer with impermeable slanted test intervals were specified in all GTFM

upper and lower boundaries. They found that the simulations involving equivalent vertical test

pressure response in a slanted hole during a intervals. As shown by Eq. 6-12, the

constant-rate flow period goes through three reasonableness of the vertical approximation

phases: an early-time radial-flow phase, a depends on the anisotropy of the tested strata.

transition phase, and a late-time pseudo-radial- Evidence for anisotropy is discussed in the

flow phase. During the early-time radial-flow appropriate sections of Chapter 7 for each

phase, data plotted as pressure versus log time relevant test.

define a straight line having a slope proportional

to the (vertical) permeability-thickness of the In summary, interpretations of the tests conducted

formation multiplied by thefactorcos e,.'. During in slanted holes treated the test intervals as

the late-time pseudo-radial-flow phase, this slope vertical cylindrical sections having thicknesses

is proportional only to the permeability-thickness equal to the vertical thicknesses of the tested

of the formation, just as if the hole were vertical, strata, and effective radii calculated by averaging

8_' represents an apparent borehole slant that elliptical axes. To evaluate the potential errors

compensates for the presence of anisotropy associated with these geometrical idealizations,

between vertical and horizontal permeability. The numerical modeling studies were performed.

apparent borehole slant is given by: These studies used the finite-difference code

SWlFr II (Reeves et al., 1986) to model hydraulic

k (6-12) testing in slanted boreholes in three dimensions.

e/" --"tan-1 k-_ tan e The idealized geometries used for test
interpretation were also modeled, and the results

were compared to those from the fully three-
By Eq. 6-12, as the vertical-to-horizontal dimensional simulations. The general conclusions

permeability ratio decreases, pressure responses of the study are that: 1) slant angles _<15° have
around slanted holes become more similar to

Insignificant effects on test results for any
those observed around vertical holes. For
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magnitude of anisotropy; 2) at slant angles up to therefore, probably represent the average pore

30° , idealized vertical geometries match the slant pressures over the entire tested intervals.

behavior well for any magnitude of anisotropy; Treating these average pressures as if they were

and 3) at slant angles >_45°, vertical geometries uniformly distributed over the tested 1- to 2-m

match the slant behavior well as long as the thicknesses is not expected to lead to significant

vertical-to-horizontal permeability ratio is _<0.1. errors in test interpretation.

Full details of the modeling studies are presented

in Appendix C, and their application to individual Other assumptions specific to the interpretation of

test interpretations is discussed in the appropriate individual tests are discussed in Section 7.1 under

sections of Chapter 7. the headings of the individual tests.

Another assumption made for test interpretation 6.3 Material Properties and

was that the pore pressure in each test horizon Experimental Parameters Used in
was static (constant with time), and radially and Test Interpretations
longitudinally (parallel to the borehole axis)

To interpret hydraulic tests using either analytical
invariant before drilling began. Evidence from a

solutions or GTFM, a number of material
limited number of holes indicates that the

properties and experimental parameters must be
pressures under the floor and in the roof of an

specified. The specific properties and parameters
excavation are less than the pressures under and

required vary among the interpretive methods.
over the ribs (walls). The resulting pressure

These properties include the porosity and elastic
gradients may reflect an increase in pore volume

moduli (drained bulk modulus, solids modulus,
above and below excavations and/or flow to the

shear modulus, Young's modulus, and Poisson's
excavations. These gradients appear to persist

ratio) of the lithology(ies) being tested, and the
over longer time scales than those of the

compressibility, density, viscosity, and thermal-
hydraulic tests. Thus, the pressure responses to

expansion coefficient of the test-zone and
the hydraulic tests may be superimposed on a

formation brine. Porosity, elastic moduli, and
relatively static pressure field. In any case,

brine compressibility are used to calculate the
lacking reliable two-dimensional definition of the

total system compressibility (c,) used in
pressure distribution over t_me within a tested

Interpret/2, and are combined with brine density
horizon, our initial assumption in modeling was

to calculate the specific storage of the fcrmation
that a single constant pressure existed throughout

for GTFM. Brine viscosity is required to convert
a tested horizon when testing began. As more

between hydraulic conductivity and permeability.
data on pressure distributions become available:

The thermal-expansion coefficient of brine is used
two-dimensional modeling may be performed to

to incorporate the effects of variations in test-zone
evaluate the influence of this assumption on the

temperatures on test-zone pressures in GTFM

test interpretations. The thermal expansion of other materials present

in test zones, such as stainless-steel tool
Considering the proximity of excavations at

components, is neglected because the thermal-
atmospheric pressure to the test intervals,

expansion coefficients of these materials are all
longitudinal pressure gradients through the test

more than an order of magnitude lower than the
intervals toward the excavations should be

thermal-expansion coefficient of brine.
present. The pressures observed during testing,
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Experimental parameters important in test Therefore, Salado brine compressibility is now

interpretation include the radius and length of estimated to be 2.7 x 101° PaI, with a range of

each test zone, the volume of water contained uncertainty from 2.5 x 101° to 2.9 x 101° Pa1.

within each test zone, and the aggregate The reduction in the estimated value of brine

compressibility of everything within each test compressibility also resulted in a slight reduction

zone. in estimated values of specific storage compared

to those used by Beauheim et al. (1991). Base-

6.3.1 MATERIAL PROPERTIES. Most of the case values of specific storage and ranges of

values of the material properties necessary for uncertainty for halite and anhydrite are given in

test interpretation can be reliably estimated to Table 6-1.

within an order of magnitude or less. For a given

rock type, estimatesof specific storage based on 6.3.2 EXPERIMENTAL PARAMETERS. The

valuesof its constituentparametersrange over experimental parameters needed for test

severalordersof magnitude. However,because interpretation include the dimensions of the

specificstorageistreatedas afitting parameterin borehole and test zone and the test-specific

GTFM simulations rather than as a fixed compressibilityof each testzone. The radiusof

parameter,the calculatedrangesare usedonlyto a test zone is determinedfrom the radiaI-LVDT

provide an initial focus for the GTFM simulations, measurements made after a test tool is installed,

Beauheim et al. (1991) presented base-case the packers are inflated, and the test zone is shut

values and ranges of values for the necessary in. Test-zone length is determined from the

input parameters, along with rationales for their position of a test tool in a borehole, knowing the

selection. These parameters and their values are dimensions of the test-tool components. The
shown in Table 6-1. volume of water contained within a test zone

includes the water contained in injection and vent

The only parameter whose base-case value and lines (tubing) between the test zone and valves

range differ from that given by Beauheim et al. positioned outside of the hole. The volume is

(1991) is brine compressibility. Based on calculated from the dimensions of the hole and

correlations between brine dissolved-solids tubing, and the known displacement volume of

concentration, gas saturation,and compressibility the test tool. Beauheim et al. (1991) discuss the

published in Earlougher (1977), Beauheim et al. calculation of test-zone volume in greater detail.

(1991) estimated that the brine used in Salado

hydraulic testing had a compressibility of 3.1 x Test-zone compressibility is an important factor in

101° Pa1, and performed sensitivity studies using permeability testing performed under shut-in

a range from 2.9 x 101° to 3.3 x 10°1° Pa1. conditions because, given the volume of a test

McTigue et al. (1991) calculated the zone, the test-zone compressibility governs the

compressibilities of six Salado brine samplesfrom pressurechange resulting from the flow of a given

acoustic-velocity measurements performed at 25 amount of fluid into or out of the test zone. In an

°C. Their values ranged from 2.40 x 101° to 2.50 ideal system, characterized by a pressure-

x 101° PaI. As discussed by Beauheim et al. invariant test-zone volume completely filled with a

(1991),the compressibility of brine saturatedwith homogeneous fluid, the test-zone compressibility

nitrogen could be as much as ten percent higher would be equal to that of the test-zone fluid.

than the compressibility of brine without gas. However,in realsystems test-zonecompressibility
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Table 6-1. Material Properties Used in Test Interpretations*

Material Parameter Base-Case Value Range of
Uncertainty

.........

halite porosity 0.01 0.001 - 0.03

Young's modulus 31,0 GPa 20.7 - 36.5 GPa
....

Poisson's ratio 0.25 0,17 - 0.31
.....

drained bulk modulus 20,7 GPa 15o0- 21.7 GPa
, ,,

solids modulus 23.4 GPa 22.8 - 24,0 GPa

shear modulus 12.4 GPa 8.1 - 15.6 GPa
, ,

specific storage 9.0 x 10.8 mj 2.8 x 10_
3.5 x 10.7 m_

....

anhydrite porosity 0,01 0,001 - 0.03

Young's modulus 75.1 GPa 59.0 - 78.9 GPa

Poisson's ratio 0.35 0.31 - 0.42
, ,, ,,

drained bulk modulus 83.4 GPa 68.1 - 85.0 GPa
.... ,,,,

shear modulus 27.8 GPa 21.4 - 30.4 GPa

specific storage 1,3 x 10.7 m_ 9.7 x 10.8
2.3 x 10.7 m_

Salado brine density 1220 kg/m 3 1200 - 1250 kg/m 3

compressibility 2.7 x 10"_ Pa_ 2.5 x 10_°
(gas saturated) 2.9 x 10_° Pa4, ,

viscosity 1.6 cp -- ....

thermal-expansion 4.6 x 10 4 °Cl --

coefficient

*Data and rationales in Beauheim et al. (1991)
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represents the aggregate compressibility of the report include the effects due to the first five

fluid in a test zone and everythingwith which that factors listed above in a single compressibility

fluid is in contact. The fluid is in contact with the coefficient. The sixth factor, creep closure,

metal components of the test tool, injection and occurs too slowly to affect test-zone

vent tubing, one or two packers, the borehole compressibility and was therefore not included in

wall, and, in some cases,a free gas phase. All of the calculations.

these items deform in response to changes in

test-zone pressure, which makes test-zone Wheneverfluid was injected into or removed from

compressibility higher than the compressibility of a test zone, the volume of fluid and the resulting

brine alone. Test and test-simulation results change in test-zone pressure were measured.

further indicate that test-zone compressibility is From these data, the test-zone compressibility

pressure dependent and may have a transient was calculated using:

component.

C,_- 1 Vw (6-13)

Neuzil (1982)observed test-zonecompressibilities V,_AP

a factor of six larger than water compressibility

during pressure-pulse testing of the Pierre Shale. where: C,, = test-zone compressibility

He evaluated the possible factors that could be V,, = test-zone volume

responsible for the observed high test-zone Vw = volume of brine

compressibilities and concluded that test-tool withdrawn/injected

compliance andair entrapment were probably the AP = change in test-zone pressure

most important influences. Because interpreted due to withdrawal/injection
transmissivity and storativity are directly

proportional to test-zone compressibility, Neuzil Datacollected from shut-intests performed in the

also emphasized the importance of measuring Salado indicate that test-zone compressibility is

test-zone compressibility rather than simply pressure dependent. The pressure buildups
assuming that it would be equal to fluid observed after shut in are not characteristic of

compressibility. Hsieh et al. (1983) also report ideal shut-in buildups. Figure 6-4 shows pressure

test-zone compressibilities a factor of five greater data collected during testing in SCP01-A along

than water compressibility and relate the higher with an idealized shut-in pressure buildup. As

test-zonecompressibilitiesto test-toolcompliance, discussed in Beauheimet al. (1991),the non-ideal

buildup could be caused by a varying test-zone

Six factors that could contribute to high test-zone compressibility that decreased with increasing

compressibilitiesin the Saladopermeability-testing pressure.

program were identified and d'._cribed by

Beauheimetal. (1991). These include: 1)non- Two methods were used to measure the

packer test-tool-component compressibility; 2) instantaneous component of compressibility at

borehole-wall compressibility; 3) axial test-tool various pressures. In the first method, a discrete
movement; 4) test-zone-packer deformation; 5) volume of brine was withdrawn from the test zone

entrapped gas or gas generated in the test zone; and measured in a graduated cylinder. The

and 6) creep closure of the borehole. Test-zone change in pressure corresponding to the

compressibilities calculated for the tests in this withdrawal was measured using a pressure
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Figure 6-4. Comparison of observed SCP01-Apressurebuildup with simulatedbuildup using a constant
test-zone compressibility.

transducer and compressibility was then rapidly and, therefore, capture only the

calculated using Eq. 6-13. This method gives the instantaneous component of compressibility.

average test-zone compressibility over the

particular pressure range used in the calculation. Compressibilitycalculations utilizingboth methods

In the second method, brine was continuously have been made using data from tests performed

injected into the test zone using a DPT panel in the stainless-steel compliance-test chamber

(Section3.6). Thevolume injected was measured and in actual boreholes. Compressibilities

by the DPT and the corresponding pressure calculated using data from pulse withdrawals and

change was measured using a pressure constant-pressure withdrawals performed during

transducer. When using the continuous-injection permeability-testing sequences and

method, the compressibility is calculated by first depressurization stepsperformed aftertesting was

computing the numerical derivative of the completed are presented in Table6-2.

measuredvolume-versus-pressurecurveand then

dividing this derivative by the test-zone volume. Figure 6-5 shows calculated test-zone

This technique gives a more continuous compressibilities for L4P52-Atesting and also for

representation of compressibility versus pressure a similar test tool installed in the stainless-steel

than the discrete-volume method. Both methods compliance-test chamber. This figure shows that

for measuring compressibility are performed test-zone compressibility decreases as pressure
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Table 6-2. Summary of Test-Zone and Guard-Zone Compressibility Information

Test Zone Event Initial Final Volume Zone Zone Gas

Sequence Pressure Pressure Produced Fluid Compressibility Observations
(MPa) (MPa) (cm3) Volume (Pa")

(cm_)
,,,,,, ,,,

L4P51-A guard CPW 0.235 0.207 40 2927 4.88 x 10.7 not observable
..............

L4P51-B test PW1 4.750 3.663 6.2 4532 1.26 x 10.9 no record

test PW2 4.829 2,784 12.0 4532 1,29 x 10.9 none

test CPW 4.978 3,345 6,8 4532 9.19 x 10_° not observable
.....

guard PW1 2.300 1.256 5.4 2908 1.78 x 10.9 none
........

guard PW2 3.152 1.983 5.6 2908 1.65 x 10.9 none
..............

guard PI 3,249 4,469 6.9 2908 1.94 x 10`9 not observable

L4P52-A test PW 6.187 4.888 15.8 3403 3.57 x 10.9 in solution
....

test CPW 6.162 3,957 18,1 3403 2.41 x 10.9 not observable
...........

test DP1 0.829 0.710 9.7 3403 2.40 x 10.8 none
,,,

test DP2 0.710 0.497 24.6 3403 3.39 x 10.8 in solution
.............

test DP3 0.499 0.389 22.4 3403 5.98 x 10" in solution
.....

S1P71-B test DP1 3.898 2,596 6.8 4418 1.18 x 10.9 no record
,.

test DP2 1.679 0.338 8.6 4418 1.45 x 10.9 no record
........

guard DP1 4,120 2.804 155 2813 4,19 x 10_ in solution
.....

guard DP2 2,830 1.436 405 2813 1.03 x 10.7 free gas

S1P72-A test PW1 1,184 0.832 1379.6 5009 7.82 x 10.7 in solution
,,.

test PW2 1.211 0.038 3085 5009 5,25 x 10.7 free gas

test CPW2 0.912 0.670 975 5009 8.04 x 10.7 free gas

test DP 0.677 0.665 46 5009 7.65 x 10.7 in solution
,,

guard DP1 3.175 2.243 5 2522 2.13 x 10.9 in solution
..... ,,

guard DP2 2.377 1.475 5,25 2522 2.31 x 10.9 in solution
....

guard DP3 1.656 0.667 5,5 2522 2.21 x 10.9 in solution
....

guard DP4 1,392 0.039 9.5 2522 2,78 x 10.9 in solution

S1P73-B test PW1 4,070 3,158 4.1 3868 1.16 x 10.9 no record

test PW2 4,163 3.147 9.4 3868 2.39 x 10.9 none
,,

test CPW 4.237 2.892 10.4 3868 2.00 x 10_ not observable
, . , ,,, ,.
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Table 6-2. Summary of Test-Zone and Guard-Zone Compressibility Information (Continued)

Test Zone Event Initial Final Volume Zone Zone Gas

Sequence Pressure Pressure Produced Fluid Compressibility Observations
(MPa) (MPa) (cm _) Volume (Pa")

(cm3)....
...................

$1P73-B test DP1 2.913 2.099 11,9 3868 3.78 x 10.9 none
.............

test DP2 2.133 1.417 15.8 3868 5.71 x 10.9 none
.............

test DP3 1.484 0.858 35,2 3868 1.01 x 10" none
.........

test DP4 0.876 0.261 95,1 3868 4.00 x 10s in solution
....

guard PW 2.098 1.405 57 2637 3.12 x 10_ free gas
....

guard DP1 1.640 1.044 100 2637 6.36 x 10s in solution

guard DP2 1.058 0.385 395 2637 2.23 x 10.7 in solution
...........

guard DP3 0.401 -0.040 865 2637 7.44 x 10̀ 7 in solution
.... I .............

SCP01-A test PW1 10.860 8,833 46 8734 2.60 x 10.9 in solution
..................... i _ .....................

test PW2 11.130 7.009 76 8734 2.11 x 10`9 no record
.........

test CPW1 11.032 8.458 38.1 8734 1.69 x 10.9 not observable

test CPW2 11.381 8.260 32.7 8734 1.12 x 10`9 not observable
.......

test DP1 11,818 8.419 42 8734 1.41 x 10_ in solution
.....

test DP2 8.882 4,292 57 8734 1.42 x 10.9 in solution

test DP3 5.155 0.133 121 8734 2,76 x 10_ in solution

guard DP1 2,260 1.472 32 2454 1.65 x 10_ in solution
....

guard DP2 1.478 0.775 75 2454 4.35 x 10" in solution
..........

guard DP3 0,775 0,121 500 2454 3.12 x 10 7 in solution
.....

Key: CPW = constant-pressure withdrawal
PW = pulse withdrawal
PI = pulse injection
DP = depressurization
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Figure 6-5. Comparisonof test-zonecompressibilitiesobservedduring K4P52-Atestingand compliance

te_ting.

increases, i.e., test-zone compressibility is compressibilitiescalculatedfrompulse-withdrawal

pressuredependent. Compressibilities calculated data tended to be higher than those calculated

from tests performed in the compliance chamber from continuous-injection data. Pressureschange

are comparable to those calculated from rapidly during pulse withdrawals and the DAS is

permeability-test data, suggesting that not likely to capture the extreme lowest pressure

compressibility is test-tool dominated. Both the reached by scanning every 15 seconds. This

compliance and permeability-test data show that measurement uncertainty probably results in

test-zone compressibility asymptotically calculated test-zone compressibilities from pulse

approaches some value greater than 1 x 109 Pa_ withdrawals that are slightly high. Figure 6-6

as pressure increases. As discussed above, the shows similar results for compressibilities

compressibility of the brine used in these tests is calculated for both the test zone and the guard

estimated to be about 2.7 x 10_° Pa_. Therefore, zone during compliance-testing sequence

most of the compressibility in a test zone must be COMP33.

provided by the test tool itself. Also shown on

Figure 6-5 are test-zone compressibilities As stated previously, entrapped gas could result

calculated from pulsewithdrawals during L4P52-A in a high test-zone compressibility and could also

testing. Both the pulse and continuous-injection result in pressure-dependent compressibility. The

techniques used to estimate test-zone amounts of gas necessary to yield the observed

compressibility yielded similar resultsalthough the variations in test-zone compressibilities during
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Figure 6-6. Comparison of test-zone and guard-zone compressibilities observed during compliance

testing.

testing sequences COMP33 and L4P52-A were account for the observed high test-zone

calculated using the following equation, derived compressibilities. These volumes of gas could

using the ideal gas law: not be trapped in the test zones during tool

installation because of the procedures followed.

P (C,, - Cb) Therefore, the measured compressibilitles cannotV - (6-14)
g 1 .. PC_ be attributed to the presence of gas alone and

must reflect additional factors such as packer

compressibility and other forms of test-tool

where: V_ = volume fraction of gas in test compliance.
zone

P = test-zone pressure The test-zone-compressibility calculations

C,, = test-zone compressibility described above result from specific test

Ca = brine compressibility conditions such as particular packer-inflation

pressures, test- and guard-zone pressure

differentials, and pressure histories. Although

Using Eq. 6-14, scoping calculations indicate that, these factors are not expected to affect the

at atmospheric pressure, 10% or more of the test- calculated compressibilities greatly, the combined

zone volume would have to be filled with gas to effects of these factors preclude the direct use of

i
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calculated compressibilitiesin simulations. The raw) compressibility-versus-time sequence

calculatedcompressibilitiesserve as a guide to generated for testingin SCP01-A and the final

the variations in test-zone compressibilitles compressibility-versus-timesequenceadjustedto

neededto simulateobservedtestresultsbutmust fit the simulationto the observeddata. These

be adjusted to provide a more definitive compressibilitysequencesweregeneratedusing

simulation, the calculatedcompressibilitiesfrom compliance

test COMP33 and the pressurehistoryobserved

To incorporate variations in test-zone during SCP01-A testing. Test-zone

compressibilityinGTFM simulations,they mustbe compressibilitiescalculatedfrom compliancetest

input as compressibilityversustime for a given COMP33wereusedbecausesufficientdata were

pressure history. C,_lculated test-zone not availablefrom either the SCP01-A tests or

compressibilities,initiallydefined as a functionof compliance test COMP21 (the compliancetest

pressure,and the observed pressurehistoryfrom performed on the test tool used in SCP01-A)to

the test to be simulated are used as input by a generate a compressibility-versus-time sequence

GTFM utility code to generate a compressibility- for the full range of pressures observed during the

versus-time sequence to be used during that test test. Figure 6-7 shows that the adjusted

simulation. Figure 6-7 shows an unadjusted (or compressibility-versus-time sequence has a

Adjusted Data
t_

1'3 .... Unadjusted Data

.:-_Z10'

..Q

El.
E
0
0

0 _cl
0

- - t 1

10 _ J L___..._ I _ I i I , . 1 ......

100 120 140 160 180 200 220 240 260 280 300
Time (1990 Calendar Days)

Figure 6-7. Comparison of test-zone compressibility versus time function derived by fitting to SCP01-A
data and function derived from compliance testing.
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reasonable basis provided by compliance-testing which was about eight percent of the magnitude

data. of the Imposed pulse, occurred during the first 4

hr (0.1667 day) after the pulse. About two-thirds

In addition to instantaneous compressibility of the pressure buildup occurred in the first 7

responses, test tools may also exhibit transient mlnutes (0.0049 day)after the pulse and the other

compressibility or compliance effects. Constant- one-third occurred over the next 3.9 hr (0.1618

pressure flow tests and pulse tests were day). No further pressure buildup wasobserved

performed in the stainless-steel compliance after that time. Figure 6-9 shows the fluid

chamber to quantify the amount of transient production from a constant-pressure-withdrawal

compliance that could be attributed to the test test performed in the compliance chamber. This

tool. Figure 6-8 shows the pressure drop and figure shows that the transient production from

subsequent buildup after a pulse withdrawal test-tool compliance afterthe initial Instantaneous

performed in the compliance chamber. The response is only about 0.55 cm 3. About two-

pressure buildup results from the transient thirds of this production came in the first 16

component of compliance. If there were no minutes (0.0111 day) of the test and the

transient component, there would be no pressure remaining one-third occurred over the next 12.5

recovery. That is, the pulse test in the hr (0.5208 day). No further production was

compliance chamber would resemble a step observed after that time.

function. A pressure buildup of about 0.093 MPa,

--'-- 6.0
t"l Total Pulse = 1 217 MPa

Pressure Buildup = 0093 MPa

l/}

I,..

O. 5.5

5.0 _._a___L___ .... _L__J___._L,____.... L.......i......_L..... .L_____...... _ L L ......_........._.......l........L......L......_L........L__L ......*.....
86.3 86.4 86.5 86.6 86.7 86.8

Time (1992 Calendar Days)

Figure 6-8. Pressure recovery following a pulse withdrawal from the compliance chamber.
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Figure6-9. Fluid production during a constant-pressurewithdrawalfrom the compliance chamber.

64



7. ESTIMATION OF HYDRAULIC PROPERTIES

This chapter presents individual interpretationsof Formation pore pressures are thought to be

the pressure-pulse, constant-pressure flow, and accurate to about +0.25 MPa

pressure-buildup tests conducted in the

boreholes discussed in Chapter 5. Section 7.1 7.1.1 L4P51-A. Borehole L4P51 was originally

presents both analytical and numerical (GTFM) drilled vertically downward into the floor of Room

interpretations of the tests and estimates of the L4 in October 1989 (Section 5.1). Because the

hydraulic parameters of the tested intervals, hole has since been deepened twice to allow

Section 7.2 presents a discussion of the results .testingof anhydrite "c" and Marker Bed 140, the

of the interpretations and an evaluation of testing performed with the original hole

various assumptions made in test interpretation, configuration is given an "A" suffix. The test-tool

configuration for the L4P51-A testing is shown in

Figure 7-1. The guard zone extended from 1.45

7.1 Individual Test Interpretations to 2.49 m deep and included the lower 0.05 m of

The tests performed in the individual boreholes polyhalitic halite 4, Marker Bed 139, clay E, and

are discussed and interpreted in the following the upper 0.13 m of halite 4. The test zone

sections. The pressure responses observed in extended from 3.33 to 4.75 m deep and included

untested guard zones during the testing in the the lower 1.22 m of polyhalitic halite 3, clay D,

test zones are also examined to see if any and the upper 0.18 m of halite 3.

conclusions can be drawn about the hydraulic

properties of the guard-zone intervals. A Figure 7-2 shows a plot of the pressure data

summary of the interpreted results is presented from the test and guard zones collected during
inTable 7-1. the L4P51-A testing. The pressure values

presented in Figure 7-2 have been compensated

The interpreted values of the parameters listed in for the elevation differences between the

Table 7-1 are given to two significant figures, locations of the pressure transducers and the

with the exception of formation pore pressure, centers of the tested units in the test and guard

which is given to three significant figures. The zones. The test-zone and guard-zone pressures

number of significant figures presented reflects were compensated by adding 0.060 and 0.035

the sensitivity of the interpretive models used MPa, respectively, to the pressures measured by

rather than real knowledge of the parameter the pressure transducers and reported by

values. That is, the values listed are the actual Stensrud et al. (1992). In the test zone, the

values used to generate the best-fit simulations, testing sequence consisted of an initial buildup

Changes in the last digits of those values cause period followed by two pulse-withdrawal tests.

noticeable degradation of the fit of simulated Interpretations of the pulse-withdrawal tests in

versus observed pressure responses. Because the test zone and discussion of the pressures

of measurement uncertainty (see Chapter 3), observed in the guard zone during those tests

most of the interpreted values are probably are presented in Beauheim et ai. (1991). A

accurate to only one significant figure, constant-pressure flow test was conducted ir,',he
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Table 7-1. Summary of Test-Interpretation Results

Hole Zone Map Unit Test Analysis Transmissivity Permeability- Storativity Map Unit Average Average Average Formation Skin Radius
Method T Thickness $ Thickness Hydraulic Permeability Specific Pore Factor of

(m_/s) kh h Conductivity k Storage Pressure or Influence

(m 3) (m) K (m _) S. pf Thickness r,

(m/s) (m') (MPa) (m}

L4P51-B test anhydrite "c" PB Interpret/2 3.8 x 10 14 5.1 x 10 _1 _ 0.10 3.8 x 10,3 5.1 x 10 _° - 5.17 -1.84 11

all GTFM 4.8x 10 14 6.4x 10 2' 1.0x 10 e 0.t0 4.8x 10 '3 6.4x 10 2° 1.0x 10 1 5.21 15cm 18

guard H-2 SI ....... 1.04 .... > 3.25 - -

L4P52-A test anhydrite "a" PB Interpret/2 9.1 x 10,4 1.2 x 10 _o _ 0.19 4.8 x 10 '_ 6.4 x 10 zo _ 6.50 0.37 16

all GTFM 8.5x 10 '4 1.1 x 10 z° 2.6x 10 e 0.19 4.5x 10 '3 6.0x 10 _° 1.0x 10 7 6.75 none 15 ........

guard anhydrite "b" SI ........ 0.03 ..... >3.5 - -

S1P71-B test anhydrite "c" all GTFM 4.8x 10 '4 6.4x 10 9' 1.0x 10 e 0.08 6.0x 10 '_ 8.0x 10 _° 1.25x 10 7 5.12 15cm 20

guard H-2 SI ........ 1.06 .... > 4.2 -- -
O_
O')

S1P72-A guard 0, PH-4 all GTFM 7.4 x 10 '_ 1.0,_ _0 8 0.55 1.4x 10 14 1.8x 10 _ 9.2x 10 8 4.08 none 4

SIP73-A test anhydrite "a" SI ........ 0.15 .... 0 -- - ..,

guard anhydrite "b" SI ........ 0.06 .... 0 -- -

S1P73-B test MB138 PW2 type curve 3.7 x 10,3 4.9 x 10 _o _ 0.17 2.2 x 10 _ 2.9 x 10 _9 ....

CPW type curve 1.3 x 10 t3 1.8 x 10 _o _ 0.17 7.6 x 10 _3 1.1 x 1019 .....

PB Interpret/2 3.7 x 10 13 4.9 x 10 _° - 0.17 2.2 x 10 _ 2.9 x 10 TM - 4.29 -0.08 2

all GTFM 3.7x 10 13 4.9x 10 2° 1.7x 10 .6 0.17 2.2x 10 '2 2.9x 10 TM 1.0x 1r's 4.37 none 3

guard AH-1 SI Homer - - - 1.05 - 2.55 - -

SCP01-A test MB139 CPW2 type curve 4.3 x 1013 5.8 x 10 2° - 0.96 4.5 x 10 _3 6.0 x 10_° ....

PB2 Interpret/2 3.8 x 10-13 5.1 x 10 _° - 0.96 4.0 x 1013 5.3 x 10_° - 12.40 -0.62 5

all GTFM 5.3 x 1013 7.1 x 10 z° 1.9 x 10 7 0.96 5.5 x 10 13 7.4 x 102° 1.95 x 107 12.55 none !2

Key:PB = pressure-builduptest; SI = shut-inpressurebuildup;PW = )ulse-withdrawaltest; CPW = constant-pressurewithdrawaltest



L4P51 -A

TEST-TOOL CONFIGURATION BOREHOLE: L4P51 DATE: 10/23/89
TEST TOOL: #3 DEPTH OF HOLE: 4.75m.

0,_23

I rI FLOOR "-- 0.00- = - MAP UNIT 0
HALITE WITH ISOLATEDi -
BI.EBS OF GRAY
CLAY

0.45 ....

GUARD-ZONE ;'-/'-7-/_"-----0.541 - X POLYHALITIC HALITE 4- - POLYHALITIC HALITE
PACKER X - WITH MINOR
#5041.12 _ INTERCRYSTALLINE

_ X GRAY CLAY

I 1.45 _ -- -..----1.460 1.50- __ - X -._x\ \ " MARKER BED 139

, \.x\-_-.,_ ANHYDRITE

,,,,,\-,,LLJ

Z GUARD-ZONE ,,,, _ _\_

O ,,

N N-g-_ "_-'--- 2.016

o VENT _ _- 2.048 \'X_::

TRANSDUCER f I _i__ 2.171 -.... • "o PORT [----"_--- 2.30 ........ 2_ /CLAY E

2.36 _' ...... _HALITE 4/
.......... 2.49 * ----Pr.-7--A .... 2.422 - HALITE,WITH ISOLATED

F///A BLEBS OF GRAY CLAY

TEST--ZONE _./'J//_

PACKER _.////_ 2.58- " I CLAY PARTING

#_0_139* -_ _ POLYHALITIC HALITE 3-----3.3,38 - POLYHALITIC HALITE,

- X FINE TO COARSELY

CRYSTALLINE WITH

X - VARIABLE AMOUNTS
OF INTERCRVSTALLINE

_ _ GRAY CLAY

------3.830 X
LVDT # R-04 _ = ]'--5.920

LVDT # R-Of ---@-"----3.997 X
I,I
z LVDT # R-tO ------I...... 4.074
o _---= .------- 4 163 XN

_.-

w Xi.-

..____4.516 _ X
TEST-ZONE 4.55 ............

TRANSDUCER PORT 4.57 ..... .:::_::'-: CLAY D

HALITE 3

--

LVDT # A-04 I I 4.694 HALITE WITH MINOR
INTERCRYSTALLtNE"

. .

........... 4.75 -- GRAY CLAY

NOTE: MEASUREMENTS IN METERS FROM FLOOR BEFORE PACKER INFLATION.
• ESTIMATED POSITION AFTER PACKER INFLATION.

Figure 7-1. Test-tool configuration for permeability-testing sequence L4P51-A.
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Figure 7-2. Test- and guard-zone pres,;uresduring L4P51-A testing.

guard zone from March 1, 1990 (1989 Calendar 7.1.1.2 Guard Zone. The L4P51-A guard

Day 425) to June 4, 1990 (1989 Calendar Day zone was first shut in on October 27, 1989

520). A discussion of that flow test is presented (Calendar Day 300), eight days after drilling was

below, completed. A pulse injection was performed

about 30 minutes after shut in, increasing the

7.1.1.1 Test Zone. The second pulse- guard-zone pressure to about 4.25 MPa. Within

withdrawal test in the L4P51-A test zone was 24 minutes, the guard-zone pressure had

initiated on December 20, 1989 (Calendar Day decreased to about 1.22 MPa. The guard-zone

354), when the test-zone pressure was pressure was then reduced to about 0.13 MPa

decreased from 2.24 to 1.14 MPa. The by removing a total of 190 cm3 of brine from the

subsequent pressure buildup reached a peak of guard zone in two steps. Within a few hours of

about 2.30 MPa on February 22, 1990 (1989 the brine withdrawal, the guard-zone pressure

Calendar Day 418). By the start of the constant- had stabilized at about 0.32 MPa. The guard-

pressure flow test in the L4P51-A guard zone on zone pressure then decreased slowly during the

March 1, 1990 (1989 Calendar Day 425), the pulse-withdrawal testing in the test zone. A

pressure in the test zone had decreased to about constant-pressure withdrawal test was initiated in

2.26 MPa. During the flow test in the guard the guard zone on March 1, 1990 (1989

zone, the L4P51-A test-zone pressure oscillated Calendar Day 425) when the guard-zone

between &bout 2.23 and 2.27 MPa (Figure 7-2). pressure was about 0.24 MPa. The test was
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terminated 95 days later on June 4, 1990 (1989 was high enough to cover the end of the vent

Calendar Day 520). line, the flow of brine and gas from the formation

into the guard zone would cause the gas

The back pressure in the DPT panel was pressure above the brine to increase. The gas

maintained at about 0.076 MPa during the pressurewould continue to increase until enough

constant-pressure withdrawal test. The pressure brine had flowed to the DPT panel to cause the

in the guard zone, however, did not remain brine level to fall below the bottom of the vent

constant during the flow test, but instead cycled line. The gas would then vent to the DPT panel,

between about -0.01 MPa (as measured at the decreasing the gas pressure in the guard zone

control panel in the drift) and about 0.07 MPa until brine again covered the end of the vent line,

(Figure 7-3). The guard-zone pressure varied and the process would repeat.

because both brine and gas were produced

during the flow test. Brine and gas traveled from The gas flowing from the guard zone displaced

the guard zone to the DPT panel through the brine in the guard-zone vent line and in the

guard-zone vent line. The downhole end of the measurement columns in the DPT panel,

vent line wr_slocated 0.432 m above the bottom disrupting brine-flow measurements. After

of the 1.04-m long guard zone (Figure 7-1). several attempts to separate gas and brine, the

Given the low back pressure in the DPT panel DPT panel was modified to provide separation of

(0.076 MPa), the gas in the guard zone was gas and brine. The new design separated the

probably present as a separate phase and brine and gas at the top of the DPT

collected at the top of the guard zone above the measurement columns, allowing uninterrupted

brine. When the brine level in the guard zone measurements of brine production. However,

0.12 --T-T--r-T-T-,, T , I '" ' ' I FT-T-T-I _ f _ _ I ' 'T-r-T--r--r"--T-FTTT--r--T-_ _ _ _7 rTr

Test L4P51-A, Room L4
Borehole Oriented Verticolly Down

0.10 Cuord Zone 1.45 - 2.49 m, Morker Bed 139

-__, 0.06
(b
m

m 0_04
(1)

C1_
0.02

0.00

--0.02 , i ,', I i i ,__L_J_LLZ__.L_L.L_L_.L I J, i ,_t j j J * I J_L±_.L_I_J__L_LLLL.LZ_LL_.L__L_LZ_
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Tirr_e (1989 Colendor Doys)

Figure 7-3. Guard-zone pressures during L4P51-A constant-pressure withdrawal test.
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gas-flow measurements were not possible with primarily as a learning exercise, allowing better

this system and brine production was not preparation for subsequentflowtests performed

continuous due to the pressure cycling occurring in other boreholes.

in the guard zone. The gas-brine separation and

measurement system discussed in Section 3.7 7.1.2 L4P61-B. Borehole L4P51 was deepened

was developed after completion of the L4P51-A from 4.75 m to 10.06 m below the floor of Room

testing to address the problems discussed L4 on October 1 and 2, 1990 (Calendar Days

above. 274 and 275). The hole was deepened to allow

testing of anhydrite "c" and clay B. Figure 7-5

Figure 7-4 shows the brine flow measured during shows the configuration of the test tool in L4P51
the flow test. A total of about 717 cm_ of brine for the L4P51-B testing. The L4P51-B guard

was produced during the 95-day flow period zone extended from 6.75 to 7.79 m below the

(Table 7-2). Because the observed brine flow floor of Room L4 and included only a portion of

rates were affected by gas flow rates that were halite 2. The test zone extended from 8.63 to

not measured, no analytical or numerical 10.06 m deep and included the lower 0.99 m of

interpretations of the flow test were attempted, polyhalitic halite 1, the combined 0.10-m

Nopressure-buildup testwas performed following thickness of anhydrite "c" and clay B, and the

the flow test because no quantitative upper 0.34 m of halite 1.

interpretation of a buildup test is possible without

reliable flow-rate data. The constant-pressure L4P51-B testing in the test zone consisted of a

flow test in the L4P51-A guard zone served 6-day open-borehole period, an initial pressure-

800 - i i i i i i i I I I I I I I I I I I I I I I , I I T , I I , , I I I I , I I I _ _ I ! I I I I

Test L4P51-A, Room L4
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700 Guerd Zone 1.45 - 2.49 m, Marker Bed 139
E
u

"-"600
c
o

o 500
-[9
0

400EL
--

(D
.c_300
03

o 200
.k

-_ 100
E

0 I l I I I I I I I.I I 11 I J I 11 _ I I 11 I l l 11 I 11 I I t I 1
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Time (1989 Colendar DQys)

Figure 7-4. Cumulative brine production during L4P51-A guard zone constant-pressure withdrawal test.
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Table 7-2. Summary of Constant-Pressure Flow Test Data

AP Duration Total Flow
Test Stratum

(MPa) (days) (cm3)
..... •, , ,,,

L4P51-A MB 139 0.20 95 717

L4P51-B #1 anhydrite "c" 1.60-2.25 0.9 18
.., ,,.,,

L4P51-B #2 anhydrite "c" 1.22 44.9 37
..... , ,,

L4P52-A anhydrite "a" 2.21 53.1 165.5.....

10,350 (brine)S1P72-A #1 MB139 1.10 7.0
124,400 (gas)

.........

22,000 (brine)S1P72-A #2 MB139 0.84 27.0
274,400 (gas)

S1P73-B MB138 1.39 9.9 133

SCP01-A #1 MB139 2.57 12.0 282.2
............

SCP01-A #2 MB139 3.12 10.1 344.6
....

buildup period, two pulse-withdrawal tests, a 7.1,2,1 Test Zone. The test zone in L4P51-B

constant-pressure withdrawal test, and a was shut in on October 8, 1990 (Calendar Day

pressure-buildup test. The constant-pressure 281). The first pulse-withdrawal test was

withdrawal test was interrupted after one day due initiated on November 27, 1990 (Calendar Day

to a leak in the injection panel. The test was 331) and the second pulse-withdrawal test was

restarted five days later. Testing in the guard initiated on December 17, 1990 (Calendar Day

zone consisted of a 6-day open-borehole period, 351). A constant-pressure withdrawal test was

an initial pressure-buildup period, two pulse- initiated on March 13, 1991 (1990 Calendar Day

withdrawal tests, and one pulse-injection test. 437), but was terminated the next day when a

The guard-zone testing was terminated when a leak was discovered in the flow-control panel.

leak was found in the guard-zone injection panel. The test resumed on March 19, 1991 (1990

The pressures in the test and guard zones during Calendar Day 443) and continued until May 3,

the L4P51-B testing are shown in Figure 7-6. 1991 (1990 Calendar Day488), producing a total

The test-zone and guard-zone pressure data of 37 cm3of brine over that 45-day period (Table

shown in Figure 7-6 and subsequent figures 7-2). The test-zone pressure was about 4.98

were adjusted by adding 0.103 and 0.083 MPa, MPa before the flow test began, and was

respectively, to the values recorded by the DAS reduced to about 3.77 MPa for the duration of

and reported by Stensrud et al. (1992) to account the test. Figure 7-7 shows cumulative brine

for the elevation differences between the production plotted as a function of time during

measuring points of the pressure transducers this test. The pressure-buildup test began on

and the midpoints of the hydrologic units tested. May 3, 1991 (1990 Calendar Day 488) and

71



L4P5 1- B

TEST-TOOL CONFIGURATION BOREHOLE: L4P51
TEST TOOL: #3

0,894 DATE: 1 0//05/90

0.279 DEPTH OF HOLE 10.06m.

BOREHOLE STRATIGRAPHY

FLOOR 0.00
---_-_-------_ SEE L4PS1-A CONFIGURATION

'---"_-1 FOR 0-4,75M, STRATIG,

475 .................... HALITE 3
5.595 5.15 ---" -TT------_- HALITE MEDIUM TO COARSE,

X X IX COLORLESS MINOR GRAY

GUARD-ZONE _"--- 5.847 X X I "X-_--L_'-YANDI_OLYHALITE

PACKER _7/,Z..,{/'/" 6.20 ......... k POLYHALITIC HALllE 2---_\- POLYHALITIC HALITE,
#3041.12--.--,p._//._//'_, 6.37 _\ COARSE, ORANGE, CLEAN,

_z) - - IX\ SCATTERED BLEBS OF- _ \_ITE....... 6.75 * ...... 6.760 - - ....

T-- 6182 .............. -I--- ----CLAY PARTING
' HALITE 2LLI "-

z ....... HALITE, FINE TO MEDIUM,
0 --- COLORLESS TO ORANGE,
N GUARD-ZONE ]J_l'"----- 7.516 - ', ARGILLACEOUS

r_ TRANSDUCER --__-_]ii--:i 7..349 -- i

EE PORT I
<_ I

-)
(_9 71469 - _ ,

/

-] 7.79 * // .............. 7.721 - - I

7194 ........ ITEST-ZONE F//S/. POLYHALITIC HALITE I

PACKER _j/_'_ 8.28 ------_'v'_v_--'q- POLYHALITIC HALITE,#3041.9 ...... _'._J///_/ COARSE, COLORLESSWITH ORANGE BLEBS OF

....... 8.65 * ...... 8.637 w v_ POLYHALITE
....

EiC_0,_
Go(...)_J

----.......... 9 1")_',__ 9.14 .... "_ _I

LVD_ # R-05 ................. 9.217 X ,,

LVDT # R--ll ......... _ .............. 9.296 DISCONTINUOUS
L_-=J 9.33 ..... _ GRAY ANHYDRITE,,:::_.

Cb LVDT # R-- 12 ................ 9 368
r-q ---------- .......... 9462 X

X
P-- ....... -,i
bO
W X
r'- 9.62 ...... --- ,-T-,-::--"

9.72 ....... "" "\ "" ANHYDRITE "c"

_- ANHYDRITE, GRAY
- 1\\ LAMINAR, MICRO-

TEST-ZONE _ .... 9.815 - t\\ CRYSTAL.LINETRANSDUCER -"_1 ITM ...... 9848

# A-O1 .... " ............ 9.992 - I _ XI_[_ .....t.VDT .... / - HALITE, FINE TO MEDIUM
................. 10.06 ...................................................... _ GRAY, ARGILLACEOUS

NOTE' MEASUREMENIS IN MEIERS FROM FLOOR BEFORE PACKER INFLATION.

• ESTIMATED POSIIlON AFTFft? PACKER INF-[J\iiON.

Figure 7-5. Test-tool configuration for permeability-testing sequence L4P51-B.
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Figure 7-6. Test- and guard-zone pressures during L4P51-B testing.
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Figure 7-7. Cumulative brine production during L4P51-B constant-pressure withdrawal test.

73



continued until the end of testing on November For analysis of the pressure-buildup test using

21, 1991 (1990 Calendar Day 690). However, Interpret/2, the two segments of the constant-

the pressure behavior in the test zone changed pressurewithdrawal test were divided into seven

after power outages shut down the DAS on separate flow periods having constant rates

September 6, 1991 (1990 Calendar Day 614) ranging from 10,000 to 0.23 cm3/day. The best

and October 10, 1991 (1990 Calendar Day 648) fit obtained between log-log pressure and

and after a pulse injection into the guard zone on pressure-derivative type curves and the

September 17, 1991 (1990 Calendar Day 625). pressure-buildup data is shown in Figure 7-8.

The pressure-buildup trend decreasedor became The late-time stabilization of the pressure

erratic after each of these events, ultimately derivative is indicative of single-porosity

becoming a pressure-decrease trend after the conditions with no evidence of double-porosity,

last power outage. This erratic behavior is leakage, or hydraulic boundaries (Bourdet et al.,

thought to be related to equipment problems and, 1989). The best dimensionless Horner match is

therefore, the data collected after September 6, shown in Figure 7-9, and the best linear-linear

1991 (1990 Calendar Day 614) are not match is shown in Figure 7-10. The simulations

considered representative of the true tested match the observed data well in all cases. The

formation's response, same match parameters were used for all of the

fits in Figures 7-8 through 7-10, providing the

Test-zone compressibility values were calculated following estimated parameters: a transmissivity

using data from the two pulse withdrawals and of 3.8 x 1014m2/s(permeability-thickness product

Eq. 6-13. A test-zone compressibility of 1.26 x of 5.1 x 1021 m3),a formation pore pressure of
10.9 Pa1 was calculated from the first pulse 5.17 MPa, a wellbore-storage coefficient of 5.89

withdrawal and a value of 1.29 x 10.9 Pa1 was cm3/MPa (corresponding to a test-zone

calculated from the second pulse withdrawal compressibility of 1.30 x 10.9 Pal), and a

(Table 6-2). Free gas was not observed during wellbore skin of -1.84. As described by Eq. 6-9,

either of the pulse withdrawals, a wellbore skin of -1.84 implies that the effective
wellbore radius is over six times as large as the

Analytical Interpretations. Attempts to match actual wellbore radius. This effect may be

the L4P51-B pulse-withdrawal data with type caused by fracturing of the rock immediately

curves were unsuccessful. The pressure around the wellbore or by some other type of

recoveries early in the tests were more rapid permeability enhancement. Assuming a total

than predicted by the type curves and no system compressibility of 8.37 x 101° Pa_
definitive matches to the late-time data could be (derived from a GTFM storativity estimate of 1.0

obtained because of uncertainty as to the x 10-8),the radius of influence of the constant-

formation pore pressure the recoveries were pressure withdrawal and pressure-buildup tests

trending toward. The flow-rate data from the was about 11 m.

constant-pressure withdrawal test could also not

be fit to a type curve because the first aborted Numerical Interpretations. The L4P51-B

phase of the flow test disrupted the single testing was preceded by a 6-day period during

pressure-step conditions assumed in the which the borehole was open at atmospheric

analytical solution, pressure. This open-borehole period was
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Figure 7-8. Log-log plot of Interpret/2 simulation of L4P51-B pressure-buildup test.
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Figure 7-9 Horner plot of Interpret/2 simulation of L4P51-B pressure-buildup test.
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Figure 7-10. Linear-linear plot of InterpretJ2 simulation of L4P51-B constant-pressure flow and

pressure-buildup tests.

included in all GTFM simulations as a specified- withdrawal tests, respectively. A constant test-

pressure history sequence. History sequences zone compressibility of 1.10 x 10.9Pa1 was used

were also used to represent the test-zone for the simulations. The fitted parameters for

pressure offsets caused by pulse withdrawals these simulations were a transmissivity of 4.8 x

from the guard zone and the test-zone pressure 1044m2/s (permeability-thickness product of 6.4

during constant-pressure withdrawal testing, x 102_ m3), a storativity of 1.0 x 10-8, and a

Temperatures measured in the L4P51-B test formation pore pressureof5.21 MPa (Table 7-1).

zone during the monitoring period are shown in In addition to these formation parameters,

Figure E-1 of Appendix E. Also shown is the matching the early-time responses during the

smoothed representation of the temperature data pulse tests required the inclusion of a skin zone

used as input to GTFM to compensate the simu- around the borehole in the simulations. The

lated pressures for the temperature fluctuations, fitted parameters for the skin zone were a radial

The specified parameters for all of the L4P51-B thickness of 15 cm, a transmissivity of 5.0 x 1043

GTFM simulations were a borehole radius of m2/s(permeability-thickness productof6.7xl0 _9

5.340 cm and a test-zone fluid volume of 4532 m3),and a storativity of 7.0 x 10-8.
cm 3.

Figure 7-13 shows the best-fit simulation and

Figures 7-11 and 7-12 show semilog plots of the observed fluid-flow data for the constant-
best-fit GTFM simulations and the observed pressure withdrawal test. The data are well

pressure data for the first and second pulse- matched using the same parameters as were

76

i



5.0 ..... I t""'l Ftl_t 1 t...... 1 I w I vlw I t _ I I _ trl I I _ r t llll I f l I t I lit

Test L4P51-B, Room L4
Borehole Oriented Vertically Down ,q
Test Zone 8.63 - 10.06 m, Anhydrite 'c' and Clay B

Formation Parameters oqr
t -- 4.8 , lO-',' m'Is(kh = 6.4, 10-" m') ,7
S = 1.0 x 10-" e(_

-.--, pf = 5.21 MPa g 1 -I
O 4,5 Ct_ = 1.10 x 10- Pa-Ct /

Skin Parameters
r = 0.15 m 13 20 _'

L T = 5.0 x 10- e m2/s (kh = 6.7 x 10- ms) _"

U3U_ S = 7.0 x 10- _"

(1)

 4.o

0

I L i I llll l I I I 1 1111 1 1 i I I llil I I I I I IIII I I m i Ill3.5 ---'
10 -_ I0 -2 I0 -' I I0 0 2

to = 1990 331.40521 Elapsed Time (days)
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Figure 7-12. Semilog plot of GTFM simulation of L4P51-B pulse-withdrawal test #2.
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Figure 7-13. Linear-linear plot of GTFM simulation of brine production during L4P51-B constant-

pressure withdrawal test.

used to simulate the pulse-withdrawal tests, x 1014 m2/s (permeability-thickness products of

Figure 7-14 is a Homer plot of the pressure- 5.1 x 10-21and 6.4 x 1021 m3), respectively.

buildup test data and GTFM simulation using the Interpret/2 and GTFM interpretations provided

same simulation parameters. Again, the similar estimates of formation pore pressure,

observed data are well matched. Figure 7-15 ranging from 5.17 to 5.21 MPa. GTFM provided

shows the match between the GTFM simulation good simulations of all of the tests using a

and the observed data over the entire testing storativity of 1.0 x 108. Using this value of

sequence. In this instance, using a single storativity (expressed as total system

constant value of test-zone compressibility of compressibility), Interpret/2 calculates a radius of

1.10 x 10.9 Pa1 for the entire testing sequence influence for the constant-pressure withdrawal

provided a good simulation of the data except and pressure-buildup tests of about 11 m and the

during the initial buildup period. A higher test- radius of influence of the entire testing sequence

zone compressibility is needed to match the calculated using GTFM was 18 m. Both inter-

initial pressure buildup. The radius of influence pretations also indicated the presence of a skin

of the entire testing sequence calculated using zone of increased permeability around the

GTFM with a one-percent pressure-change borehole.
criterion was 18 m.

Vertically averaged values of hydraulic

Summary. The analytical and numerical conductivity (permeability) and specific storage

interpretations of the L4P51-B tests provided can be calculated for the L4P51-B test zone by

estimates of transmissivity of 3.8 x 1014 and 4.8 assuming that fluid was produced only by the
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Figure 7-14. Horner plot of GTFM simulation of L4P51-B pressure-buildup test.
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Figure 7-15. Linear-linear plot of GTFM simulation of entire L4P51-B testing sequence.
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0.10-m interval containing anhydrite "c" and clay L4 at an angle of 40" below vertical (Figure 5-2)

B. The average hydraulic conductivity of this to allow testing of anhydrites "a" and "b" at a

interval is 3.8 x 1013 to 4.8 x 1013 m/s location not immediately above an existing

(permeability of 5.1 x 10.2oto 6.4 x 10-2om2)and excavation. Figure 7-16 shows the configuration

the specific storage is 1.0 x 10.7m1. of the test tool in L4P52, and indicates the

lengths and stratigraphic locations of the test and

7.1.2.2 Guard Zone. Figure 7-6 is a plot of the guard zones. The test zone included the lower

pressure data for the test-zone and guard-zone 0.06 m of map unit 12 (polyhalitic halite), the

intervals for testing sequence L4P51-B. The combined 0.25-m thickness of anhydrite "a" and

guard zone in L4P51-B was shut in on October clay t--I,the 0.40-m thickness of map unit 10

8, t990 (Calendar Day 281). The first pulse- (halite), and the upper 0.71 m of map unit 9

withdrawal test was initiated on February 13, (halite). The guard zone included the lower 0.66

1991 (1990 Calendar Day 409) and the second m of map unit 9 (halite), the combined 0.04-m

pulse-withdrawal test was initiated on July 22, thickness of anhydrite "b" and clay G, and the

1991 (1990 Calendar Day 568). The pulse- upper 0.35 m of map unit 7 (halite). (All

injection test was initiated on September 17, thicknesses listed above are as measured along

1991 (1990 Calendar Day 625). The pressure the inclined borehole.)

response during the first pulse-withdrawal test

was anomalous in that the pressure did not Figure 7-17 illustrates the test- and guard-zone

appear to be recovering to the pre-pulse- pressure responses recorded by the DAS during

withdrawal value until the constant-pressure flow the monitoring period. The pressure values

test in the test zone was terminated. The presented in Figure 7-17 and subsequent figures

pressure responses to the next two pulse tests have been compensated for the elevation

were also anomalous in that unexplained differences between the locations of the pressure

oscillations in the pressure trends were transducers and the centers of the tested units in

observed. The L4P51-B testing sequence was the test and guard zones. The test-zone and

stopped on November 21, 1991 (1990 Calendar guard-zone pressures were compensated by

Day 690) when a leak was detected in the test subtracting 0.078 and 0.057 MPa, respectively,

apparatus. Evaluation of the data from the from the pressures measured by the pressure

L4P51-B guard zone indicates that the data are transducers and reported by Stensrud et al.

not interpretable. The guard zone may not have (1992).

been completely shut in during the testing

sequence. The only conclusion that can be The test and guard zones in L4P52-A were shut

drawn from the L4P51-B guard-zone monitoring in and subsequently depressurized several times

is that the formation pore pressure of halite 2 at before the "final" shut-in occurred on June 26,

that location was at least 3.25 MPa. 1991 (Calendar Day 177; Stensrud et al., 1992).

Following a pressure-buildup period, pulse-

7.1.3 L4P52-A. Borehole L4P52 was drilled on withdrawal, constant-pressure flow, and

April 1 and 2, 1991 (Calendar Days 91 and 92) pressure-buildup tests were conducted in the test

into the upper part of the west rib (wall) of Room zone. No testing was successfully completed in
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Figure 7-16. Test-tool configuration for permeability-testing sequence L4P52-A.
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Figure 7-17. Test- and guard-zone pressures during L4P52-A testing.
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the guard zone because of recurring problems The DPT column was drained four times during

maintaining pressure in the guard-zone packer the constant-pressure withdrawal test. While

(Appendix F, Figure F-3). On Novemb_., 1, 1991 draining the column on October 28, 1991

(Calendar Day 305), both the guard-zone and (Calendar Day 301), the pressure in the test

test-zone packer-inflation pressures were zone was inadvertently lowered to about 0.54

increased to 10.6 MPa. On January 15, 1992 MPa. The design constant pressure of 3.87 MPa

(1991 Calendar Day 380), during the pressure- was restoredby injecting brine into the test zone.

buildup test in the test zone, a gas-buffered fluid

reservoir (Section 3.8) was attached to the The compressibility of the L4P52-A test zone

guard-zone packer to maintain the packer- was evaluated both during testing and after

inflation pressure at a constant value of about testing was complete. Calculations of test-zone

7.5 MPa. compressibility were made using the pressure-

change-versus-volume-removeddata collected at

7.1.3.1 Test Zone. The testing sequence in the the initiation of the pulse withdrawal and

L4P52-A test zone consisted of an open constant-pressure withdrawal tests and during

borehole period lasting from April 2, 1991 depressurization of the system at theconclusion

(Calendar Day 92) to April 12, 1991 (Calendar of testing. The values of test-zone

Day 102), an initial shut-in period from April 12to compressibility calculated from these events

May 22, 1991 (Calendar Days 102 to 142), a 2- ranged from 2.41 x 10.9to 5.98 x 108 Pa1 and

day depressurized period, a second shut-in exhibited an inverse relationship with respect to

period from May 24 to June 26, 1991 (Calendar pressure (Table 6-2). A separate procedure was

Days 104 to 177), a 40-minute depressurized also performed at the end of testing to provide a

period, a third shut-in period beginning on June continuous measure of test-zone compressibility

26, 1991 (Calendar Day 177), a pulse-withdrawal as test-zone pressure increased from 0 to 6 MPa

test initiated on August 5, 1991 (Calendar Day (Figure 6-6). Test-zone compressibilities

217), a constant-pressure withdrawal test lasting calculated from these data over given pressure

from September 26, 1991 (Calendar Day 269) to ranges were slightly lower than those calculated

November 18, 1991 (Calendar Day 322), and a using data from the discrete depressurization

pressure-buildup test lasting until July 31, 1992 events.

(1991 Calendar Day 578). The pressures

observed in the L4P52-A test zone during the The L4P52-A tests were analyzed using an

testing sequence are shown in Figure 7-17. idealized test-zone geometry as described in

During the pressure-buildup test, the test-zone Section 6.2. Flow from anhydrite "a" to the

pressure rose smoothly only until about January borehole was assumed to be horizontal only, and

1, 1992 (1991 Calendar Day 366). For the the test zone was modeled as a vertical

balance of the test, the pressure fluctuated cylindrical borehole with a radius of 5.951 cm.

without a clear trend. The assumption of horizontal flow to the borehole
is considered reasonable because video

The fluid-production data from the constant- examination of anhydrite "a" in L4P52 showed

pressure withdrawal test are shown in Figure fluid being produced only from bedding-plane
7-18. A total of about 166 cm3 of brine was fractures.

produced during the 53-day test (Table 7-2).
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Figure 7-18. Cumulative brine production during L4P52-A constant-pressure withdrawal test.

Analytical Interpretations. Attempts to match cm3/day. Because of fluctuations in the test-

the L4P52-A pulse-withdrawal data with type zone pressure during the final seven months of

curves were unsuccessful because the pressure the pressure-buildup test, a definitive

recovered more rapidly at early time than interpretation of the test was difficult to obtain.

predicted by the type curves. Also, the pressure The transition between the "good" data and the

trend became erratic after approximately the first fluctuating data is more evident on a

22 days of the test (after Calendar Day 239), dimensionless Horner plot than on a log-log or

making it impossible to determine what formation linear-linear plot, so the strategy adopted for

pore pressure the recovery was trending toward, interpretation was to obtain the best fit possible

No type-curve analysis could be performed of the to the "good" data on the dimensionless Horner

data from the constant-pressure withdrawal test plot. The dimensionless Horner plot and the best

because of excessive noise in the data. All match obtained are shown in Figure 7-19. The

attempts at calculating flow rates from the data having dimensionless pressures less than

accumulated-brine data (Figure7-18) resulted in 1.2 were not used during the fitting procedure.

erratic data to which no definitive type-curve

match could be obtained. Using the parameters derived from the
dimensionless Horner match, the fit obtained

For analysis of the pressure-buildup test using between log-log pressure andpressure-derivative

Interpret/2, the constant-pressurewithdrawal test type curves and the pressure-buildup data is

was divided into five separate flow periods shown in Figure 7-20. The linear-linear match is

having constant rates ranging from 280 to 2.4 shown in Figure 7-21. In all cases, the
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Figure 7-20. Log-log plot of InterpretJ2simulation of L4P52-A pressure-buildup test.
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Figure 7-21. Linear-linear plot of Interpret/2 simulation of L4P52-A constant-pressure flow and

pressure-buildup tests.

simulations match the observed data well for (derived from a GTFM storativity estimate of 2.6

about the first 40 days of the buildup test. After x 10-e),the radius of influence of the constant-

that time, the simulations predict higher pressure withdrawal and pressure-buildup tests

pressures than those observed, was about 16 m.

The parameters derived from the dimensionless Numerical Interpretations. The L4P52-A

Horner analysis were a transmissivity of 9.1 x testing was preceded by a 10-day period during

1014m2/s (permeability-thickness product of 1.2 which the boreholewas at atmospheric pressure.

x 10-2om3), a formation pore pressure of 6.50 This open-borehole period was included in the

MPa, a wellbore-storage coefficient of 19.8 GTFM simulations as a specified-pressure

cm3/MPa (corresponding to a test-zone history sequence, as were other periods when

compressibility of 5.82 x 10g Pal), and a the test zone was depressurized or affected by

wellbore skin of 0.37 (Table 7-1). As described changes in packer pressures. A history

by Eq. 6-9, a positive wellbore skin of 0.37 sequence was also used to represent the test-

implies that the effective wellbore radius is only zone pressure during the constant-pressure flow

69 percent of the actual wellbore radius. This test. Temperatures measured in the L4P52-A

effect is commonly caused by the wellbore being test zone during the monitoring period are shown

poorly connected to the permeable portion of the in Figure E-2 of Appendix E. Also shown is the

formation (Earlougher, 1977). Assuming a total smoothed representation of the temperature data

system compressibility of 1.15 x 10.9 Pa1 used as input to GTFM to compensate

85



the simulated pressures for the temperature Figure 7-22 shows a semilog plot of the best-fit

fluctuations. The specified parameters used in GTFM simulation of the L4P52-A pulse-
the L4P52-A GTFM simulations were a borehole withdrawal test. The simulation matches the

radius of 5.951 cm and a test-zone fluid volume observed data well until near the end of the test

of 3403 cm3. when the simulation appears to be trending

towards a higher pressure than the observed

Initial attempts at simulating the L4P52-A tests data. Figure 7-23 shows the GTFM simulation of

using a single value of test-zone compressibility the brine production during the constant-pressure

were unsatisfactory. Therefore, test-zone com- withdrawal test, The observed production during

pressibility was varied as a function of pressure the first two days of the test could not be

during the simulations using a function derived matched by GTFM. The observed initial flow

from the values determined during and after rates were probably caused, in part, by packer

testing (Table 6-2). The final test-zone- expansion into the test zone and borehole

compressibility-versus4ime function used in the closure after the decrease in test-zone pressure.

simulations is shown in Figure D-1 of Appendix Flow rates during the latter part of the test, when

D. the test tool and borehole had completely
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Test L4P52-A, Room L4 .
6.2 - Borehole Oriented Upwalu 40 o from Vertical

- Test Zone 4.14 - 5.56 m, Anhydrite 'o'
Simulated Borehole Radius 5.951 cm

6.0
10 -'4 m2/s (kh 11 x 10 -20 m _)- T =8.5x =

S 2.6 x 10 -6 "
C}

13-.5.8 pf = 6.75 MPa

25.6 -
l_

O 5.4 - oooooDoto
L.. - Simulation

EL.

5.2 -

_ .

5.0 _- o
0

-
4.8 I I I illill I I i lIlill i i _ _,,_,I i l i,llill J i i _liill i i i i ii(

10 -_ 10 -3 10 -2 10 -1 1 10 10 2
to = 1991 217.3413 Elopsed Time (dogs)

Figure 7-22. Semilog plot of GTFM simulation of L4P52-A pulse-withdrawal test.
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Figure 7-23. Linear-linear plot of GTFM simulation of brine production during L4P52-A constant-

pressure withdrawal test.

adjusted to the relatively constant test-zone through 7-25 were a transmissivity of 8.5 x 1014

pressure, were well matched by GTFM. In the m2/s(permeability-thickness productof 1.1x 10.2o

simulation shown in Figure 7-23, 33 cm3 of m_),a storativity of 2.6 x 108, and a formation

instantaneous brine productionwas addedatthe pore pressure of 6.75 MPa. The radius of

start of the test to allow better visual comparison influence of the entire L4P52-Atesting sequence

of the simulated and observed production during up to the time when the pressure recovery

the test. became erratic during the pressure-buildup test

was calculated as 15 m using a one-percent

Figure 7-24 shows a Horner plot of the best-fit pressure-change criterion.

GTFM simulation for the L4P52-A pressure-

buildup test. A modified production time of Summary. The analytical and numerical

76.523 days was calculated for the Horner plot interpretations of the L4P52-A tests provided

based on a flow rate of about 2.16 cm3/day at estimates of transmissivity of 9.1 x 1014and 8.5

the end of the constant-pressure withdrawal test x 1014 m2/s (permeability-thickness products of

and a total of about 165.45 cm3 of fluid produced 1.2 X 10 .20 and 1.1 x 10 .20 m3), respectively.

during the test. Figure 7-25 shows the GTFM Interpret/2 and GTFM interpretations provided

simulation and observed pressures for the entire similar estimates of formation pore pressure,

L4P52-A testing period. The fitted parameters ranging from 6.50 to 6.75 MPa. GTFM provided

used in the simulations shown in Figures 7-22 good simulations of all of the tests using a
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storativity of 2.6 x 10.8. Using this value of and indicates the lengths and stratigraphic

storativity (expressed as total system locations of the guard and test zones. The test

compressibility), Interpret/2 calculates a radiusof zone consisted of the lower 1.05 m of polyhalitic

influence for the constant-pressure withdrawal halite 1 (including a 0.03-m band of orange

and pressure-buildup tests of about 16 m. The anhydrite), the 0.05-m-thick anhydrite "c", and

radius of influence of the entire testing sequence the upper 0.35 m of halite 1. The guard zone

excluding the last seven months of the pressure- (1.06 m) was contained entirely within halite 2.

buildup test was calculated by GTFM as 15 m.

Figure 7-27 is a plot of the test- and guard-zone

Vertically averaged values of hydraulic pressure data collected by the DAS during the

conductivity (permeability) and specific storage monitoring period from July 25, 1989 to May 24,

can be calculated for the L4P52_Atest zone by 1990 (1989 Calendar Days 206 to 509). The

assuming that fluid was produced only by the pressure values presented in Figure 7-27 and

0.19-m interval containing anhydrite "a" and clay subsequent figures have been compensated for

H. The average hydraulic conductivity of this the elevation differences betweenthe locations of

interval is 4.5 x 1013 to 4.8 x 1013 m/s the pressure transducers and the centers of the

(permeability of 6.0 x 1020to 6.4 x 10.20m2)and tested units in the test and guard zones. The

the specific storage is 1.0 x 10.7m1. test-zone and guard-zone pressures were

compensated by adding 0.131 and 0.102 MPa,

We are uncertain whether the fluctuating respectively, to the pressures measured by the

pressures observed during the last seven months pressure transducers and reported by Stensrud

of the pressure-buildup test reflect a failure of the et al. (1992). Two pulse-withdrawal tests were

test tool to maintain an adequate seal or conducted in the S1P71-B test zone. No testing

changing conditions in anhydrite "a" around was conducted in the guard zone.
Room L4.

7.1.4.1 Test Zone. The test zone of S1P71-B

7.1.3.2 Guard Zone. No testing could be was shut in initially on July 26, 1989 (Calendar

performed in the L4P52-A guard zone due to Day 207). The test-zone pressure had increased

problems maintaining pressure in the guard-zone to 1.59 MPa on August 3, 1989 (Calendar Day

packer. However, the monitoring performed in 215) when the test-zone pressure began to

the guard zone (Figure 7-17) provided an decrease. After injecting brine into the test zone

indication that the formation pore pressure of in an attempt to increase the pressure_the test

anhydrite "b" at L4P52 is at least 3.5 MPa. tool was removed on August 7, 1989 (Calendar
Day 219) to inspect for leaks and then reinstalled

7.'1.4 81P71-B. Borehole $1P71 was drilled on August 21, 1989 (Calendar Day 233). The

vertically downward into the floor of Room 7 in test zone was shut in on August 24, 1989

Waste Panel 1 (Figure 5-3) to a depth of 4.55 m (Calendar Day 236). The test-zone pressure

in November 1988 for testing sequence S1P71-A increased much more slowly than it had during

(Beauheim et al., 1991). $1P71 was deepened the first shut-in period from July 26 to August 3,

to 10.15 m on July 20, 1989 (Calendar Day 201) 1989 (Calendar Days 207 to 215), reaching only

for testing sequence S1P71-B. Figure 7-26 0.59 MPa by November 30, 1989 (Calendar Day

shows the test-tool configuration for S1P71-B, 334). On that date, brine was injected into the
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Figure 7-26. Test-tool configuration for permeability-testing sequence S1P71-B.
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Figure 7-27. Test- and guard-zonepressures during S1P71-B testing.

test-zone and the pressure was increased to withdrawaltestwas initiatedon March 22, 1990

3.67 MPa. The pressure response observed (1989 Calendar Day 446) by loweringthe test-

thereafterwas similarto that observedduringthe zone pressureby approximately2.4 MPa.

firs;,shut-in period. The slow rate of pressure

buildup from August 24 to November 30, 1989 The fluid removed fromthe test zone duringthe

(Calendar Days 236 to 334) may have been two pulse withdrawals was collected in

caused by incompleteshut-inof the testzone. evacuated sample cylinders, preventing
measurement of the fluid volumes and

On January 21, 1990 (1989 Calendar Day 386), subsequent calculations of test-zone

the pressure in the test zone decreased slightly compressibility. Two test-zone-compressibility

due to a decrease in the guard-zone packer- measurements were made at the end of testing

inflation pressure (Appendix F, Figure F-4). A before the test tool was removed from the

pulse-withdrawal test was initiated on February borehole, Values of 1.18 x 10.9 and 1.45 x 10-9

13, 1990(1989 Calendar Day 409) by decre&sing Pa1 were determined for pressure decreases

the test-zone pressure approximately 1.1 MPa. from about 3.90 to 2.60 MPa and 1.68 to 0.34

Towards the end of the pulse-withdrawal test on MPa, respectively (Table 6-2).

March 13, 1990 (1989 Calendar Day 437), the

pressure in the test zone increased when the Analytical Interpretations, An attempt was

guard-zone packer-inflation pressure was made to fit a type curve to the data from the

increased (Figure F-4). The second pulse- second S1P71-B pulse-withdrawal test. No
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good match could be obtained, however, withdrawal tests, respectively. The fitted

because the observed pressure recovery at early parameters for these simulations were a

time was more rapid than predicted by the type transmissivity of 4.8 x 1014 m2/s (permeability-

curves, perhaps indicating the presence of a thickness product of 6.4 x 1021 m3),a storativity

negative skin around the borehole. Therefore, of 1.0 x 10e, and a formation pore pressure of

no analytical interpretations of the S1P71-B 5.12 MPa. In addition to these formation

hydraulic tests were completed, parameters, matching the early-time responses

during the pulse tests required the inclusion of a

Numerical Interpretations. The GTFM skin zone around the borehole in the simulations.

simulation of the S1P71-B test-zone testing The fitted parameters for the skin zone were a

included specified-pressure sequences from the radial thickness of 15 cm, a transmissivity of 5.8

open-borehole period beginning July 24, 1989 x 1013m2/s(permeability-thickness product of 7.7

(Calendar Day 205) until December 15, 1989 x 10-2om3),and a storativity of 9.6 x 10-8. Figure

(Calendar Day 349) when the rate of pressure 7-30 shows the excellent match between the

buildup began to decrease, and from the test- GTFM simulation and the observed data over the

zone pressure increase caused by the guard- entire testing sequence. The radius of influence

zone packer-pressure increase on March 13, of the entire S1P71-B testing sequence

1990 (1989 Calendar Day 437) to the start of the calculated by GTFM using a one-percent

second pulse-withdrawal test. Initial attempts at pressure-change criterion was 20 m.

simulating the observed pressure responses

using a constant value for test-zone Figures 7-28 and 7-30 show simulations

compressibility were unsatisfactory (see below), performed with both constant and varying values

Therefore, test-zone compressibility was used as of test-zone compressibility, with other

another fitting parameter during the simulations, parameters held the same. The simulations with

with its values constrained by the measurements a constant value of test-zone compressibility do
listed in Table 6-2. The final test-zone- not match the observed data as well as the

compressibility function used in the simulations simulations using varying values of test-zone

is presented in Figure D-2 of Appendix D. compressibility.

Temperatures measured in the S1P71-B test

zone during the monitoring period are shown in Summary. No analytical interpretations of the

Figure E-3 of Appendix E. Also shown is the S1P71-B pulse-withdrawal tests could be

smoothed representation ofthetemperaturedata performed because of anomalous early-time

used as input to GTFM to compensate the behavior. The numerical interpretations of the

simulated pressures for the temperature tests required inclusion of a skin zone with

fluctuations. The specified parameters for the transmissivity and storativity increased relative to

S1P71-B GTFM simulations were a borehole that in the surrounding formation to match the

radius of 5.296 cm and a test-zone fluid volume early-time pulse-test data. The numerical

of4418cm 3. interpretations also required that test-zone

compressibility vary during the tests. GTFM

Figures 7-28 and 7-29 show semilog plots of the provided an estimated transmissivity of 4.8 x

best-fit GTFM simulations and the observed 1014m2/s(permeability-thickness product of 6.4 x

pressure data for the first and second pulse- 10-21m_) for the S1P71-B test zone. Assuming
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Figure 7-28. Semilog plot of GTFM simulations of S1P71-B pulse-withdrawal test #1.
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Figure 7-29. Semilog plot of GTFM simulation of S1P71-B pulse-withdrawal test #2.
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Figure 7-30. Linear-linear plot of GTFM simulations of entire S1P71-B testing sequence.

that fluid was produced only by the 0.08-m 236) to begin the second buildup period. The

thickness of anhydrite "c", the average hydraulic guard-zone pressure built up to about 3.72 MPai
conductivity of the anhydrite is 6.0 x 1013 m/s as of December 11, 1989 (Calendar Day 345),

(permeability of 8.0 x 10.2om2). Likewise, the when it began to decrease due to a decrease in

estimated storativity of 1.0 x 10e converts to an the guard-zone packer-inflation pressure

average specific storage of 1.25 x 10; m1. The (Appendix F, Figure F-4). The inflation pressure

formation pore pressure of anhydrite "c" was in the guard-zone packer was increased on

estimated as 5.12 MPa, and the radius of December 15, 1989 (Calendar Day 349), causing

influence of the testing was about 20 m. an immediate increase in the guard-zone

pressure. The guard-zone pressure then

7.1.4.2 Guard Zone. The S1P71-B guard zone resumedits earlier buildup behavior until January

was initially shut in from July 26, 1989 (Calendar 21, 1990 (1989 Calendar Day 386), when the

Day 207) to August 7, 1989 (Calendar Day 219), guard-zone packer-inflation pressure again

when the test tool was removed from the began to decrease. From that time on, no

borehole to repair a leak from the test zone. The sustained buildup in the guard-zone pressure

guard-zone pressure increased from 0 to 2.07 was observed,even after the guard-zone packer-

MPa during this period (Figure 7-27). The test inflation pressure was increased on March 13,

tool was reinstalled on August 21, 1989 1990 (1989 Calendar Day 437). The pressure

(Calendar Day 233), and the guard zone was in the guard zone ranged between 4.13 and 4.22

shut in on August 24, 1989 (Calendar Day MPa for the remainder of the S1P71-B testing
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sequence, as if some part of the test tool was 1.60-m-thick Marker Bed 139, 0.39 m of

acting as a pressure-relief valve to prevent the overlying polyhalitic halite 4, 0.01 m of clay E,

guard-zone pressure from exceeding about 4.2 and 0.04 m of underlying halite 4. The guard

MPa. Permeability testing was not performed in zone extended from 2.15 to 3.18 m and included

the guard zone because of this anomalous the lower 0.35 m of map unit 0 (halite) and 0.68

pressure behavior, m of polyhalitic halite 4 overlying Marker Bed
139.

7.1.5 S1P72-A Borehole $1P72 was drilled

downward at an angle of 58° from vertical to test Figure 7-32 is a plot of the test- and guard-zone

Marker Bed 139 beneath the east rib of Room 7 pressure data collected by the DAS during the

of Waste Panel 1 (Figure 5-3). Figure 7-31 monitoring period from December 20, 1989 to

shows the test-tool configuration for the S1P72-A January 30, 1991 (1989 Calendar Days 354 to

testing, and indicates the lengths and 760) The pressure values presented in Figure

stratigraphic locations of the guard and test 7-32 and subsequent figures have been

zones. $1P72 was drilled on December 12 and compensated for the elevation differences

13, 1989 (Calendar Days 346 and 347), and the between the locations of the pressure

test tool was installed on December 20, 1989 transducers and the centers of the tested units in

(Calendar Day 354) The test zone extended the test and guard zones The test-zone and

from 401 to 6.05 m and included the guard-zone pressures were compensated by

Figure 7-31. Test-tool configuration for permeability-testing sequence S1P72-A.
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Figure 7-32. Test- and guard-zone pressures during S1P72-A testing.

adding 0.039 and 0.023 MPa, respectively, to the The slanted S1P72 borehole was treated as an

pressures measured by the pressuretransducers equivalent vertical boreholefor test interpretation,

and reported by Stensrud et al. (1992). The following the proceduredescribed in Section 6.2.

testing sequence in the test zone consisted of The test interpretations assumed an equivalent

approximately seven days of open-borehole cylindrical borehole radius of 7.60 cm for both

conditions, an initial pressure-buildup period, two the test and guard zones.

pulse-withdrawal tests, and two constant-

pressure withdrawal tests with subsequent 7.1.5.1 Test Zone. The S1P72-A test zone was

pressure-buildup tests. The testing sequence in shut in on December 21, 1989 (1989 Calendar

the guard zone consisted of an open-borehole Day 355). The first pulse-withdrawal test was

period, an initial pressure-buildup period, an initiated on January 29, 1990 (1989 Calendar

increase in the guard-zone pressure due to an Day 394) and the second pulse-withdrawal test

increase in the guard-zone packer-inflation was initiated on February 21, 1990 (1989

pressure, a pulse-withdrawal test, a decrease in Calendar Day 417). After the pulse withdrawals

the guard-zone pressure caused by a leaky indicated the presence of abundant gas in the

fitting, and the subsequent pressure buildup after test zone, a measurement device was attached

the leak was stopped. Interpretations of the to the test-zone vent line to monitor both gas and

tests performed in both the test and guard zones brine production (Figure 3-5) during constant-

are discussed below, pressure withdrawal tests. Manual readings of

manometers were required to obtain the data
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needed to calculate brine production volumes test-zone pressure from 0.91 MPa to approxi-

(Stensrud et al., 1992). The first constant- mately 0.07 MPa and maintaining that pressure

pressure withdrawal test started on June 26, for 26.9 days. The test zone was then shut in

1990 (1989 Calendar Day 542) and involved and the pressure buildup was monitored.

lowering the test-zone pressure from 1.15 MPa Figures 7-35 and 7-36 present the cumulative

to approximately 0.08 MPa and maintaining that brine and gas volumes, respectively, produced

pressure for 7.0 days. The test zone was then during the constant-pressure withdrawal test.

shut in and the post-test pressure buildup was Approximately 22,000 cm3 of brine and 343,000

monitored. Figure 7-33 presents the cumulative cm3 of gas (at atmospheric pressure) were

brine production and Figure 7-34 presents the produced during the second test.

cumulative gas production during the first

constant-pressure withdrawal test. Approxi- Test-zone compressibility values were

mately 10,350 cm 3 of brine and 124,400 cm3 of determined for each of the test-zone pulse

gas (at atmospheric pressure) were produced withdrawals, during thesecondconstant-pressure

during the first test. withdrawal test, and during the test-zone

depressurization at the end of the testing period

The second S1P72-A constant-pressure (Table 6-2). The test-zone compressibilities at

withdrawal test began on August 15, 1990 (1989 these times ranged from 5.25 x 10-7 to 8.04 x

Calendar Day 592) and consisted of lowering the 10..7Pa1, over three orders of magnitude higher
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Figure 7-33. Cumulative brine production during S1P72-A test-zone constant-pressure withdrawal test #!.
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Figure 7-34. Cumulative gas production during S1P72-A test-zone constant-pressure withdrawal test #1.
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Figure 7-35. Cumulative brine production during S1P72-A test-zone constant-pressure withdrawal test#2.
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Figure 7-36. Cumulative gas production during S1P72-A test-zone constant-pressure withdrawal test #2.

than the estimated compressibility of brine alone location under the ea._ rib of Room 7 and the

(Section 6.3.1). These high values of test-zone $1P71 location under the floor of the room at the

compressibility are attributed to the presence of initiation of the S1P72-Atesting, resulting in flow

free gas in the test zone, which was observed toward the room from the east. As S1P72-A

during the second pulse withdrawal, during both testing progressed, continued flow toward the

constant-pressure withdrawal tests, and during room could have decreased the formation pore

depressurization of the test zone at the end of pressure in Marker Bed 139underneath the east

testing, rib of the room. This type of depressurization

would be expected to continue indefinitely and, in

Figure 7-32 shows that the test-zone pressure fact, pressure-monitoring data reported by

recovered to successively lower values following Stensrud et al. (1992) show that the pressure in

each episode of fluid removal and actually Marker Bed 139 at $1P72 was continuing to

declined after reaching peaks during the second decrease a year and a half after the S1P72-A

pulse-withdrawal and pressure-buildup tests, testing was completed.

S1P71-A testing showed that Marker Bed 139

was at atmospheric pressure beneath the floor in Analytical Interpretations. No analytical

Room 7 (Beauheim et al., 1991). Therefore, a interpretations of the S1P72-A tests were

pressure difference of approximately 1.24 MPa attempted because of the complications

existed in Marker Bed 139 between the $1P72 presented by the gas evident during the tests.
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Numerical Interpretations. Because of the two- never reached the assumed critical saturation in

phase flow conditions apparent during the the model.

S1P72-A tests, a two-phase flow model was

required to attempt to interpret the tests. The The simulations presented in Appendix G serve

finite-difference model TOUGH2 (Preuss, 1991) mainly to demonstrate the need for additional

was selected for this purpose. Input parameters information to interpret the S1P72-A tests. The

for TOUGH2 include intrinsic permeabilities, values of one or two unknown parameters could

relative-permeability curves, capillary-pressure be interpreted from the tests if all the other

curves, initial saturations, specific storage, and parameters were known. But inasmuch as initial

the initial pressure distribution. Because and/or time-dependent distributions of intrinsic

measured values of few of these parameters permeability, specific storage, porepressure, and

were available, scoping simulations were relative saturations are all unknown, as well as

performed to try to define ranges of values of relative-permeability and capillary-pressure

parameters that could produce flow and pressure curves, no reliable interpretations of the tests are

behavior similar to that observed. These scoping possible.

simulations are presented in Appendix G.

Summary. The tests performed in the SIP72-A

The scenario envisioned in the scoping test zone cannot be interpreted because of

simulations assumed that excavation of Room 7 inadequate constraints on, or knowledge of, the

caused the permeability to increase and the testing conditions. A gradual decline in the

pressure to decrease in Marker Bed 139 directly formation pore pressure in Marker Bed 139 at

below the room. The pressure gradient created $1P72 was observed during the testing

thereby caused flow toward the room from the far sequence, which may be caused by continuing
field. Marker Bed 139 was assumed to be flow from the far field toward Room 7.

completely saturated with brine, containing gas in

solution, prior to the excavation. As the pore 7.1.5.2 Guard Zone. The guard zone in

pressure decreased along the direction of flow, S1P72-A was shut in on December 21, 1989

gas came out of solution. The simulations (Calendar Day 355). An almost linear increase

attempted to match, first, the pressure observed in the guard-zone pressure followed the shut-in

in Marker Bed 139 at boreholes $1P71 and (Figure 7-32). On February 13, 1990 (1989

$1P72 at the time testing began and, second, Calendar Day 437), the guard-zone packer-

the pressure and gas- and brine-flow behavior inflation pressure was increased (Appendix F,

observed in $1P72 during testing. The first of Figure F-5) resulting in a 1.0-MPaincrease in the

these objectives was met, but the second was guard-zone pressure. After an initial decrease,

not, The overall pressure behavior during the the guard-zone pressure resumed a nearly linear

entire S1P72-A testing sequence could not be increase, but at a lower rate than before the

matched using any of the combinations of increase in packer-inflation pressure. On June

parameters attempted. Calculated brine- 13, 1990 (1989 Calendar Day 529), a pulse-

production volumes were only about 25 to 35 withdrawal test was initiated in the guard zone.

percent of the observed volumes, and no gas A compressibility of 1.24 x 10-e Pa-1 was

production at all was calculated because gas determined for a decrease in guard-zone
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pressure from 3.27 to 1.99 MPa (Table 6-2). On terminated prematurely by a leak in the vent line,

June 26, 1990 (1989 Calendar Day 542), the and no flow-rate information is available for the

guard-zone pressure decreased slightly in period of the leak with which to perform a

response to the initiation of the first constant- quantitative interpretation of the subsequent

pressure withdrawal test in the test zone. On pressure buildup.

July 5, 1990 (1989 Calendar Day 551), a leak

occurred in a valve connected to the guard-zone Numerical Interpretations, The factors

vent tubing, causing the guard zone to lose most mentioned above that prevented analytical

of its pressure. The leak was corrected seven interpretations of the S1P72-A guard-zone tests

days later on July 12, 1990 (1989 Calendar Day presented no obstacles to interpretation using

558), after which the guard-zone pressure began GTFM. Three history sequences were used in

to increase. Immediate correction of the leak simulating the pressure responses observed in

was not possible because Room 7 was the S1P72-A guard zone during testing. The

inaccessible from July 5 to July 11, 1990 (1989 periods with prescribed pressure histories were

Calendar Days 551 to 557). On August 15, 1990 the 9-day period between the time the guard

(1989 Calendar Day 592), the guard-zone zone was cored and when it was shut in, a 15-

pressure decreased slightly in response to the day period during which the guard-zone pressure

start of the second constant-pressure withdrawal was responding to an increase in the guard-zone

test in the test zone. On December 23, 1990 packer pressure, and the nearly 7-day period

(1989 Calendar Day 722) the guard-zone during which the guard-zone vent line was

pressure decreased due to a decrease in the leaking. Initial attempts at simulating the

guard-zone packer-inflation pressure (Appendix observed pressure responses using a constant

F, Figure F-5) value for guard-zone compressibility were

unsuccessful Therefore, guard-zone compres-

On January 24, 1991 (1989 Calendar Day 754), sibility was used as another fitting parameter

the guard-zone pressure was decreased during the simulations, with its values

incrementally to makeguard-zone-compressibility constrained by the measurements listed in Table

determinations. A three-step pressure drawdown 6-2. Temperatures measured in the S1P72-A

was performed with pressure decreases to 2.243, guard zone during the monitoring period are

1.475, and 0.667 MPa, yielding guard-zone shown in Figure E-4 of Appendix E. Also shown

compressibilities of 2.13 x 10,9, 231 x 109, and is the smoothed representation of the

2.21 x 10 9 Pa r, respectively (Table 6-2). The temperature data used as input to GTFM to

guard zone was then shut in. On January 30, compensate the simulated pressures for the

1991 (1989 Calendar Day 760), the guard zone temperature fluctuations. The specified

was depressurized and a guard-zone parameters used in the simulations were a

compressibility of 278 x 10.9 Pa 1 was borehole radius of 7.60 cm and a guard-zone

determined for a pressure decrease from 1.39 to fluid volume of 2522 cm 3

0.04 MPa.

Figure 7-37 shows a semilog plot of the best-fit

Analytical Interpretations. No analytical simulation and the observed pressure for the

interpretations were attempted of the S1P72-A pulse-withdrawal test, and Figure 7-38 shows a

guard-zone tests The pulse-withdrawal test was
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Figure 7-37. Semilog plot of GTFM simulation of S1P72-A guard-zone pulse-withdrawal test.
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Figure 7-38. Homer plot of GTFM simulation of S1P72-A guard-zone pressure recovery.
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Homer plot of the pressure buildup following the observed pressure responses, the average

repair of the leak in the guard-zone vent line. hydraulic conductivity of the interval is 1.4 x 10.44

m/s (permeability of 1.8 x 10_1 m2) and the

Figure 7-39 shows the match between the best- average specific storage is 9.2 x 10-am1. No

fit simulation and the entire testing sequence.The information is available, however, pertaining to

fitted parameters were a transmissivity of 7.4 x possible differences between vertical and

10_5 m2/s (permeability-thickness product of 1.0 horizontal permeability in halite. If no anisotropy

x 10_1 m3), a storativity of 5.0 x 10-8, and a exists, the S1P72-A guard-zone tests would be

formation pore pressure of 4.08 MPa (Table 7-1). better interpreted in terms of radial flow towards

The guard-zone-compressibility function used in a slanted borehole than towards an equivalent

the simulations is presented in Figure D-3 of vertical borehole. In this case, the actual

Appendix D. The radius of influence of the borehole radius of 5.265 cm and the actual

S1P72-A guard-zone testing sequence was guard-zone length of 1.03 m should be used to

calculated by GTFM as 4 m using a one-percent calculate hydraulic properties. As discussed in

pressure-change criterion. Section 6.2, the borehole radius used in a test

simulation can be changed without altering the

Summary. As discussed in Section 7.1.5, the simulation as long as the product of the radius

slanted $1P72 borehole was treated as an squared and storativity (PS) does not change.

equivalent vertical borehole with a radius of 7.60 Therefore, the simulations shown in Figures 7-37

cm for test interpretation. Assuming that the through 7-39 are also representative of radial

entire 0.546-m vertical thickness of halite within flow to the actual S1P72-A guard-zone geometry

the guard zone contributed equally to the with a formation storativity of 1.0 x 10.7 and
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Figure 7-39. Linear-linear plot of GTFM simulation of entire S1P72-A guard-zone testing sequence.
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transmissivity and pore pressure unchanged, filled with brine and consequently could not be

With this geometry, the average_ hydraulic pressurized for permeability testing, the test tool

conductivity would be 7.2 x 101_ m/s was removed from $1P73 on January 9, 1991

(permeability of 9.6 x 102_m2) and the average (1990 Calendar Day 374). The pressures

specific storage would be 1.0 x 107 m1. The measured in the S1P73-A test and guard zones

radius of influence of the testing would also be while the test tool was in the borehole are shown

less than the 4 m calculated for the equivalent in Figure 7-41. The pressure values oresented

vertical geometry, in Figure 7-41 have been compensated for the
elevation differences betweenthe locations of the

7,1.6 81P73-A. Borehole $1P73 was drilled pressure transducers and the centers of the

vertically upward 4.80 m into the back (ceiling) of tested units in the test and guard zones. The

Room 7 in Waste Panel 1 in December 1990. test-zone and guard-zone pressures were

Figure 7-40 shows the configuration of the test compensated by subtracting 0.085 and 0.060

tool in borehole $1P73 for S1P73-A testing, and MPa, respectively, from the pressures measured

indicates the lengths and stratigraphic locations by the pressure transducers and reported by

of the guard and test zones. The guard zone for Stensrud et al. (1992).

the S1P73-A test configuration extended from
1.51 to 2.55 m above the back of Room 7 and 7.1.7 81P73-B, Borehole $1P73 was

included the upper 0.33 rn of map unit 7 deepened from 4.80 m to 11.32 m above the

(argillaceous halite), anhydrite "b", and the lower back of Room 7 on January 14 and 15, 1991

0.65 m of map unit 9 (halite). The test zone (Calendar Days 14 and 15). The hole was

extended from 3.38 to 4.80 m above the back of deepened to allow testing of clay J in the guard

the room and included the upper 0.32 m of map zone and clay K and Marker Bed 138 in the test

unit 9 (halite), map unit 10 (halite), anhydrite "a", zone. Figure 7-42 shows the configuration of the

and the lower 0.71 m of map unit 12 (polyhalitic test tool in $1P73 for the S1P73-B testing, and

halite). (No core samples were recovered from indicates the lengths and stratigraphic locations

4.37 to 4.80 m, but the typical thickness of map of the guard and test zones. The guard zone for

unit 12 (see Appendix A)suggests that it extends the SIP73-B testing extended from 8.04 to 9.09

beyond the terminus of the borehole.) m above the back of Room 7 and included the

upper 0.11 m of map unit 15 (halite), argillaceous

Brine was injected into the test and guard zones, halite 1 (clay J), and 0.39 m of halite 5 above

including anhydrites "a" and "b", respectively, clay J. The test zone extended from 9.92 to

Neither zone completely filled with brine, and 11.32 m above the top of the room and included

brine was observed coming out of a nearby roof- the upper 0.94 m of argillaceous halite 2, clay K,

bolt hole during injection into the guard zone. Marker Bed 138, and the lower 0.29 m of halite

The roof bolts in Room 7 penetrate anhydrite "b" 6.

but not anhydrite "a". Therefore, anhydrite "b" is

probably connected to the underlying room S1P73-B testing in the test zone consisted of a

through roof-bolt holes and possibly fractures, shut-in period, followed by two pulse-withdrawal

and anhydrite "a" may be connected to anhydrite tests, a constant-pressure withdrawal test, and a

"b" and possibly the room through fractures, pressure-buildup test. A pulse-withdrawal test

Because the test and guard zones could not be was attempted in the guard zone during the
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Figure 7-4t. Test- and guard-zone pressures during S1P73-A testing.

pressure-buildup test in the test zone. Shortly between May 7 and 17, 1991 (Calendar Days

after the pulse-withdrawal test began, a leak 127 to 137). The pressure was reduced from

developed in the test tool forcing the termination 4.24 to 2.89 MPa for this test, which produced a

of the test. The pressures in the test and guard total of 133 mL of brine (Table 7-2). Figure 7-44

zones during S1P73-B testing are shown in shows cumulative brine production plotted as a

Figure 7-43. The pressure values presented in function of time during this test. The pressure-

Figure 7-43 and subsequent figures have been buildup test began on May 17, 1991 (Calendar

compensated for the elevation differences Day 137) and continued until the end of testing

between the locations of the pressure on July 3, 1991 (Calendar Day 184).

transducers and the centers of the tested units in

the test and guard zones. The test-zone and The compressibility of the S1P73-B test zone

guard-zone pressures were compensated by could be evaluated with data collected during

subtracting 0.168 and 0.140 MPa, respectively, both pulse withdrawals, at the beginning of the

from the pressures measured by the pressure constant-pressurewithdrawal test, and during the

transducers and reported by Stensrud et al depressurization of the test zone at the end of

(1992). testing. The test-zone compressibilities cal-

culated using these data ranged from 1.16 x 10.9

7.1.7.1 Test Zone. The test zone in S1P73-B Pa1 to 4.00 x 10.8 Pa1 (Table 6-2).

was shut in on January 21, 1991 (Calendar Day

21). The first pulse-withdrawal test was initiated Analytical Interpretations. Type-curve analysis

on February 26, 1991 (Calendar Day 57)andthe was performed on the data from the second

second pulse-withdrawal test was initiated on S1P73-B pulse-withdrawal test. The second test

March 19, 1991 (Calendar Day 78). A 10-day was selected for analysis in preference to the

constant-pressurewithdrawal test wasconducted first test because the test-zone pressure was
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SIP7.3-B
TEST-TOOL CONFIGURATION BOREHOLE STRATIGRAPHY

LVDT #A-02 11.522 I " I NO RECOVERY
11.18

TEST- ZONE 11 15 " HALITE 6- HALITE, MEDIUM CRYSTALLINE, ORANGE,
TRANSDUCER 11.106 ANHYDRITE LAMINA AT 11.15m

PORT

11'03 [X._x'_----'_-_"-""" ' MARKER BED 138
- ANHYDRITE, GRAY

LJ 10.89
Z
O 10.86 I'I'- - -_ "CLAY K, GRAY

N LVDT # R-17 10.662 - -_ ARGILLACEOUS HALITE 2_- - - - ARGILLACEOUS HALITE,
(./') -- --

W LVDT # R-16 -- 10 585 PODULAR, FINE TO COARSELY
_- - - CRYSTALLINE, COLORLESS TO BROWN,--

LVDT # R-1 --10.512 - -_ BROWN CLAY, CORE IS VERY

_ - ARGILLACEOUS FROM 10 2m TO
- CONTACT WITH CLAY K

--

--

-- --

- _ 9.92" 9.928 - -

TEST-ZONE - _ _ I
PACKER 9.30---_ IHALITE 5
#.3041.6 - HALITE, MEDIUM CRYSTALLINE,

* COLORLESS, TRACE ANHYDRITE

_ 9.09 ---- 9017

uJ 8. 765 8.70 .......
Z - - - ARGILLACEOUS HALITE I (CLAY J)
O - ARGILLACEOUS HALITE,
N GUARD-ZONE_., L,------8.639 - - PODULAR, FINE TO COARSELY
C] TRANSDUCER J 8.609 - CRYSTALLINE, COLORLESS TO BROWN

PORT

-.
--

J -- _, 8.15 ---" - -,
- _- 8.04 --- ,77- .... 8 053 MAP UNIT 15

_._/ - HALITE, FINE TO MEDIUM CRYSTALLINE,GUARD-ZONE ---" ///
PACKER /// COLORLESS; WHITE PLANAR

/// ANHYDRII'E LAMINAE SCATTERED

#3041. I1 _ TI-tROUGt4OUT
,Y/,= 7 149

69/ -----mX--X--X-_'/_'_fD-RFf-E,CRAY696 .... .
695 1/" ',,CLAY I, BROWN ....

I] _-[I -- - MAP UNITS 1.3 AND 14

fOOL EXTENSION.... - - - HALITE, COARSELY CRYSTALLINE,
,. _- _ GRAY TO ORANGE.

5.30 ------ MAP UNIT 12
- HALITE, MEDIUM CRYSTALLINE,

COLORLESS TRACE OF POLYHALITE
IUI Ill, 4.80....... ......

(SEE FIGURE 7-40 FOR REMAINDER OF DESCRIPTION )

ROOM TOP _ 000
NOIE: MEASUREMENTS IN METERS FROM ROOM

BOREHOLE: S1P73 DATE: 01/17/91 CEILING BEFORE PACKER INFLATION.
TEST TOO[_: #4 DEPfH OF HOLE: 11 32 rn , ESTIMATED POSITION AFTER PACKER INFLAIION.

Figure 7-42. Test-tool configuration for permeability-testing sequence S1P73-B.
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Figure 7-43. Test- and guard-zone pressures during S1P73-B testing.
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Figure 7-44. Cumulative brine production during S1P73-B test zone constant-pressure withdrawal test.
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changing less rapidly just before the second test (1980). Assuming a test-zone compressibility of

than just before the first test, and the second test 2.39 x 10.9Pa 1 (Table 6-2), the type-curve match

had a longer duration than the first test. The provides a transmissivity estimate of 3.7 x 10-13

test-zone pressure immediately before the m2/s (permeability-thickness productof5.0x 10.20

second pulse withdrawal was performed was m3; Table 7-1).

4.163 MPa, and was increasing at a rate of

about 0.002 MPa/day. The pulse withdrawal Figure 7-46 shows the best-fit match of the flow-

decreased the test-zone pressure to 3.147 MPa. rate data from the S1P73-B constant-pressure

At the end of the test 49 days later, the test-zone withdrawal test to the radial-flow type curve for

pressure was 4.239 MPa. To compensate for constant-pressure flow tests developed by Jacob

the increasing pressure trend that was and Lohman (1952). After approximately the first

superimposed on the pulse-test response, a 4 hr of the test, the data fit the type curve well.

linear correction factor of-0.0017 MPa/day was The flow rate at early time decreased more

applied to the pulse-test data b_r_,nning at the rapidly than predicted by the type curve. This

start of the test. behavior is probably related to test-tool and

borehole compliance. When the test-zone

The compensated data from the second pulse- pressure was decreased to start the constant-

withdrawal test are plotted as normalized pressure flow test, the test-tool components

pressure versus elapsed tinle in Figure 7-45. should have expanded slightly and the hole

Also shown is the best match obtained to one of radius should have decreased slightly, driving

the type curves of Bredehoeft and Papadopulos brine from the hole in addition to that being

1 .0 ]_......._.... y_.T__TY,TT_T.T...... T-r TTVrrr T.... T T T TT TTTT..... r ....Y T T TTTY T -T.... T -T T TYYT[ ......... T......Y V']T_TT
........................ 0 0

.......... _°°oo [(.'st s1P/JkB, Woste P'anel 1, Room ]

0.9 ....... '"----.C_o [']orehole ()_;ented Vertically Up

......_Oo_ Test /one 9.92 11..._2 m, M(,lrker Tied 1.]8 and C'toy K

O.8 "_-.%.

0./
I ....

0.6

(').5 " Match PorGrnete_s
"-..,. Pl : _. 14 7 MP(] "'_,
j p, 4.16.._ MPo

O.4 p 1.o
t = 1 ! days

ooo(_o Data

().2 Anq!ysi,] [_eSLJlt.s' [ Type Curvej •[ ._ / X " () _'_ rr_t/f; (k}'! !),() x 1[') ?(; rrl ]) .-

() I [_rf;st, ur(; (x_rre':tiOn {_f [).D(il / MPq/doy ql)pl,ud to (](]tq _'_t_.
i O,r_

I() ' 1() _ !() ;' !() ' 1 1() 1() :'
to !-0_iI l_.4/!!L$ [ !(][)_._(.'("j l irr_(_ ((j(Iy%)

Figure 7-45 Semllog type-curve match to S1P73-B pulse-withdrawal test #2.
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Figure 7-46. Log-log type-curve match to flow rates during S1P73-B constant-pressure withdrawal test.

produced from the formation. After a few hours, of 3.7 x 101_m2/s (permeability-thickness product

the materials in the test zone si_ould have of 4.9 x 102° m3), a formation pore pressure of

equilibrated with the new pressure, at which time 4.29 MPa, a wellbore-storage coefficient of 19.9

all of the continued brine production should have cm3/MPa (corresponding to a test-zone

come from the formation. The match to the compressibility of 5.14 x 10.9 Pa1), and a slightly

radial-flow type curve shown in Figure 7-46 negative wellbore skin of-0.08. Assuming a total

provides a transmissivity estimate of 1.3x 10_3 system compressibility of 8.37 x 10_ Pa1

m2/s (permeability-thickness product of 1.7 x 10.20 (derived from a GTFM storativity estimate of 1.7

m3; Table 7-1). x 10_), the radius of influence of the constant-

pressure withdrawal and pressure-buildup tests

For analysis of the pressure-buildup test using was about 2 m.

Interpret/2, the constant-pressure withdrawal test

was divided into 34 separate flow periods having Numerical Interpretations. The S1P73-B

constant rates ranging from 27,400 to 8.14 testing was preceded by a 6-day period during

cm_/day. The best fit obtained between log-log which the borehole was at atmospheric pressure.

pressure and pressure-derivative type curves and This open-borehole period was included in the

the pressure-buildup data is shown in Figure GTFM simulations as a specified-pressure

7-47. The best Horner match is shown in Figure sequence. The pressure buildup observed after

7-48, and the best linear-linear match is shown initially shutting in the test zone on January 21,

in Figure 7-49. All of these matches provided 1991 (Calendar Day 21) exhibited increasing-rate

the same estimated parameters: a transmissivity behavior (Figure 7-43) indicative of pressure-
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Figure 7-47. Log-log plot of Interpret/2 simulation of S1P73-B pressure-buildup test.
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Test S1P73-B, Waste Panel 1, Room 7

- Borehole Oriented Vertically Up
...... _ ........... ,Jo o u o o 0 --Test Zone 9.92 - 11.32 m _,.,_e,eer,_,=_'-"....

_2__ i Marker Bed 138, C_-
EL i _ Match Parameters: "

- _ Po. = 2.028 .
_' to/Co= o.838

@ . _ &p = 1.0 MPa .
t = 1.0 day

'_ _. / Coe" = 6.89 .
6 i .,_ ..Analysis Results:
'c 1 - ,_ ]" = 3.7 x 10 -'J m2/s (kh = 4.9 x 10 -20 m_) -_

_ C = 19.9 cm3/MPa (Cu = .5.14 x 10 -g Pa-')
h ,_ p" = 4.29 MPa -
•- # s = -o.08
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Figure 7-48. Horner plot of Interpret/2 simulation of S1P73-B pressure-buildup test.
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Figure 7-49. Linear-linear plot of Interpret/2 simulation of $1P73-B constant-pressure flow and

pressure-buildup test,

dependent test-zone compressibility (Beauheim fluctuations. The specified parameters used in

et al., 1991). Because compliance testing the $1P73-B GTFM simulations were a test-zone

suggests that test-zone compressibility is most radius of 5.253 cm and a test-zone fluid volume

i nonlinear at low test-zone pressures (Section of 3868 cm3.

6.3.2), the early portion of the shut-in period was

simulated using a specified-pressure sequence. Figure 7-50 shows a semilog plot of the best-fit

The test-zone packer-inflation pressure GTFM simulation compared to the observed

(Appendix F, Figure F-7) was increased on pressures for the first $1P73-B pulse-withdrawal

February 8, 1991 (Calendar Day 39), causing an test. A test-zone compressibility of 1.16 x 10.9

increase in the test-zone pressure. The test- Pa1 was specified for this test based on data

zone pressure response to this increase in collected during the pulse withdrawal (Table 6-2).

packer-inflation pressure was related to test-tool The fitted parameters were a transmissivity of

compliance and was also treated as a specified- 3.7x 1013m2/s(permeability-thickness product of

pressure sequence in the simulations. 5.0 X 10 .20 m_),a storativity of 1.7 x 106, and a

Temperatures measured in the $1P73-B test formation pore pressureof 4.37 MPa (Table 7-1).

zone during the monitoring period are shown in

Figure E-5 of Appendix E. Also shown is the Figure 7-51 shows a semilog plot of the best-fit

smoothed representation of the temperature data GTFM simulation and the observed pressures for

used as input to GTFM to compensate the the second pulse-withdrawal test. Although a

simulated pressures for the temperature test-zone compressibility of 2.39x 10.9 Pa1 was
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Figure 7-50. Semilog plot of GTFM simulation of S1P73-B pulse-withdrawal test #1.
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Figure 7-51 Semilog plot of GTFM simulation of S1P73-B pulse-withdrawal test #2.
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calculated from the second pulse withdrawal, the first pulse-withdrawal test: a transmissivity of 3.7

simulation using this value of test-zone x 1013m2/s(permeability-thickness product of 5.0

compressibility did not provide as good a match x 10.2o m_), a storativity of 1.7 x 10_, and a

as the simulation using the compressibility (1.16 formation pore pressure of 4.37 MPa (Table 7-1).

x 10.9 Pat) calculated from the first pulse

withdrawal. The calculated test-zone Figure 7-52 shows the best-fit GTFM simulation

compressibility from the second pulse withdrawal compared to the observed flow for the constant-

may have been larger than that calculated from pressure withdrawal test. The fitted parameters

the first pulse withdrawal because of differences required to match the simulated and observed

in the lengths of time the test-zone vent was data for the constant-pressure withdrawal test

open during the two pulses. Although similar were exactly the same as those used to simulate

pressure decreases were produced, the first the two pulse-withdrawal tests. However, GTFM

pulse withdrawal lasted approximately 1.5 simulations could not match the flow rates during

minutes and the second lasted approximately 3 the first 2 to 3 days of the constant-pressure

minutes. The additional fluid produced during withdrawal test. The simulation shown in Figure

the second pulse withdrawal relative to that 7-52 includes 28.4 cm3of fluid production added

produced during the first pulse withdrawal may at the start of the test beyond what GTFM

have resulted from increased compliance over calculated to bring the simulated and observed i

the longer vent period. The fitted parameters total productions into agreement after about 3

used to simulate the second pulse-withdrawal days of testing. The observed initial flow rates

test were the same as for the simulation of the may have been caused, at least in part, by

1,50 • _....... ! i 1 _ 1 1 l _ 1
Test S1P73-B, Waste Panel 1, Room 7

Borehole Oriented Vertically Up

i _ Test Zone 9.92 - 11...32 m, Marker Bed 1.38 end Clay KE 125
L.) T = ,_3.7 x 10 -'5 m2/s (kh = 5.0 x 10 -20 m s) _-._"

S = 1.7 x 10 -e
C pf = 4.,37 MPo _

._o 100 c,, = 1.16 x lO
U
D

0

'-- 75EL

q_

o..d o°°- r 1
oa 50

> foaO _ /ooooo Data . /

,'_f"-°- L S,m.,at,onj
__o 25 _ ""_ Inst P 'antaneous roductlon (28.4 cm )
E
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0 0 L [ l ..... L....... J.__L _ L_ l
1 1 113 11,5 117 119 121 23

to : 1991 1,5.45347 Time Since Hole Cored (days)

Figure 7-52. Linear-linear plot of GTFM simulation of brine production during S1P73-B constant-

pressure withdrawal test.
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borehole closure after the decrease in test-zone compressibility might have increased if a small

pressure or by production from a skin zone amount of gascame out of solution while the test

around the hole. Flow rates during the latter part zone was depressurized for the duration of the

of the test, when the test tool and borehole had flow test.

completely adjusted to the relatively constant

test-zone pressure, werewell matched by GTFM. Figure 7-54 shows GTFM simulations and

observed pressures for the entire S1P73-B

Figure 7-53 shows a Horner plot of the best-fit testing period using the parameters determined

GTFM simulation for the S1P73-B pressure- 1) from fitting to the pulse-withdrawal tests and

buildup test. The fitted parameters used in the constant-pressure flow test, and 2) from fitting to

simulation were a transmissivity of 3.7 x 10.:3 the pressure-buildup test. The only difference

m2/s (permeability-thickness product of 4.9x 102o between the simulations is the values of test-

m3), a storativity of 1.7 x 10_, a formation pore zone compressibility used. The high value of

pressure of 4.37 MPa, and a test-zone test-zone compressibility determined from the

compressibility of 4.2 x 109 Pa:. This test-zone pressure-buildup tes_ provides a good match to

compressibility is higher than the values the initial pressure-buildup period, but causes the

calculated from the pulse-withdrawal and pressure recoveries from the two pulse

constant-pressure withdrawal data (Table 6-2), withdrawals to occur more slowly than suggested

but is close to the value of 4.74 x 10 -9 Pa: by the data. The low value of test-zone

suggested by Interpret/2 analysis of the compressibility determined from the pulse-

pressure-buildup test. The test-zone withdrawal and constant-pressure flow tests ,
i

4,25 , ' r--T--T-,r'T , , ', , '-"T,r! T r ,-r , r _,
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Figure 7-53. Homer plot of GTFM simulation of S1P73-B pressure-buildup test.
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Figure 7-54. Linear-liner plot of GTFM simulations of entire S1P73-B testing sequence.

causes the simulated initial and final pressure could not be well matched by either a type curve

buildups to occur more rapidly than was or GTFM. Therefore, the transmissivity derived

observed. These differences highlight the from the type-curve match to the flow-rate data

importance of quantifying test-zone is probably not as reliable as the transmissivity

compressibility throughout a test sequence, values derived from the other tests. Both

Using a one-percent pressure-change criterion, Interpret/2 and GTFM interpretations provided
GTFM calculated the radius of influence of the similar estimates of formation pore pressure,

entire S1P73-B testing sequence to be 3 m. ranging from 4.29 to 4.37 MPa. GTFM provided

good simulations of all of the tests using a

Summary, All of the analytical and numerical storativity of 1.7 x 10_. Using this value of

interpretations of the S1P73-B tests provided storativity (expressed as total system

estimates of transmissivity of 3,7 x 10_3 m2/s compressibility), Interpret/2 calculates a radius of

(permeability-thickness products of 4.9 x 102° influence for the constant-pressure withdrawal

m3)except for the analytical interpretation of the and pressure-buildup tests of about 2 m. The

constant-pressure flow test, which provided a radius of influence of the entire testing sequence

transmissivity estimate of 1.3 x 10_3 m2/s calculated by GTFM using a one-percent

(permeability-thickness product of 1.7x 102° m3). pressure-change criterion was 3 m. Neither

The early-time data from the flow test appeared Interpret/2 nor GTFM simulations indicated the

to be strongly influenced by compliance, and presence of significant wellbore skin.
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Vertically averaged values of hydraulic infinite recovery time (1.0 on the time axis), A

conductivity (permeability) and specific storage pulse-withdrawal test was initiated in the guard

can be calculated for the S1P73-B test zone by zone on June 17, 1991 (Calendar Day 168). On

assuming that fluid was produced only by the June 24, 1991 (Calendar Day 175), a leak

0.17-m interval containing Marker Bed 138 and developed in the test tool. The pulse-withdrawal

clay K. The average hydraulic conductivity of test was abandoned 9 days later. No

this interval is 2.2 x 1012m/s (permeability of 2.9 interpretation was attempted of the pressure

X 10 19 m2) and the specific storage is 1.0 x 10s response observed before the leak occurred.

m -1'

7.1.8 SCP01-A. Borehole SCP01 was drilled
i

7.1,7.2 Guard Zone, During most of the testing downward at an angle of 77° from vertical to

in the S1P73-B test zone, the guard zone was allow testing ot Marker Bed 139 beneath the

shut in and a pressure buildup was monitored south rib in the core-storage library (Figure 5-4).

(Figure 7-43). A Horner plot of this buildup is Figure 7-56 shows the test-tool configuration for

shown in Figure 7-55. The Homer superposition SCP01-A testing, and indicates the lengths and

time was calculated using the time from when stratigraphic locations of the guard and test

the middle of the guard zone was cored to when zones SCP01 was drilled from March 26 to 30,

the guard zone was shut in as the flow-period 1990 (Calendar Days 85 to 89) to a total depth of

duration. The buildup data extrapolate to a 15.39 m. The test tool was installed on April 5,

formation pore pressure of about 2.55 MPa at 1990 (Calendar Day 95) The test zone

•_.0 ............................ T ................. ] ....... T....... ].......... T .... f .... T T-T ....................... T ........................ T ........... ] ............ f ........ T...... T---T--7 ....

lest S1P73--B, Waste Panel 1, Room 7
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2.5 p" :: 2.5.5 MPo Guard Zone 8.04 9.09 m, AH-1

tp :-: 6,525 days

"-"2.0 Ato: 1991 21.50:_5

__
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!........................]_b °°o ooooo Data"- 1.0 °o
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Figure 7-55. Horner plot of S1P73-B guard-zone shut-in pressure buildup.
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Figure 7-56 Test-tool configuration for permeability-testing sequence SCP01-A.



extended from 10.68 to 15.39 m along the transducers and the centers of the tested units in

borehole and included 4 28 m of Marker Bed 139 the test and guard zones. The test-zone and

and the underlying clay E, and 0.51 m of halite 4 guard-zone pressures were compensated by

underlying clay E. The entire gu_,,d zone adding 0.040 and 0.031 MPa, respectively, to the

consisted of 1.05 m of polyhalitic halite 4 which pcessures measured by the pressure transducers

overlies Marker Bed 139. A volume- and reported by Stensrud et al. (1992). The

displacement device was inserted into the bottom testing sequence in the test zone consisted of 12

of the borehole to decrease the overall fluid days under open-borehole conditions, an initial

volume in the test-zone interval (Figure 7-56). pressure-buildup period, two pulse-withdrawal

The test tool was inserted into the borehole until tests, two constant-pressure withdrawal tests,

the ax,al LVDT was slightly depressed against and two pressure-buildup tests. On August 1,

the top of the volume-displacement device. 1990 (Calendar Day 213), the test and guard

zones and the test- and guard-zone packers

Figure 7-57 presents the test- and guard-zone were depressurized and the test tool was rotated

pressure data collected by the DAS during the to correct a depressurization problem in the test

monitoring period of April 10 to October 11, 1990 zone After reinflating the packers and shutting

(Calendar Days 100 to 284). [he pressure in the test and guard zones, brine was injected

values presented in Figure 7-57 and subsequent into the test zone to accelerate recovery to

figures have been compensated for the elevation formation pore pressure. The last tests

differences between the locations of the pressure conducted in the test zone consisted of a

|
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Figure 7-57 Test- and guard-zone pressures during SCP01-A testing.
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constant-pressure withdrawal test and increased (Figure 7-57). This behavior, which is

subsequent pressure-buildup test. The testing similar to that observed during the pressure

sequence in the guard zone consisted of 13 days buildup after the first constant-pressure

of open borehole conditions, an initial shut-in withdrawal test, is explained below.

period, and two pulse-injection tests. The

increase in guard-zone pressure between the two The first constant-pressure withdrawal test was

pulse-injection tests was probably due to initiated on June 21, 1990 (Calendar Day 172).

pressure leaking from the test zone past the test- The pressure in the test zone decreased steadily

zone packer and into the guard zone. After the instead of remaining constant until a valve was

test tool was rotated to stop the pressure leak, inadvertently opened on June 25, 1990

fluid was injected into the guard zone to increase (Calendar Day 176), causing a rapid drop in

the pressure, and then the guard zone was shut pressure. After the valve was closed, the

in pressure was increased to approximately 8.1

MPa by injecting brine. The pressure remained

The slanted test borehole SCP01 was treated as nearly constant at about 8.1 MPa until the

an equivalent vertical borehole for test constant-pressure withdrawal test was terminated

interpretation The borehole geometry for SCP01 on July 3, 1990 (Calendar Day 184). Figure 7-58

was modified according to the procedure shows the cumulative brine volume produced

described in Section 6.2. The test interpretations from the test zone during the first constant-

assumed an equivalent cylindrical borehole pressure withdrawal test. A total of about280

radius of 14 15 cm. cm _of brine was produced during the test (Table

7-2). On July 11, 1990 (Calendar Day 192),

7.1.8.1 Test Zone. The test zone of SCP01-A during the pressure-buildup test following the first

was shut in on April 10. 1990 (Calendar Day constant-pressure withdrawal test, the test-zone

100). On May 5, 1990 (Calendar Day 125), the pressure decreased and fluctuated for several

test-zone pressure decreased probably due to a days before increasing. Because the decrease

slip in the position of the test-zone packer, an in the test-zone pressure was coincident with a

event correlated to a corresponding increase in rise in guard-zone pressure, a leak from the test

the test-zone packer-inflation pressure. The first zone to the guard zone was suspected. A

pulse-withdrawal test was initiated on May 30, simi!ar leak is suspected of being the cause of

!990 (Calendar Day 150) by lowering the test- the anomalous pressure behavior observed

zone pressure fiom 1086 to 8 83 MPa. The during the later stages of the second pulse-

second pulse-withdrawal test was initiated on withdrawal test. The test and guard zones and

June 11. 1990 (Calendar Day 162) by lowering the test- and guard-zone packers were

the pressure m the test zone from 11 13 to 701 depressurized and the tool was rotated on

MPa The test-zone pressure increased steadily August 1, 1990 (Calendar Day 213) to obtain a

until June 17. 1990 (Calendar Day 168), at which better test-zone packer seal.

time _t decreased slightly and thereafter
_ncreased at a lower rate for the duration of the The second constant-pressure withdrawal test

pulse-withdrawal test than seemed consistent was initiated on August 13, 1990 (Calendar Day

with _ts earlier behavior At the same time the 225) by lowering the test-zone pressure from

rate of pressure increase in the guard zone 1!.38 to 808 MPa and maintaining it at
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Figure 7-58, Cumulative brine production during SCP01-A constant-pressure withdrawal test #1.

approximately that pressure for 10 days. Figure x 109 to 2.76 x 10.9Pa1, increasing as the test-

7-59 shows the cumulative brine volume zone pressure decreased (Table 6-2).

produced from the test zone during this test. A

total of about 345 cm3 of brine was produced Analytical Interpretations. Figure 7-60 shows

(Table 7-2). The flow test was terminated and a the best-fit match of the flow-rate data from the

pressure-buildup test begun on August 23, 1990 second SCP01-A constant-pressure withdrawal

(Calendar Day 235). The increase in the test- test to the radial-flow type curve for constant-

zone pressure on September 5, 1990 (Calendar pressure flow tests developed by Jacob and

Day 248) evident on Figure 7-57 occurred in Lohman (1952). The data match the type curve

response to a pulse injection performed in the well even though the hole is inclined 77° from

guard-zone interval, vertical. The absence of non-radial flow effects

caused by the inclination of the hole (see Figure

Values of test-zone compressibility were C-40) may indicate. ,hat flow to the hole occurs

calculated from the two pulse withdrawals, the through subhorizontal bedding-plane fractures

two constant-pressure withdrawal tests, and from that do not communicate vertically. The match to

data collected during the incremental the type curve provides a transmissivity estimate

depressurization of the test zone at the end of of 4.3 x 10_3m_/s(permeability-thickness product

the SCP01-A testing. The compressibilities of 5.8 x 10_° m3).

calculated for these events ranged from 1.12
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Figure 7-59. Cumulative brine production during SCP0"i-A constant-pressure withdrawal test #2.

Test SCPO1-A, Core-Storage Library
Borehole Oriented 13 ° Downward from Horizontal

o Test Zone 10.68 - 15.39 m, Marker Bed 139

,_.,10 2 _ o_

O
"O

E
Match Parameters: oe-.o.Q_̂ -O

qd = 1.0

td = 1.0 _

(D q = 65 cm_/day
O t = 0.302 day

13f &P = 3.3 MPo oo

O Analysis Results:
T = 4.3 x 10 -'3 m_/s (kh = 5.8 x 10 -2° m 3)

ooooo Data I
Type Curve

10 1 | J J I J Jii I I I 1 1 I I II I 1 1 I I I I IJ

10 -2 10 -' 1 10
to = 1990 225.39618 Elapsed Flow Time (days)

Figure 7-60. Log-logtype-curvematchto flow ratesduring SCPO1-Aconstant-pressurewithdrawaltest #2.

122



As discussed above, the SCP01-A test zone was pressure-buildup data is shown in Figure 7-61.

completely depressurized and the test tool was The best dimensionless Horner match is shown

repositioned twelve days before the second in Figure 7-62, and the best linear-linear match

constant-pressure flow test began. At the time is shown in Figure 7-63. All of these matches

the flow test was initiated, the test-zone pressure provided the same estimated parameters: a

was still recovering from the depressurization at transmissivity of 3.8 x 10 _:_m_/s (permeability-

a rate of about 0.036 MPa/day. While the rate of thickness product of 5.1 x 10 _° m_), a formation

this recovery should have steadily decreased pore pressure of 11.38 MPa, a wellbore-storage

with time, the recovery was nevertheless coefficient of 11.8 cm_/MPa (corresponding to a

superimposed on the pressure responses test-zone compressibility of 1.35 x 109 Pal), and

induced by the constant-pressure flow test. a wellbore skin of -0.62. Because of the

Specifically, the pressure recovery following the compensation applied to the pressure-buildup

flow test was a combination of recoveries from data, the apparent formation pore pressure of

the flow test and from the earlier 11.38 MPa indicated by the Interpret/2

depressurization. Initial attempts at simulating simulations does not represent the true formation

the post-flow pressure buildup with Interpret/2 pore pressure. The value of 12.40 MPa

without including any compensation for the pre- indicated by the preliminary Interpret/2

existing pressure trend showed the pressure simulations without any pressure-trend

recovering faster than would be expected in a compensations probably represents a more

radially homogeneous system, as if a no-flow accurate estimate of the formation pore pressure.

boundary were accelerating the recovery. These The interpreted wellbore skin of -0.62 implies, by

simulations showed the recovery proceeding Eq. 6-9, that the effective wellbore radius is

towards a formation pore pressure of 12.40 MPa, about 1.9 times as large as the actual wellbore

cver 1 MPa higher than the test-zone pressure at radius. This effect is probably caused by

the time the flow test was initiated (11.38 MPa). fractures intersecting the borehole.

For the final Interpret/2 simulations, a

compensation was made to the pressure data to Numerical Interpretations, The initial 12-day

remove the component of the recovery open-borehole period, the two constant-pressure

attributable to the pre-flow test depressurization, withdrawal tests, the pressure fluctuation during

This compensation had the effect of converting the first pressure-buildup test, and the pressure

the pressure response to that which would have increase on September 5, 1990 (Calendar Day

been observed had the pressure been fully 248) were included in GTFM simulations as

stabilized at 11.38 MPa when the flow test specified-pressure history sequences. A

began, constant test-zone compressibility of 2.4 x 109

Pa1 was initially used in the GTFM simulations,

For the Interpret/2 analysis of the second but a good fit could not be achieved for each of

pressure-buildup test, the second constant- the tests. Therefore, a varying test-zone-

pressure withdrawal test was divided into 13 compressibility-versus-time function was used for

separate flow periods having constant rates the simulations. The function was developed by

ranging from 140 to 29 cm3/day. The best fit fitting the initial pressure buildup with a

obtained between log-log pressure and pressure- decreasing compressibility and then using the

derivative type curves and the compensated three test-zone-compressibility values calculated
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Figure 7-61 Log-log plot of Interpret/2 simulation of SCP01-A pressure-buildup test #2.
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Figure 7-63. Linear-linear plot of Interpret/2 simulation of SCP01-A constant-pressure flow and

pressure-buildup tests #2.

at the end of the SCP01-A testing to define the m2/s(permeability-thickness product of 7.1 x 10.2o

test-zone compressibility for the remainder of the m3), a storativity of 1.9 x t0 7, and a formation

testing period. The test-zone-compressibility pore pressure of 12.55 MPa (Table 7-1). The

function used in the simulations is presented in late-time data for the second pulse-withdrawal

Figure D-4 of Appendix D. Temperatures test show a decrease in the observed test-zone

measured in the SCP01-A test zone during the pressure due to pressure leaking by the test-

monitoring period are shown in Figure E-6 of zone packer into the guard zone. This observed

Appendix E. Also shown is the smoothed decrease in pressure is similar to the decrease

representation of the temperature data used as that occurred during the first pressure-buildup

input to GTFM to compensate the simulated test. The pressures in the test zone were

pressures for the temperature fluctuations. The approximately 10.9 and 10.6 MPa when the first

specified parameters used in the simulations and second suspected leaks occurred,

were a borehole radius of 14.15 cm and a test- respectively, and these pressures are similar

zone fluid volume of 8734 cm3. enough to assume that they represent a

threshold pressure at which the test-zone

Figures 7-64 and 7-65 present semilog plots of pressure forced a break in the seal of the test-

pressure versus elapsed time showing the best- zone packer with the borehole wall, causing

fit GTFM simulations for the two pulse-withdrawal pressure communication with the guard-zone

tests. The fitted parameters for these interval. This pressure communication is evident

simulations were a transmissivity of 5.3 x 1013 in the increases in guard-zone pressure at the
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times corresponding to the decreases in test- production consistent with the first two days of

zone pressure (Figure 7-57)• the constant-pressure withdrawal period was

measured for the final three days of production.

Figure 7-66 is a plot of the best-fit GTFM The GTFM analysis of the first SCP01-A

simulated and observed cumulative fluid constant-pressure withdrawal test does not

production for the two constant-pressure reproduce the inconsistent data. However, the

withdrawal tests. As the test-zone pressure was simulated production rate of 25.81 cm3/day

lowered to initiate the first and second tests, agrees with the measured flow rate of 25.83

instantaneous production volumes of 38.1 and cm_/day for the late-time period of the test.

31.8 cm 3, respectively, were observed. These Figures 7-67 and 7-68 present Horner plots for

volumes were produced from the zone due to the first and second pressure-buildup tests,

test-zone compressibility• On June 25, 1990 respectively, and Figure 7-69 shows the GTFM

(Calendar Day 176), four days after starting the simulation of the entire SCP01-A testing

first SCP01-A constant-pressure withdrawal test, sequence• The radius of influence determined

the test zone was open to the atmosphere for from the GTFM simulations, using a one-percent

less than a minute, which resulted in a pressure pressure-change criterion, was about 12 m.

decrease from 8.2 to 2.7 MPa before the test

zone was returned to about 8.1 MPa (Figure Summary. The analytical and numerical

7-57)• For five days after the test zone was interpretations of the SCP01-A tests provided

open to the atmosphere, the fluid-production rate estimates of transmissivity ranging from 3.8 x

was not consistent (Figure 7-58). However, 101_ to 5.3x 10_ m_/s (permeability-thickness

Figure 7-66. Linear-linear plot of GTFM simulation of brine production during SCP01-A constant-

pressure withdrawal tests.
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Figure 7-69. Linear-linear plot of GTFM simulation of entire SCP01-A testing sequence.

products of 5.1 x 10.2oto 7.1 x 10.2om3) for Vertically averaged values of hydraulic

Marker Bed 139. The formation pore pressure conductivity (permeability) and specific storage

was estimated as 12.40 MPa in Interpret/2 can be calculated for the SCP01-A test zone by

simulations and as 12.55 MPa in GTFM assuming that flow to the hole was horizontal

simulations. GTFM provided good simulations of only and that the flow was produced only by the

all of the tests using a storativity of 1.9 x 107. 0.96-m vertical interval containing Marker Bed

139 and clay E. The average hydraulic

Using this value of storativity (expressed as total conductivity of this interval is 4.0 x 1013to 5.5 x

system compressibility), Interpret/2 calculates a 1013m/s (permeability of 5.3 x 10.2oto 7.4 x 10.20

radius of influence for the constant-pressure m2)and the specific storage is 1.95 x 10.7 m1.

withdrawal and pressure-buildup tests of about 5

m. A radius of influence for the entire SCP01-A 7.1.8.2 Guard Zone. The guard zone in

testing sequence of about 12 m was determined SCP01-A was shut in on April 10, 1990

from the GTFM simulations using a one-percent (Calendar Day 100). After 17 days of apparently

pressure-change criterion. Neither Interpret/2 no pressure buildup, a pulse injection was

nor GTFM simulations indicated the presence of performed on April 27, 1990 (Calendar Day 117)

significant wellbore skin. No non-radial flow by raising the pressure to approximately 0.62

effects caused by the inclination of the borehole MPa A pressure buildup to 0.98 MPa was then

were evident, indicating that the vertical observed until July 11, 1990 (Calendar Day 192),

permeability of the anhydrite is insignificant, at which time the guard-zone pressure started
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increasing at a substantially higher rate (Figure Reliable, defendable quantification of the

7-57). The rapid increase in pressure was transmissivity of the SCP01-A guard zone would

attributed to leakage from the test zone to the require pressure responses more definitive (i.e.,

guard zone past the test-zone packer (Section of higher magnitude) than those observed.

7_1.81), After observing the pressure These might be obtained by either having test

communication between the test and guard durations of several years or by significantly

zones, the test and guard zones and test- and reducing the guard-zone compressibility.

guard-zone packers were depressurized and the

test tool was rotated on August 1, 1990 7.2 Discussion of Results
(Calendar Day 213), The test-zone and guard- Beauheim et al. (1991) discussed how the

zone packers were then reinflated and brine was disturbed-rock zone (DRZ) that forms around

injected into the guard zone to increase the underground excavations might affect the

pressure to 0.70 MPa After observing a parameters interpreted from hydraulic testing in

pressure buildup to only 083 MPa in the guard the Salado Formation. They identified a number

zone, a pulse injection was conducted on of factors relating to DRZ development, and

September 5, 1990 (Calendar Day 248) by sought to establish relationships among those

raising the guard-zone pressure to approximately factors and hydraulic properties based on the
2.95 MPa. After an initial decline, the pressure limited data available at that time. Those factors

in the guard zone increased to 2.96 MPa by the and relationships can be re-examined with the

end of the testing period 36 days later, additional data provided by this report Other

aspects of the test interpretations, such as the

Guard-zone compressibility values were assumption of Darcian flow and the treatment of

determined before removing the test tool at the slanted wells, can also be evaluated by

end of the testing period. Guard-zone examining and comparing interpretations of
compressibility values of 1.65 x 10_, 4 35 x 10 _, different tests.
and 3.12 x 10`7 Pa _ were determined for

pressure decreases from 2.26 to 1.47 MPa, from 7.2,1 EFFECTS OF DISTURBED-ROCK ZONE,

1.48 to 0.78 MPa, and from 0.78 to 0.12 MPa, Beauheim et al. (1991) discussed current

respectively (Table 6-2). hypotheses about the formation of disturbed-rock

zones (DRZs) around underground excavations

GTFM simulations were performed to attempt to and how hydraulic properties might be affected

match the pressure behavior observed in the within a DRZ. They related the results of

SCP01-A guard zone, but no defendable permeability testing completed at that time to

interpretations could be obtained. The small factors identified by Borns and Stormont (1988)

pressure changes observed during the tests do as affecting the amount of rock disturbance

not provide any basis for estimating the true occurring around excavations in response to

formation pore pressure around the hole. The stress relief. These factors include the distance

observed data could probably be matched for at which a test was conducted from an

any assumed value of formation pore pressure excavation, the size and age of the excavation,

above 3 MPa by modifying the estimated and the orientation of the test hole with respect

transmiss_vity, storativity, and guard-zone- to the excavation. In general, Beauheim et al.

compressibility-versus-pressure function (1991) found possible correlations between
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increasing proximity to an excavation and simulations of the tests discussed both in this

increasing permeability and decreasing formation report and in Beauheim et al. (1991). The tests

pore pressure, subject to several complicating discussed in this report were, for the most part,

factors. Properties appear to be disturbed more conducted at greater distances from the

by large excavations than by sm_,!i excavations, excavations than the tests discussed by

and the amount of disturbance appears to Beauheim etal. (1991). A widervariety of test-

increase as excavations age. in addition, they hole orientations is also considered in this report

found lower permeability and higher formation than in the previous report.

pore pressure when a unit was tested beneath

the rib or pillar of an excavation than when the The current report adds only one value of halite

same unit was tested directly beneath the hydraulic conductivity (from the S1P72-A guard

_xcavation, indicating that the position of a test zone) to the data base established by Beauheim

interval with respect to an excavation is also an et al. (1991). Compared to the other values of

important factor affecting hydraulic properties halite hydraulic conductivity shown on Figure

and conditions. 7-70, the value from the S1P72-A guard zone

seems anomalously low given that zone's close

7,2.1.1 Relationship Between Hydraulic proximity to an excavation However, the

Conductivity and Distance From an S1P72-A measurement was made in the rib of an

Excavation. Figure 7-70 presents a plot of excavation whereas all the other halite

average hydraulic conductivity versus test- measurements were made in the floor As noted

interval distance from an excavation from GTFM by Beauheim et al. (1991), no consistent
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Figure 7-70. Interpreted average hydraulic conductivities versus distances from excavations to the

tested intervals.
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correlation is evident on Figure 7-70 between appears to be limited to short distances from an

halite hydraulic conductivity and distance from an excavation, and to be strongly affected by

excavation. The lack of a correlation may be position with respect to the excavation.

due, in part, to the fact that halite has not as yet

been tested over a great range of distances from A cautionary note is necessary, however, when

the excavations. In addition, the halite tests discussing the hydraulic conductivity _._r

completed to date have not all been of strata permeability) of anhydrite. The hydraulic

with the same impurity composiLions or contents, conductivity values presented in this report and

in Beauheim et al. (1991) represent average

Therefore, mineralogic differences could be values assuming that the anhydrites are vertically

contributing to the apparent nonsystematic homogeneous. Video observations in boreholes

relationship between halite hydraulic conductivity and examination of core specimens indicate that

and distance from an excavation. A detailed flow and hydraulic conductivity are concentrated

study involving tens of tests of halite intervals at in bedding-plane fractures that occupy v3riable,

different orientations and distances from but small, percentages of the total thicknesses of

excavations, combined with careful mineralogic the anhydrites. If a single fracture was present

description of core samples, would probably be in a given anhydrite, occupying 1% of the total

necessary to define how halite hydraulic bed thickness, then the hydraulic conductivity of

conductivity is affected by nearby excavations, the fracture would be 100 times higher than the

overall average. Variations in the number and

Based on only three measurements of the apertures of fractures in different anhydrite

hydraulic conductivity of Marker Bed 139, interbeds at different locations make

Beauheim et al. (1991) noted a correlation determination and comparisons of fracture

between increasing hydraulic conductivity and hydraulic conductivities difficult.

increasing proximity to an excavation. The

current report adds five values of anhydrite 7.2.1.2 Relationship Between Formation Pore

hydraulic conductivity to the data base of Pressure and Distance From an Excavation.

Beauheim et al (1991) The hydraulic At equilibrium, pore pressures around an

conductivity of anhydrite has not been found to excavation should reflect steady flow toward the

be lower than about 4 x 1013 m/s (permeability of excavation driven by the difference between the

about 5 x 10 ,2o m2) in any interval tested, far-field pore pressure in the formation and the

regardless of distance from or orientation with pressure in the excavation The time required

respect to an excavation (Figure 7-70) The for this equilibrium condition to be established

lowest values observed appear to occur in the after an excavation is opened is dependent on

ribs of excavations (C2H02, L4P52-A, and the mechanical and hydraulic properties of the

SCP01-A) or 9 m or more into the floor of rock. When an excavation is first opened, a

excavations (L4P51-B and S1P71-B) Higher disequilibrium condition is created between the

values are found directly above excavations atmospheric pressure in the excavation and the

(S1P73-B) and less than 8 m into the floor pore pressure initially present in the surrounding

of excavations (C2H01-C and SOP01-GZ) Thus, rock This disequilibrium leads to flow from the

any correlation between anhydrite hydraulic rock into the excavation, causing the pore

conductivity and distance from an excavation pressure in the rock to decrease With time, the
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pore pressure in the rock is decreased to greater In a medium such as halite that is not linearly

and greater distances from the excavation. In elastic, pore pressures may also change during

addition to the changes in pore pressure caused deformation caused by creep, which is itself a

by flow, the mining of an excavation also time-dependent process. Thus, the evolution of

changes pore pressures by changing the state of pore pressures in halite is dependent on multiple

stress in the surrounding rock mass. The processes, most of which are affected to some

change in the stress in the rock causes an degre,', by distance from an excavation, but on

instantaneous change in pore pressure different time scales. Developing a full

throughout the affected volume of rock. The understanding of those processes is beyond the

pore-pressure change is given by Skempton's scope of the work discussed in this report.

(1954) coefficient as some fraction of the stress

change. The change in stress is a time- Figure 7-71 presents a plot of formation pore

aependent process and, therefore, changes in pressure versus test-interval distance from an

pore pressures have two transient components: excavation from GTFM simulations of the tests

one arising from the evolution of the flow field discussed both in this report and in Beauheim et

and one arising from the evolution of the stress al. (1991). The current report adds four values

field. Which, if either, of these components of halite pore pressure to the data base of

dominates the pore-pressure response at a given Beauheim et al. (1991). The pore pressure in

time and place depends on the hydraulic and the S1P72-A guard zone was higher than in

mechanical properties of the medium, many other halite intervals at similar or greater
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Figure 7-71 Interpreted formation pore pressures versus distances from excavations to the tested

intervals
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distances from an excavation (Figure 7-71), boreholes in Figure 7-71, we see that, with the

perhaps indicating less stress relief near the exceptions of $1P72 and C2H01, pore pressures

corner of a room than in the floor. In contrast, in test zones are higher than pore pressures in

the pressure in the S1P73-B guard zone, which guard zones. This observation supports the

was farther from but directly above an excava- hypothesis that the Salado becomes

tion, was relatively low. Conditions above progressively depressurizedwith closer proximity

excavations are affected by gravity pulling down to the repository. Figure 7-72 shows formation

and tending to separate strata along planes of pore pressures from L4P51 and $1P71, where

weakness such as bedding planes, two sets of tests have been conducted at

different depths, plotted as a function of depth.

The new data on anhydrite pore pressures from The pressures and pressure gradients observed

nine locations generally support the observation in the two holes are very similar, perhaps

of Beauheim et al. (1991)of increasing anhydrite indicating that DRZs beneath Rooms L4 and 7,

pore pressure with increasing distance from an which have the same width and were of similar

excavation (Figure 7-71), with one major ages at the times of testing, have developed in

qualification. Pore pressures tend to be lower similar ways. Clear pressure gradients toward

directly above excavations (S1P73-A test zone the excavations are evident at both locations.

and guard zone and S1P73-B) than at

comparable distances in other directions from During S1P72-A testing, the highest pressure

excavations. Comparing pore pressures observed in Marker Bed 139 in the test zone,

between test zones and guard zones in individual 4.40 to 6.00 m from Room 7, was about 1.2

0
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Figure 7-72. Interpreted formation pore pressures versus depth in boreholes L4P51 and $1P71.
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MPa, while the apparent formation pore pressure 7.2.2 EVALUATION OF EVAPORITE FLOW

in the halite guard zone, 2.15 to 3.18 m from REGIME. To determine whether or not the

Room 7, was about 4.1 MPa. The pressure in hydraulic gradient created during a test affected

Marker Bed 139 at this location is low and the transmissivity interpreted from Darcy-flow

continually decreasing because, we believe, of models such as Interpret/2 and GTFM, different

flow towards the excavation. As discussed in starting pressure differentials were used for

Section 7.1.5.1, Marker Bed 139 is at successive pressure-pulse tests at individual

atmospheric pressure beneath the floor of Room locations. For instance, the first pulse-withdrawal

7 at borehole $1P71. The higher permeability of test at L4P51-B had an initial pressure

Marker Bed 139 relative to that of the halite in differential of about 1.09 MPa and the initial

the SIP72-A guard zoneallows moreflow toward pressure differential for the second pulse-

the excavation and, hence, faster withdrawal test was about 2.05 MPa (Table 6-2).

depressurization. At SCP01-A, the initial pressure differentials for

the first and second pulse-withdrawal tests were

Beauheim et al. (1991) noted that the pore about 2.03 and 4.12 MPa, respectively. For all

pressure in the C2H01-B test zone, 4.50 to 5.58 test sequences, good GTFM simulations of each

m below Room C2, was about 1 MPa lower than test phase were obtained using the same

that in the guard zone, 2.92 to 4.02 m below the hydraulic parameters. The magnitude of the

room. They hypothesized that time-dependent initial pressure differential appeared to have no

deformation processes coupled with vertical effect on the hydraulic properties interpreted from

heterogeneity in the mechanical properties of the a test. The nature of the test performed also

rock might cause localized changes in pore appeared to have no influence on the interpreted

pressure on a time scale shorter than the time hydraulic properties. That is, pressure-pulse

required for fluid flow to ru-equilibrate the tests, constant-pressure flow tests, and pressure-

pressures, buildup tests of individual strata could all be

simulated using the same hydraulic properties.

7.2.1.3 Comparison of Tests of the Same

Strata. Two of the tests discussed in this report However, as discussed in Section 6.2, the

were of the same stratigraphic interval in the existence of Darcy flow under conditions of low

same position relative to similarly sized hydraulic gradients and low hydraulic

excavations of similar ages at the times of cond'._cti,,mes has not been demonstrated.

testing. These tests were the L4P51-B and Success in applying a Darcy-flow model to the

S1P71-B tests of anhydrite "c" The interpreted interpretation of the Salado hydraulic tests

transmissivities and storativities from these tests conducted under high-gradient conditions does

were identical (4.8 x 1014 m2/s and 1.0 x 10-8, not necessarily imply that that model would

respectively) and the formation pore pressures provide a valid description of flow through the

were nearly the same (5.21 and 5.12 MPa; Table Salado under natural low-gradient conditions.

7-1) These results indicate a low degree of The available data suggest that a Darcy-flow

heterogeneity in the hydraulic properties of model should adequately describe flow in the

anhydrite "c", and that the history of disturbance near-field around the WIPP repository where

at these two locations was probably similar, gradients are high, but the far-field boundary

conditions that should be applied to the model
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are uncertain. Sensitivity studies should be anhydrites behaved hydraulically as single-

performed using a numerical model to determine porosity or double-porosity media. No hydraulic

the effects that different boundary conditions boundaries were evident during any of the tests

might have on flow to or from the repository and discussed in this report. On the scale of the

whether or not in situ definition of those tests, which had calculated radii of influence

boundary conditions is important, ranging from about 2 to 20 m, the tested strata

behaved as though they were infinite. Leakage

Uncertainty about hydraulic properties being and/or double-porosity responses were also not

independent of hydraulic gradient is associated observed during any of the tests. Leakage was

with uncertainty in how test-zone compressibility considered most likely to be evident during tests

varies during test sequences. In some instances of anhydrite beds which are bounded above and

(e.g., SCP01-A), the simulation parameters for below by halite beds having lower permeability

successive test phaseswere not entirely identical than the anhydrite. Double-porosity behavior

becausetest-zone compressibility was allowed to was also considered a possibility for fractured

vary. As discussed in Section 6.3.2, these anhydrite beds. Leakage and double-porosity

variations are considered to have a valid affect pressure-buildup data in similar ways

empirical basis, but the fact remains that the (Gringarten, 1984), causing a temporary

exact variations used were fitted to the stabilization of pressure (or a minimum in the

simulations, not measured. However, as shown pressurederivative) when the leaky bedor matrix

in the figures in Appendix D, the imposed porosity begins contributing flow to the

variations in test-zone compressibility during permeable bed or fractures. The two effects can

individual testing sequences after the initial be difficult to tell apart, but neither effect was

pressure-buildup period were typically less than evident in any of the tests discussed in this

an order of magnitude. Any potential variations report. The absence of these effects may imply

in transmissivity being masked by the imposed that the vertical permeability of halite and/or the

variations in test-zone compressibility would, permeability of the anhydrite matrix is several

therefore, be considerably less than an order of orders of magnitude lower than that of the

magnitude. In the case of the L4P51-B tests, fractures in the anhydrite and that longer

test-zone compressibility was held constant for duration flow and buildup tests would be required

all of the simulations and good matches were to see a response from the low-permeability

obtained to the data from each of the test phases component(s) of the system.

after the initial buildup period using the same

hydraulic properties (Figures 7-11 through 7-15). As discussed in Section 6.2, slanted holes were
treated as vertical cylindrical holes for test

In addition to providing evidence on the interpretation. From atheoretical standpoint, this

existence of Darcy flow, other objectives of the treatment is thought to provide an accurate

test interpretations relating to the nature of flow interpretation of tests provided that the ratio of

through evaporites were to determine: (1) vertical to horizontal permeability in the tested

whetheror not hydraulic boundaries were evident intervals is less than 0.1. No direct

on the scale of testing; (2) whether individual measurements of hydraulic anisotropy in either

strata behaved as if they were hydraulically halite or anhydrite have yet been performed.

confined or leaky; and (3) whether fractured Qualitative information is available, however,
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from observation of the rock. Considering the the SCP01-A test of Marker Bed 139 and a

method of formation of halite beds and the cubic radial-flow type curve (Figure 7-60) provides an

symmetry of halite crystals, no reason is indication that flow through the anhydrite is

apparent for permeability to differ vertically and exclusively horizontal. Laboratory measurements

horizontally within a single bed in an isotropic on anhydrite core samples are planned to

stress field. Mineralogic differences between address the question of hydraulic anisotropy in

beds, such as the presence of clay, could create anhydrite directly.

anisotropy on the multibed scale. Anisotropic

stresses in the near field around the repository Beauheim et al. (1991) estimated values for the

could also result in anisotropic permeability in specific storage of halite and anhydrite based on

halite. However, for the single halite test laboratory measurements of the material

discussed in this report, that of the S1P72-A properties of those types of rocks (Table 6-1).

guard zone which spanned portions of two beds, They then treated specific storage as a fixed or

the presence or absence of hydraulic anisotropy specified parameter in their GTFM simulations of

must be considered unknown. Therefore, as pressure-pulse tests because pressure-pulse

discussed in Section 7.1.5.2, we remain tests alone provide little information on specific

uncertain as to whether this test is better storage. In this report, specific storage (or

interpreted in terms of radial flow to a slanted storativity) was treated as a fitting parameter in

hole or in terms of horizontal flow to an GTFM simulations because the combination of

equivalent vertical hole. constant-pressure flow tests with pressure-pulse

and pressure-buildup tests allows more reliable

The evidence for hydraulic anisotropy in definition of its value.

anhydrite is less equivocal. Video examinations

of brine and gas flow from anhydrite layers into Only one value for the specific storage of halite

boreholes as well as examinations of core all is provided by this report. That value, from the

indicate thatmostofthepermeability ofanhydrite S1P72-A guard-zone test of map unit 0 and

comes from subhorizontal bedding-plane polyhalitic halite 4, is 2.1 x 107 m 1. This value

fractures. No high-angle fractures, which might falls within the range of 2.8 x 106 to 3.5 x 10.7

provide significant vertical permeability, have m1 estimated prior to testing (Table 6-1). The

been observed. While no direct measurements values of anhydrite specific storage interpreted

of the matrix permeability of anhydrite are from the tests discussed in this report also agree

available as yet, we believe that the permeability well with the estimates made prior to testing,

of the fractures in anhydrite must be several despite the fact that the anhydrites are fractured,

orders of magnitude higher than that of the which increases their compressibility to an

matrix, and that flow through anhydrites is almost uncertain extent. All of the interpreted values of

entirely through the subhorizontal fractures. In anhydrite specific storage fall within the

the absence of significant vertical flow, the tests estimated range of 9.7 x 106 to 2.3 x 10 t m1

of anhydrite in slanted holes can be reliably except for the value of 1.0 x 10 _ m1 from the

interpreted in terms of horizontal flow to S1P73-B test of Marker Bed 138. The only

equivalent vertical holes. The good match explanation that can be given for this high value

between the constant-pressure flow data from is that, because of roof sag directly above Room
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7, the fractures in Marker Bed 138 at Sl P73 may

be more highly compressible than fractures in

other anhydrite layers or in other positions with

respect to the excavations.
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8. SUMMARY AND CONCLUSIONS

This report presents interpretations of hydraulic (<10 '14 m2/s) and high guard-zone

tests conducted in bedded evaporites of the compressibility.

Salado Formation from mid-1989 through mid-

1992. The report supplements a report by The storativities of the anhydrite intervals tested

Beauheim et al. (1991) on tests conducted from range from 1.0 x 10.8to 1.7 x 10.6,with ve_ically

1988through early 1990. The tests discussed in averaged specific storage values ranging from

this report were conducted on nine intervals in 1.0 x 107 to 1.0 x 10.5 m-1. The only calculated

sixboreholesdrilledfrom theundergroundWIPP specific storagegreater than 2.0 x 107 m 1 was

facility. A summary of the test-interpretation from Marker Bed 138 above Room 7 of Waste

results and conclusions about the hydraulk, Panel1 (testS1P73-B). Roofsagat this location

propertiesand behaviorof the Salado Formation may have increased the compressibility of

are presentedbelow, fractures in Marker Bed 138. The halite interval

tested had an interpretedstorativityof 5.0 x 10.8,

8.1 Results of Testing with a correspondingspecific storage of either

The primary objectives of the hydraulic tests 9.2 x 10.8 or 1.0 x 10.7 m-1, depending on
were to estimate the transmissivities, whether flow was horizontalor radialtoward the

storativities,and formation pore pressures of slantedtest interval.

different stratigraphic intervals in the Salado

Formation around the WIPP facility. Pressure- The formation pore pressures of the anhydrite

pulse, constant-pressure withdrawal, and/or intervalstestedrangefrom zero (or atmospheric)

pressure-builduptests of five stratigraphicunits in anhydrites "a" and "b" directly above Room 7

were successfully conducted in six intervals, of Waste Panel 1 to 12.55 MPa in Marker Bed

Interpretedtransmissivitiesrange from 3.8x 1014 139 beyond the westernmost extreme of the

to 5.3 x 10-13m2/s for anhydrite intervals, with core-storage library. Pore pressures in halite

vertically averaged hydraulic conductivities intervals range from about2.55 MPa to greater

ranging from 3.8 x 1013 to 2.2 x 1012 m/s than 4.2 MPa. Pore pressures in halite may be

(permeabilitiesof 5.1 x 102° to 2.9 x 10-19m2). decreased more by stress relief around the

The transmissivityof a halite intervaltested was excavationsthan those in anhydritebecause of

about7.4 x 101_m2/s,withan average hydraulic the different mechanical and rheological

conductivityof either 1.4x 10-14or 7.2 x 10is m/s responsesof the two rock types.

(permeabilityof 1.8 x 1021 or 9.6 x 10.22m2),

depending on whether flow was horizontal or Another objectiveof the test interpretationswas
radial toward the slanted test interval. The to determine the radii of influenceof the tests.

transmissivityof another halite interval in the The calculatedradii of influenceof the anhydrite

SCP01-A guard zone was apparentlytoo lowto tests range from 2 to 20 m and the radius of

measure over a six-month period. The lack of influenceof the one successful halite test was

interpretableresponsesin this intervalisbelieved about 4 m. Stormont et al. (1991) found that

to reflect a combination of low transmissivity boreholeexcavation(drilling)in halite resulted in
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increased permeability around the borehole, but influences the pressures observed. In particular,

only to a distance of about three borehole radii, pressures tend to be lower directly above

Therefore, the calculated radii of influence are all excavations and higher in the ribs of excavations

great enough to lend confidence that the than at similar distances directly below

interpreted hydraulic properties have not been excavations. Also, pore pressures in halite

significantly affected by disturbed zones around appear to be decreased more by stress relief

the boreholes, around the excavations than those in anhydrite,

probably because of the different mechanical

The results of the hydraulic tests discussed both responses of the two rock types. The highest

in this report and by Beauheim et al. (1991) were formation pore pressure yet encountered was

used to evaluate how the presence of the WIPP observed in an anhydrite interval that was both

facility has affected hydraulic conductivities and farther from the excavations than any other
formation porepressuresinthesurroundingrock, interval tested and also in the rib of an

Nofirm conclusions can be drawn about possible excavation. This pressure was 12.55 MPa in

changes in hydraulic conductivity around the Marker Bed 139 in borehole SCP01, 10.5 to 14.8

repository. Within approximately 2 to 3 m of the m from the excavations. Whether this pressure

excavations, the rock appears to be significantly represents the undisturbed far-field pressure or

destressed and fractured. This zone may be has been lowered by excavation effects is

larger vertically above than laterally around an uncertain. Pressures 3 MPa or more lower (i.e.,

excavation, as reportedbyStormont(1990). Too 9.3 MPa and less) have been observed in

few halite tests have been performed to anhydrite layers at distances of about 10 m from

determine if, beyond 3 m, additional distance the excavations (Figure 7-71), indicating that the

from an excavation has an effect on hydraulic depressured zone around the excavations

conductivity. The average hydraulic conductivity extends to at least that distance. In contrast, the

of anhydrite has not been found to be lower than highest pore pressure measured to date in a

about 4 x 10-13 m/s in any interval tested, halite interval during this testing program is only

regardless of distance from or orientation with 4.5 MPa, observed in the SOP01test zone 3.7 to

respect to an excavation (Figure 7-70). The 5.2 m below an excavation (Beauheim et al.,

lowest values observed occur in the ribs of 1991; corrected for elevation head).
excavations or 9 m or more into the floor of

excavations. Higher values are found directly The assumption of Darcy flow through evaporites

above excavations and less than 8 m into the was evaluated by performing successive

floor of excavations. Thus, any correlation pressure-pulse tests with initial pressure

between anhydrite hydraulic conductivity and differentials differing by a factor of two. For

distance from an excavation appears to be pulse-withdrawal tests, the magnitude of the

limited to 8 m or less from an excavation, and to induced pressure differential had no apparent

be strongly affected by position with respect to effect on the interpreted hydraulic parameters.

the excavation. Pressure-pulse tests, however, create a short-

lived, localized change in pore pressure and may

Pore pressures tend to increase with distance not adequately represent flow under conditions of

from the excavations, although the orientation of long-term, wide-spread changes in gradient. A

a test interval with respect to an excavation also series of constant-pressure flow tests performed
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at different driving pressures, both injection and can be accelerated by injecting fluid to increase

withdrawal, might provide a better determination the zone pressure to a level at which the zone

of the sensitivity of hydraulic properties to compressibility is lower. This procedure will be

hydraulic gradient. The available data show, employed during all future tests when the initial

however, that models that assume Darcy flow rate of pressure buildup is low.

are able to replicate the flow and pressure

behavior of entire testing sequences involving In addition to affecting the time required to

different types of tests, from which we conclude complete tests, the dependence of test-zone

that an assumption of Darcy flow provides a compressibility ontest-zone pressure also affects

reasonable approach to understanding flow the interpretation of tests. The interpretations

through evaporites, at least under high-gradient presented in this report have shown that

conditions. The applicability of Darcy's law to defendable estimation of hydraulic parameters

flow under the low gradients naturally existing in from tests in low-permeability systems requires

the Salado Formation remains uncertain, knowledge of test-zone compressibility

throughout the testing sequence. For future

No evidence was detected of hydraulic tests, test-zone compressibility will be measured

boundaries, leakage, or double-porosity effects in as continuous functions of decreasing and

the tests discussed in this report. Radial-flow increasing pressure at the end of each testing

models fit all of the test data well, even when the sequence. Consideration will also be given to

tests were conducted in slanted holes. The modifying the test tools so as to allow

presence or absence of hydraulic anisotropy in measurement of test-zone compressibility at any

halite is uncertain. Flow in anhydrite interbeds time during a testing sequence without

appears to be controlled by subhorizontal significantly disturbing the tests.

bedding-plane fractures, which providehorizontal

hydraulic conductivity much higher than the While this reportwas being prepared, tests of six

vertical hydraulic conductivity provided by the additional intervals were initiated. These include

unfractured anhydrite matrix, tests of Marker Bed 140 (L4P51-C), halite above
Marker Bed 140 (L4P51-C guard zone),

8.2 Future Testing Plans and anhydrite "a" (S1P74-A), anhydrite "b" (S1P74-A

Considerations guard zone), Marker Bed 138 (L4P52-B), and

Both compliance testing and testing in boreholes clay J (L4P52-B guard zone). The potential

have shown that test-zone compressibility pressure-dependence of the transmissivity of
Marker Bed 138 in borehole L4P52 is being

decreases as a function of increasing test-zone

pressure (Figure 6-6). The tests of the S1P71-B investigated by performing, first, a constant-
pressure withdrawal test, followed by constant-

test zone (Figure 7-27) and SCP01-A guard zone

(Figure 7-57) showed that initial pressure pressure injection tests using different injection

buildups can take impractically long times when pressures. This experimental program is

the zone compressibility at low pressures is currently scheduled to conclude with additional

greater than about 10-_Pa 1. As demonstrated tests of Marker Bed 138 (S1P74-B), clay J

during the S1P71-B test, the pressure buildup (S1P74-B guard zone), and argillaceous halite
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below Marker Bed 140 (L4P51-D), where little or stratigraphic intervals within 15 m of the WIPP

no excavation-induced changes in either pore underground excavations. The corresponding

pressure or permeability are expected, vertically averaged hydraulic conductivities of the

intervals range from about 1 x 10 _4to 2 x 10_2

Hydraulic testing of Marker Beds 139 and 140 is m/s (permeabilities of 2 x 10_ to 3 x 101'_ m_).

also being performed in Room C1 (Figure 5-1) in Storativities of the tested intervals range from

conjunction with hydraulic fracturing studies of about 1 x 10_ to 2 x 10_, and values of specific

anhydrite interbeds (Beauheim et al., 1993)_ storage range from 9 x 10*_to 1 x 10.5 m 1 Pore

Constant-pressure injection and/or withdrawal pressures in eight stratigraphic intervals range

tests are being performed before and after from about 2.5 to 12.5 MPa, and appear to be

hydraulic fracturing of the interbeds. Observation affected by stress relief around the excavations.

holes 3 to 10 m from the main test holes are Anhydrite interbeds appear to be one or more

used to assess the effects of the hydraulic orders of magnitude more permeable than the

fracturing on the transmissivity and storativity of surrounding halite, primarily because of

the interbeds. The results of the pre-hydraulic subhorizontal bedding-plane fractures present in

fracturing tests will be summarized in the third the anhydrites. Interpretations of the tests

and final interpretive report in this series, revealed no apparent boundaries within the radii

of influence of the tests, which were calculated to

8.3 Conclusions range from about 2 to 20 m from the test holes.

Pressure-pulse, constant-pressure flow, and An assumption of Darcy flow through the

pressure-buildup tests have been performed in evaporites is thought to be a reasonable

bedded evaporites of the Salado Formation at interpretive approach because Darcy-flow models

the WIPP site to evaluate the hydraulic are able to replicate the flow and pressure

properties controlling brine flow through the behavior observed during entire testing

Salado. Transmissivities ranging from about 7 x sequences involving different types of tests

101_to 5 x 10 13m2/s have been interpreted from performed with different hydraulic gradients.

six sequences of tests conducted on five
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APPENDIX A

STRATIGRAPHIC UNITS (MAP UNITS) NEAR THE WIPP
FACILITY HORIZON
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Figure A-I. Detailed Stratigraphy Near the WIPP Underground Facility.

149



Table A-1. Description of Generalized Stratigraphy*

Approximate
Distance From

Clay G (Meters) Stratigraphic Unit Description

20.1 to 21.2 Polyhalitic halite Clear to moderate reddish orange/brown, fine to
(PH-7) coarsely crystalline, <1-3% polyhalite.

19.3 to 20.1 Halite (H-9) Clear to light moderate reddish orange, medium to
coarsely crystalline, 1% polyhalite. May contain 1%
brown and gray clay.

17.5 to 19.3 Polyhalitic halite Clear to moderate reddish orange/brown, medium to
(PH-6) coarsely crystalline, <1-3% polyhalite. May contain

traces of gray clay and/or scattered anhydrite.

16.8 to 17.5 Argillaceous halite Clear to moderate brown, medium to coarsely
(AH-4) crystalline. <1 to 3% brown clay. Intercrystalline and

discontinuous breaks. In one core hole, consists of a
2.54 centimeter thick clay seam. Unit can vary up to
1.2 meters in thickness. Contact with lower unit is
gradational.

14.2 to 16.8 Halite (H-8) Clear to moderate reddish orange and moderate brown,
coarsely crystalline, some medium. 1% brown clay,
locally argillaceous (clays M-1 and M-2). Scattered
anhydrite stringers locally.

13.0 to 14.2 Polyhalitic halite Clear to moderate reddish orange, some moderate
(PH-5) brown, coarsely crystalline. <1 to 3% polyhalite. None

to 1% brown and some gray clay. Scattered anhydrite
locally. Contact with unit below is fairly sharp.

11.6 to 13.0 Argillaceous halite Clear to moderate brown, medium to coarsely
(AH-3) crystalline, some fine. <1 to 5% brown clay. Locally

contains 10% clay. Intercrystalline and scattered
breaks. Locally contains partings and seams. Contact
with lower unit is gradational based on increased clay
content. Average range of unit is 11.6 to 13.0 meters
above clay G but does vary from 10.3 to 14.0 meters.

10.4 to 11.6 Halite (H-7) Clear to moderate brown, some moderate reddish
brown, coarsely crystalline, some fine and medium.
1% brown clay, trace gray clay locally. Scattered

breaks. Locally argillaceous. <1% polyhalite. Contact
with unit below is gradational based on clay and
polyhalite content.

*From Brine Sampling and Evaluation Program 1988 Report, DOE/WIPP 89-015, Deal et al. (1989).
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Table A-1. Description of Generalized Stratigraphy (Continued)

Approximate
Distance From

Clay G (Meters) Stratigraphic Unit Description

9.2 to 10.4 Halite (I-I-6) Clear to moderate reddish orange, coarsely crystalline.
<1 to 3% polyhalite. Commonly polyhalitic. Scattered
anhydrite stringers with anhydrite layers up to 1.27
centimeters thick locally. Scattered brown clay locally.
Contact with MB-138 below is sharp.

9.0 to 9.2 Anhydrite (MB-138) Light to medium gray, microcrystalline. Partly lami-
nated. Scattered halite growths. Clay seam K found
at base of unit.

7.6 to 9.0 Argillaceous halite Clear to moderate brown, some light moderate reddish
(AH-2) orange. Medium to coarsely crystalline. <1 to 3%

brown clay, some gray. Locally up to 5% clay. Clay is
intercrystalline with scattered breaks and partings
present. <1/2% dispersed polyhalite. Contact with
lower unit is gradational based on clay content. Upper
contact with clay K is sharp.

7.0 to 7.6 Halite (H-5) Clear, some light moderate brown, coarsely crystal-
line. <1/2% brown clay. Contact with clay J below
varies from sharp to gradational depending if clay J is
a distinct seam or merely an argillaceous zone.

6.4 to 7.0 Argillaceous halite Usually consists of scattered breaks or argillaceous
(clay J; AH-1) zone containing <1 to 3% brown clay. In C&SH shaft,

it is a 1.27 centimeters thick brown clay seam.

5.1 to 6.4 Halite (map unit 15) Clear, coarsely crystalline, scattered medium. Up to
1% dispersed polyhalite and brown clay. Scattered
anhydrite. Lower contact is sharp with clay I.

4.8 to 5.1 Halite (map unit 14) Clear to grayish orange-pink, coarsely crystalline,
some medium. <1/2% dispersed polyhalite. Scattered
discontinuous gray clay stringers. Clay I is along
upper contact. Contact with lower unit is diffuse.

3.5 to 4.8 Halite (map unit 13) Clear to moderate reddish orange and moderate
b'own, medium to coarsely crystalline, some fine.
I% brown clay, locally up to 3%. Trace of gray clay.

Scattered discontinuous breaks. <1% dispersed
polyhalite and polyhalite blebs. Contact with unit
below is gradational based on clay and polyhalite
content.
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Table A-1. Description of Generalized Stratigraphy (Continued)

Approximate
Distance From

Clay G (Meters) Stratigraphic Unit Description

2.3 to 3.5 Polyhalitic halite Clear to moderate reddish orange, coarsely crystalline.
(map unit 12) 1 to 3% dispersed polyhalite and polyhalite blebs.

Scattered anhydrite stringers. Contact is sharp with
unit below.

2.1 to 2.3 Anhydrite Light to medium gray, light brownish gray and some-
("a" - map unit 11) times light moderate reddish orange. Microcrystalline.

Halite growths within. Partly laminated. Clear,
coarsely crystalline halite layer up to 5.1 centimeters
wide, found within exposures in waste experimental
area. Thin gray clay seam H at base of unit.

1.7 to 2.1 Halite (map unit 10) Clear to moderate reddish orange/brown, fine to
coarsely crystalline. 1% brown and/or gray clay and
dispersed polyhalite. Discontinuous clay stringers
locally. Contact with lower unit is diffuse based on
crystal size and varying amounts of clay and
polyhalite.

0.1 to 1.7 Halite (map unit 9) Clear to light moderately reddish orange, coarsely
crystalline, some medium. None to <1% polyhalite.
Trace of gray clay locally. Scattered anhydrite string-
ers. Contact with unit below is sharp.

0.0 to 0.1 Anhydrite Light to medium gray, microcrystalline anhydrite.
("b" - map unit 8) Scattered halite growths. Thin gray clay seam G at

base of unit.

0.0 to -0.7 Halite (map unit 7) Clean to light/medium gray, some moderate reddish
orange/brown. Coarsely crystalline, some fine and
medium. 1% brown and gray clay. Locally up to 2%
clay. <1% dispersed polyhalite. Upper contact is
sharp with clay G. Contact with lower unit is grada-
tional.

-0.7 to -2.1 Halite (map unit 6) Clear, some moderate reddish orange, coarsely
crystalline, some fine to medium locally. <1/2% gray
clay and polyhalite. Contact with lower unit grada-
tional and/or diffuse.

-2.1 to -2.7 Halite (map unit 5) Clear, coarsely crystalline. <1/2% gray clay. Contact
with lower unit usually sharp with clay F.
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Table A-1. Description of Generalized Stratigraphy (Continued)

Approximate
Distance From

Clay G (Meters) Stratigraphic Unit Description

-2.7 to -3.5 Argillaceous halite Clear to moderate brown and moderate reddish
(map unit 4) brown, coarsely crystalline. <1% polyhalite. <1 to 5%

argillaceous material; predominantly brown, some
gray, locally. Intercrystalline and discontinuous breaks
and partings common in upper part of unit. Decreas-
ing argillaceous content downward. Contact with
lower unit is gradational.

-3.5 to -4.2 Halite (map unit 3) Clear to moderate reddish orange, coarsely crystalline.
1% dispersed polyhalite and polyhalite blebs.

Locally polyhalitic. Scattered gray clay locally. Con-
tact with lower unit is sharp.

-4.2 to -4.3 Argillaceous halite Moderate reddish brown to medium gray, medium to
(map unit 2) coarsely crystalline. <1 to 3% argillaceous material.

Contact with lower unit is usually sharp.

-4.3 to -4.4 Halite (map unit 1) Light reddish orange to moderate reddish orange,
medium to coarsely crystalline. 1% dispersed
polyhalite. Contact with lower unit is sharp.

-4.4 to -6.7 Halite (map unit 0) Clear to moderate reddish orange/brown, moderate
brown and grayish brown. Medium to coarsely crystal-
line. <1 to 5% argillaceous material. Predominantly
brown, some gray, intercrystalline argillaceous mate-
rial and discontinuous breaks and partings. Upper 0.6
meters of unit is argillaceous halite decreasing in
argillaceous material content downward. None to <1%
polyhalite. Contact with lower unit is gradational
based on polyhalite content.

-6.7 to -7.7 Polyhalitic halite Clear to moderate reddish orange. Coarsely
(PH-4) crystalline, some medium locally. <1 to 3% polyhalite.

Scattered anhydrite. Scattered gray clay locally.
Contact with lower unit (MB-139) is sharp, but com-
monly irregular and undulating. Trace of gray Iocaliy
present along this contact.
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Table A-1. Description of Generalized Stratigraphy (Continued)

Approximate
Distance From

Clay G (Meters) Stratigraphic Unit Description

-7.7 to -8.6 Anhydrite (MB-139) Moderate reddish orange/brown to light and medium
gray, microcrystalline anhydrite. "Swallowtail" pattern,
consisting of halite growths within anhydrite, common
in upper part of unit. Locally, hairline, clay-filled, low-
angle fractures found in lower part of unit. Thin halite
layer common close to lower contact. Clay seam E
found at base of unit. Upper contact is irregular,
undulating and sometimes contains <0.16 centimeters
gray clay.

-8.6 to -9.5 Halite (H-4) Clear to moderate reddish orange, and light gray.
Coarsely crystalline, some fine and medium. 1%
polyhalite and intercrystalline gray clay. Contact with
lower unit is gradational based on increased polyhalite
content.

-9.5 to -11.0 Polyhalitic halite Clear to moderate reddish orange, coarsely crystalline.
(PH-3) <1 to 3% polyhalite. Contact with lower unit is usually

sharp along clay D.

-11.0 to -11.5 Halite (H-3) Clear to moderate reddish orange, some light gray.
Medium to coarsely crystalline. 1% polyhalite and
gray clay. Contact with lower unit is gradational based
on increased polyhalite content.

-11.5 to 13.0 Polyhalitic halite Clear to moderate reddish orange/brown, coarsely
(PH-2) crystalline. <1 to 3% polyhalite. Trace of clay locally.

Scattered anhydrite locally. Contact with lower unit is
gradational, based on decreased polyhalite content.

-13.0 to 14.4 Halite (H-2) Clear to moderate reddish orange, medium to coarsely
crystalline. <1%dispersed polyhalite. <1%brown
and/or gray clay. Contact with lower unit is gradational
and/or diffuse.

-14.4 to -16.2 Polyhalitic halite Clear to moderate reddish orange. Coarsely
(PH-1) crystalline with some medium sometimes present

close to lower contact. <1 to 3% polyhalite. Scattered
anhydrite especially common close to anhydrite "c".
Lower contact is sharp with anhydrite "c".
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Table A-I. Description of Generalized Stratigraphy (Concluded)

Approximate
Distance From

Clay G (Meters) Stratigraphic Unit Description

-16.2 to -16.3 Anhydrite ("c") Light to medium gray, microcrystalline anhy-
drite. Scattered halite growths. Faintly
laminated locally. Clay seam B found at base
of unit.

-16.3 to -20.0 Halite (H-l) Clear to medium gray and moderate brown.
Medium to coarsely crystalline, some fine
locally. 1% polyhalite, locally polyhalitic. <1
to 3% clay, both brown and gray.
Intercrystalline clay with discontinuous breaks
and partings. Zones of argillaceous halite
found within unit. Seams of clay mixed with
halite crystals present locally. Upper contact
of this unit is sharp with clay B.
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APPENDIX B

DERIVATION OF ANALYTICAL SOLUTIONS FOR HYDRAULIC-TEST
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APPENDIX B

DERIVATION OF ANALYTICAL SOLUTIONS FOR

HYDRAULIC-TEST INTERPRETATION

Groundwaterand petroleum literatureusedifferentterminology and symbolsto representthe same physical

parameters. The analytical solutions discussedbelow will be presented using the same symbols and units

used by the authors who derived the solutions. After the initial presentation, however, all groundwater

terminology and symbols will be converted to their petroleum equivalents becausethe petroleum terms are

more conducive to the use of Sl units and calculation of Intrinsic permeability than are the groundwater
terms.

B.1 Pressure-Pulse Tests

Bredehoeftand Papadopulos(1980) describedthe responseof a shut-intest intervalto an instantaneous

pressurepulseas a boundaryvalue problemgivenby:

a2h + 1(3h _ S ah (B-l)
ar2 r _r T at

h(r,O) = 0 (B-2)

h(oo,t) = 0 (B-3)

h(r,t) = H(t) (B-4)

H(0) = Ho (B-5)

2nr, _rT_h(r,,t) = VwCwP"g-_(t)_H (B-6)

where: h = head change in the tested formation resulting from pulse, L

r = radial distance from center of well, L

S = storativity, dimensionless

T = transmissivity, L2/T

t = time since pressure pulse,T

I", = radius of well, L

H = head change in the well at time t, L

Ho = head change in the well caused by pressure pulse, L

V = volume of water within shut-in interval, L3
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Cw = compressibility of water, LT2/M

Pw = density of water, M/L3

g = gravitational acceleration, L/T 2

Their solution to this problem is:

H = F nr'2S nTt (B-7)
Ho VwCwpwg' VwC,.pwg

Substituting dummy variables e and _' for the first and second parameters of the function in Eq. B-7, the
function can be defined as:

oo

8e r -D,,/o 1 (B-8)
F (e,,8) = _ Joe duu f(u,e)

where:

f(u,e) = [uJo(u) - 2eJ,(u)]2 + [UYo(U) - 2eY,(u)]2 (B-e)

and" Jo = Bessel function of first kind and zero order

JI = Bessel function of first kind and first order

Yo = Bessel function of second kind and zero order

YI = Bessel function of second kind and first order

Neuzil (1982) pointed out that the correct compressibility term to be used in Eqs. B-6 and B-7 was not the

compressibility of water, but the compressibility actually observed for the test zone. By knowing the volume

of water added to or removed from the shut-in interval to create the pressure pulse, the volume of water

within the shut-in interval, and the pressure change caused by the pulse, the test-zone compressibility can
be calculated as:

C,, = 1 dV (B-IO)Vdp

Bredehoeft and Papadopulos (1980)used Eq. B-7 to construct a family of type curves to be used for pulse-

test interpretation (Figure6-1). Eachtype curve represents a plot of/Y on a logarithmic x-axis versus H//Ho

on a linear y-axis for a specific value of o. Pulse-testdata are plotted as elapsed time (t) on a logarithmic

x-axis versus H,/Ho on a linear y-axis. If tile analysis is to be performed manually, the data plot is placed

overthe type-curve plot and translated in the x direction, while keepingthe x-axes overlapping, until the best

possible match between the data and one of the type curves is obtained. In this position, an arbitrary match

point is chosen and the corresponding values of t and/Y are read from the data and type-curve plots,

respectively. The curve-matching procedure can also be carried out on a computer. The transmissivity (T)

of the tested interval is calculated from the following equation, using the t and/Yvaluesfrom the match point:
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T = VC'_pwgB (B-11)
rrt

Using petroleum terminology for consistent SI units, Eq. B-11 can be written as:

kh = vwc'z#B (B-12)
rlt

where: k = permeability, L2

p = fluid viscosity, M/LT

and other symbols are as defined above.

Transmissivity is the main parameter to be obtained from pulse tests. While storativity is theoretically

obtainable from the e value of the type curve providing the best match to the data and Eq. B-7, data rarely

show a unique match to one particular type curve. That is, the data may be equally well matched by several

type curves having similar shapes with e values differing by one or more orders of magnitude. Papadopulos

et al. (1973) determined that an error in e (and hence storativity) of two orders of magnitude resulted in an

error in transmissivity cf less than 30 percent. Thus, while transmissivity can be determined with acceptable

accuracy from pulse tests, storativity cannot.

B.2 Constant-Pressure Flow Tests

Jacob and Lohman (1952) provided the first analytical solution to onstant-pressure flow tests in

the field of groundwater hydrology. The initial condition_ boundary 3, and governing equation they
considered are as follows:

Initial condition:

h(r,O) = ho (B-13)

Boundary conditions:

h(oo,t) = ho (B-14)

h(rw,t) = ho--__ (B-15)

Governing equation:

a2h + l ah .. S ah (B-16)
ar2 r ar T at

where: h = head in the tested formation, L

r = radial distance from center of w_ll, L
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ho = initial head in the formation, L

t = time elapsed since flow began, T

rw = radius of well, L

s, = drawdown of the well, L

S = storativity, dimensionless

T = transmissivity, L2/T

Their solution is:

Q = 2nT (ho-h) G(e) = 2nT sw G(e) (B-17)

where: Q = discharge of the well, L3/T

The function G(o) is given by:

G(e)= --4e_xe-"' -n + tan-' I Y°(x)] dx (B-18). 2 LJo( )j

where:

Tt
e - (B-19)

Sr 2

and: Yo = Bessel function of second kind and zero order

Jo = Bessel function of first kind and zero order

Inthe petroleum literature (e.g.,Fetkovich, 1980;Uraietand Raghavan,1980;Ehlig-Economides and Ramey,

1981), Q is represented by q, G(e) is represented by qo, and e is represented by to.

To create a type curve, to is plotted versus q_)on a log-log graph (Figure6-2). Test data are then plotted

as elapsed flow time, t, versus flow rate, q, on a similarly scaled graph. Thu data can be matched to the

type curve manually by placing the data plot on top of the type-curve plot, and shifting the data plot,

keeping both sets of axes parallel, until the data overlie the type curve as much as possible. The curve-

fitting procedure can also be carried out on a computer. Once a match is obtained, an arbitrary point is

selected and the coordinates of that point are read on both plots. The permeability-thickness product

(transmissivity)of the tested interval is calculated from the following rearrangement of Eq. B-17,written for

SI units using petroleum symbols:

kh = q" p (B-20)
2nqo,,(P,-Pw:)

where: k = permeability, L2

h = thickness of tested interval, L

q,, = flow rate at match point on data plot, L3/T
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p = fluid viscosity, M/LT

qo,, = dimensionless flow rate at match point on type curve

Pi = initial pressure before flow began, M/LT2

P,,I = constant pressure at which well flowed, M/LT2

B.3 Pressure-Buildup Tests
Many authors in the fields of groundwater hydrology and petroleum reservoir engineering havestudied the

buildup of pressure in a well following a constant-rateflowperiod. TheearlystudiesofTheis(1935),Cooper

and Jacob (1946), and Homer (1951) consideredonlythe behaviorof a wellacting as a line source,with

no wellbore storage or skin. Gringarten et al. (1979) included wellbore storage and skin in their analytical

solution when they devised a new set of type curves for flow- and buildup-test interpretation.

In defining their type curves, Gringarten et al. (1979) relied on the analytical solution developed by Agarwal

et al. (1970) to describe the pressure response of a well with wellbore storage and skin during a constant-

rate flow period. This solution is written in terms of dimensionless parameters defined as follows:

Po - 2nkhAp (B-21)
qP

kht
to - (B-22)

p_c, hr_

C
Co - (B-23)

2n_c, hr_

r
ro = _ (B-24)

rw

where: Po = dimensionless pressure change

k = permeability, L2

h = test-interval thickness, L

hp = pressure change, M/LT2

q = flow rate, L3/'I"

p = fluid viscosity, M/LT

to = dimensionless elapsed time

t = elapsed flow time, T

= porosity

c, = total system compressibility, LT2/M

rw = radius of well, L

Co = dimensionless wellbore-.storagecoefficient

C = wellbore-storage coefficient, L"T2/M
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rz) = dimensionless radius

r = radial distance from center of well, L

The problem considered by Agarwal et al. (1970) and Gringarten et al. (1979) is given by:

Initial condition:

pz_(r_,O)= 0 (B-25)

Boundary conditions:

pz)(oo.tz))= 0 (B-26)

dpw_ ap_ = 1 (B-27)

C° dtz_ - -_D ,o.,

ap_ (B-28)p_ = p_ - s -_ ,_-

Governing equation:

a2pD + 1 apt)= __aPo (B-29)
ar_ rl_ arm ato

where: pwo = dimensionless pressure change within the wellbore

s = skin factor (dimensionless)

The Laplace transform for the dimensionless wellbore pressure change is given by:

L {PwD}= K°(V/P) + sV_ K,(V/-p) (g-30)

where: Ko = modified Bessel function of second kind and zero order

K_ = modified Bessel function of second kind and first order

p = Laplace parameter

Inversion of Eq. B-30 gives:

4 ® 1 - e -'%

i P" _ 2
I U3 uC,Jo(U ) - (1 - Cosu2)J,(u) + uCnYo(U) - (1 - Cosu2)Y,(u)

(B-31)
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Using this solution, Gringarten et al. (1979) devised a set of type curves. Each type curve is characterized

by a distinct value of C_ez' and is plotted as p_ versus tw/C1_on log-log paper (Figure 6-3). Test data are

plotted as pressure change, &p, versus elapsed flow time, t, on similarly scaled paper. The data can be

matched to a type curve manually by placing the data plot on top of the type-curve plot and shifting the data

plot, keeping both sets of axes parallel, until the best match possible is obtained between the data and one

of the type curves. After a match is obtained, an arbitrary point is selected and the coordinates of that point

are read on both plots. Using the ordinate values for the match point (the pressure match), the permeability-

thickness product (transmissivity) of the tested interval is calculated from the following rearrangement of Eq.

B-21:

kh = qp p" (B-32)
2n Ap

The wellbore-storage coefficient c'_n then be calculated from the abscissa values of the match point (the

time match) by combining Eqs. B-22 and B-23 as:

C = 2nkht (B-33)

If the porosity-compressibility product (specific storage) of the formation is known, the wellbore skin factor

can be calculated by combining Eq. B-33 with the value of C_ez'`for the type curve that the data matched.

Although the solution of Gringarten et al. (1979) was developed for the drawdown response of a well

producing at a constant rate, it can be extended to analysis of the pressure buildup following a constant-rate

flow period through linear superposition of the buildup response on the continuing drawdown response.

The solution can be further extended to apply to the buildup response following a constant-pressure flow

test by subdividing the constant-pressure flow period into a number of shorter periods having constant, but

different, rates and using superposition to combine the effects of all of the flow periods. This approach was

verified theoretically by Ehlig-Economides (1979).

Bnurdet et al. (1989) added the pressure derivative to the analytical procedure of Gringarten et al. (1979)

by constructing a family of type curves of the semilog slope of the dimensionless pressure response versus

the dimensionless time group, tJC.. The semilog slope of the dimensionless pressure response is defined

as:

dp. t. dp. tl> /
= = __p,, (8-34)

d In(t./C.) C. d(tr_/C.) c.

where: p'_ -- dimensionless pressure derivative

These curves are plotted on the same log-log graphs as the type curves of Gringarten et al. (1979), with the

vertical axis now also labeled (tJC_)p'_ (Figure 6-3). Again, each individual type curve is characterized by

a distinct value of C.e _. Pressure-derivative type cur,,es begin with an initial segment with unit slope

corresponding to early-time wellbore storage and skin effects. This segment reaches a maximum that is
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proportional to the amount of wellbore storage and skin, and then the curve declines and stabilizes at a

dimensionless pressure/semilog slope value of 0.5 corresponding to late-time, infinite-acting, radial-flow

effects.

Pressure-derivative data in combination with pressure data are much more sensitive indicators of

double-porosity effects, boundary effects, nonstatic antecedent test conditions, and other phenomena than

are pressure data alone. For this reason, pressure-derivative data are useful in choosing between conflicting

phenornenological models that often cannot be differentiated on the basis of pressure data alone.

Pressure-derivative data are also useful in determining when infinite-acting, radial-flow conditions occur

during a test, because these conditions cause the pressure derivative to stabilize at a constant value.

For any given point, the pressure derivative is calculated as the linear-regression slope of a semilog line fit

through that point and any chosen number of neighboring points on either side. The equation for the
derivative is:

n

n__x,y,-_x,_,y,
p / = _.1 i.1 i.1 (B-35)

n __,×7 - __,x,2
i=1 i=1

where, for a single constant-rate flow period:

n = number of points to be fitted

x_ = In At_

y_ = Ap_

At_ -- elapsed test time at point i, T

Ap; -- pressure change at At,, M/LT 2

For a multi-rate flow period or a recovery period, the time parameter is a superposition function calculated

as:

I. i-1 .i=1

where: q = flowrate, L3/T

At = elapsed time during a flow period, T

with subscripts:

i = individual flow period

j -- individual flow period

n = number of flow periods considered
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In general, the fewer the number of points used in calculating the derivative, the more accurate it will be.

Three-point derivatives, calculated using only the nearest neighbor on either side of a point, usually provide

enough resolution to distinguish most important features. However, excessive noise in the data sometimes

makes it necessary to use five- or seven-point derivatives, or various "windowing" procedures, to obtain a

smooth curve. Unfortunately, this may also smooth out some of the features sought.

Horner (1951) provided a method of obtaining permeability and static formation pore pressure values

independent of log-log type-curve matching, although his method is best used in conjunction with log-log

methods. Horner's method applies to the recovery of pressure after a constant-rate flow period in a well

that fully penetrates a homogeneous, isotropic, horizontal, infinite, confined, single-porosity or

double-porosity reservoir. For a recovery after a single flow period, Horner's solution is:

p(t) =p.- qlj in [tp +_t 1 (B-37)4nkh _t J

where: p(t) = pressure at time t, M/LT2

p* = static formation pore pressure, M/LT2

tp = duration of previous flow period, T
At = time elapsed since end of flow period, T

and other terms are as defined above under Eq. B-24. For a recovery after multiple flow periods, the time

group in Eq. B-37 is replaced by the superposition function given in the right-hand side of Eq. B-36.

The permeability-thickness product (kh) is obtained by (1) plotting p(t) versus !og [(tp + At)/At] (or the

superposition function), (2) drawing a straight line through the data determined from the log-log

pressure-derivative plot to be representative of infinite-acting radial flow, and (3) measuring the change in

p(t) on this line over one log cycle of time (m). Eq. B-37 can then be rearranged and reduced to:

kh = 2.30 qp (B-38)
4nm

Staticformation pore pressure is estimated by extrapolating the radial-flow straight line to the pressureaxis

where log [(tp + _t)/Z_t] = 1, representing infinite recovery time. In the absence of reservoir boundaries,
the pressure intercept at that time should equal the static formation pore pressure.

Horner analysis can also be performed using dimensionless parameters. Once type-curve and match-point

selections have been made through log-log analysis, this technique allows the C_e_ type curves to be

superimposed on a normalized semilog plot of the data. Logarithmic dimensionlesstimes for the data are

calculated using:

q,,-1-q, ql-qH log _At.+At -log A
Iq°-,-q,I L"' q,,-1-q, J.,
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where all parameters are as defined above. The dimensionless times calculated using Eq. B-39 are plotted

on a linear scale. Dimensionless pressures for the data are calculated using:

P'_ [p" - p(t)] (g-40)
Ap

where PtJand Ap are the log-log match-point coordinates, and the other parameters are as defined above.

Dimensionless pressures are also plotted on a linear scale.

The type curves are plotted on the same axes with dimensionless time defined as:

Iq._l-q.I ,-, q.,--_.,--1p" J.__ Atj+At -log A

and dimensionless pressure defined as:

q"-'-q" q'-q'-_ log _ Atj+At _ Po(At)_ (B-42)
Iq._l-q°l L,-, q,,-q.-, J" o

The dimensionless Horner plot is a very sensitive indicator of inaccuracies in type-curve, match-point, and

formation-pore-pressure selections (Gringarten, 1986). By iterating between dimensionless Horner and

log-log plots, very accurate hydraulic parameters can be obtained.

All of the techniques discussed above for pressure-buildup analysis are included in the Interpret/2 well-test-

interpretation code developed by Scientific Software-lntercomp.
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APPENDIX C

MODELING STUDY OF SLANTED BOREHOLES

C.1 Introduction
Permeability testing is being performed in boreholesdrilledfromwithinthe WIPP repositoryto determine

the hydrologicpropertiesof haliteand anhydritebeds of the surroundingSaladoFormation. For testing

purposes,boreholesare drillednotonlyverticallybutalsoinclinedtowardsthehorizontalatvariousdegrees.

Because beddingwithinthe Salado is nearlyhorizontal,the slantedboreholespenetratebeds at acute

anglesto the bedding.

The permeability Jests performed in the WIPP underground have been interpreted using the well-test

interpretation code GTFM (Graph Theoretic Field Model; Pickens et al., 1987). GTFM assumes horizontal,

radial flow into a vertical, fully penetrating borehole from a horizontal, homogenous, and fully confined

formation. These assumptions are considered to be reasonable for interpretation of tests in vertically

oriented boreholes. In order to interpret the test results from an angled borehole using GTFM, the geometry

of the angled borehole is transformed to that of an equivalent vertical borehole. This transformation is

accomplished by treating the angled borehole as if it were a vertical cylindrical borehole with a diameter

equal to the average length of the axes of the ellipse that is created by the intersection of a horizontal plane

and the angled borehole (see Section 6.2). The length of the tested interval is assumed to be equal to its

vertical thickness. The actual fluid volume in the angled test interval is specified in GTFMfor the equivalent

vertical test interval. For tests in angled boreholes, however, the assumption made in GTFM of no vertical

flow towards the wellbore may not be appropriate.

To evaluate the conditions under which an equivalent-verticai-boreholeapproximation is appropriate for

interpretation of permeability tests in angled boreholes, a grid preprocessor for the finite-difference flow

model SWIFT II (Reeveset al., 1986) was developed. This preprocessor is thu SWIFT"II Transmissibility

Generator for Angled Boreholes (STAB). The function of STAB is to modify the transmissibilities and pore

volumes in the grid blocks surrounding an angled borehole in a way that allows the angled borehole to be

modeled by SWIFTI1using a simplified grid system appropriate for a vertical hole. The term STAB will be

used throughout the remainder of this appendix to refer to simulations generated using both the STAB

preprocessor and SWIFT I1. The term SWIFT II will be used to refer to equivalent-vertical-borehole

simulations generated using only SWIFT II. The theory underlying STAB and verification of the code by

comparison to an analytical solution are presented in Appendix H.

This appendix presents the results of permeability-test simulations generated by STABshowing the effects

of varying the borehole angle and of introducing differences between vertical and horizontal hydraulic

conductivity (anisotropy). SWIFT II and GTFM simulations were performed to compare the results of the

equivalent-vertical-borehole methodology to the STAB-generatedresults.
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C.2 STAB and SWIFT II Configuration

Thesystemof interestwas discrettzedintoa 10x 16x 10 grid, The outputfromthe preprocessorcontains

grid-block-transmissibilityandpore-volumemodifierswhichareinputintothe SWIFTII code. Thisgrid-block

modificationenablesthe userto simulateanangledboreholeusinga verticalboreholediscretization,thus

allowingfor a substantialdecrease ingrid sizeand simulationtime.

A Carter-Tracy(1960) boundaryapproximationis coupledto the outerboundaryof the grid system. The

distanceto thisouterboundaryiscalculatedinthe preprocessorasthe radiusof influence(ROI). If theROI
was less than 15 m, a defaultvalue of 15 m was used. The defaultdistancewas selected basedon the

resultsof sensitivitysimulationsdesignedto determinehowcloseto thewellboretheCarter-Tracyboundary

could be placed without adversely affecting the pressureresponse. _,

The basic system configuration used in the angled STABsimulations consisted of a 10.16-cm(4-in) diameter

borehole intersecting and fully penetrating a 1-m-thick test interval at angles ranging from 0° to 75° from the

vertical in 15° increments. The upper and lower surfaces of the tested interval were treated as no-flow

boundaries. Table C-1 presents the STAB input parameters that were used for all of the different angled

simulations. Table C-2 presentsthe input parameters specific to eachangled simulation. The angle-specific

parameters are the borehole angle measured from vertical, the equivalent vertical borehole radius, and the

borehole fluid volume. The system parameters included a radial (horizontal) hydraulic conductivity (K,) of

5.0x 101_m/s, a specific storage of 1.8x 10.7m1, a brine density of 1220kg/m 3,a test-zone compressibility

of 1.52 x 10+ Pa+1,and a formation pore pressure of 2.0 MPa. Anisotropy in hydraulic conductivity was

obtained by assigning vertical hydraulic conductivities (Kz)of 5.0 x 1013,5.0 x 1014,and 5.0 x 101_m/s to
different simulations.

C.3 Sensitivity Simulations

Pulse-withdrawal, constant-pressurewithdrawal, and pressure-buildup tests were simulated using STABfor

borehole slant angles of 0°, 15°, 30°, 45°, 60°, and 75° from vertical, and for anisotropy ratios (K,/Kz) of 1,

10, and 100. The scenario for the pulse-withdrawal-test simulations consisted of decreasing the pressure

in the borehole from 2.0 MPa (formation pressure) to 0.5 MPa over a period of 100 seconds and then

allowing the pressure to recover for 35 days. The constant-pressure-withdrawal-test scenario entailed

decreasing the borehole pressure from 2.0 MPa to 0.5 MPa and holding that lower pressure for 20 days

while simulating the volume of fluid produced tc ,he borehole. The pressure-buildup-test scenario involved

simulation of pressure recovery for 30 days following the constant-pressure withdrawal test.

C.3.1 STAB SIMULATIONS OF PULSE-WITHDRAWALTESTS. The effects of borehole slant angle on

pressure responses observed during pulse-withdrawal tests for anisotropies of 1, 10, and 100 are shown in

Figures C-1, C-2, and C-3, respectively. Relativeto the pressure recovery in a vertical borehole, pressure

recoveries are increasingly delayed as the slant angle increases. This occurs because the fluid volume in

the test interval increases as the slant angle increases (Table C-2), requiring more flow from the formation

to increase the test-interval pressure a given amount. The differences between the responses in vertical
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Table 0-1. STAB Input Parametersfor All Angled Simulations

Parameter Value

Numberof RadialGrid Nodes 10

Numberof ThetaGrid Nodes 10

Numberof VerticalGrid Nodes 10

FormationThickness 1 m

RadialHydraulicConductivity 5.0 E-13 m/s

VerticalHydraulicConductivity 5.0 E-13,5.0 E-14, or 5.0 E-15 m/s

SpecificStorage 1.8 E-7 m1

FormationPore Pressure 2.0 MPa

FluidDensity 1220 kg/m3

Test-ZoneCompressibility 1.52 E-9 Pa1

BoreholeRadius 0.0508 m

Table C-2. STABInputParametersfor SpecificAngled Simulations

Parameter Values

BoreholeAngle 15° 30° 45° 60° 75°

EquivalentVertical 0.0517 0.0547 0.0618 0.0785 0.1347

BoreholeRadius(m)

Half Borehole 4.197 4.681 5.733 8.107 15.660

Volume(E-3 m3)
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Figure C-1. The effects of borehole slant angle on pressure responses observed during pulse-withdrawal

tests for an anisotropy of 1.
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tests for an anisotropy of 10.
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tests for an anisotropy of 100.

boreholes and boreholes slanted only 15° are insignificant for all values of anisotropy. Figures C-4 through

C-8 show the effects of anisotropy for slant angles of 15°, 30°, 45°, 60°, and 75°. Pressure recoveries are

also increasingly delayed as anisotropy increases, because increasing anisotropy decreases the vertical

component of flow to the hole. An anisotropy change from 1 to 10 has a greater effect on the simulated

responses than does a changefrom 10to 100. Differences betweensimulations with anisotropies of 10 and

100are insignificant for slant angles up to 45°.

C.3.2 STAB SIMULATIONSOF CONSTANT-PRESSUREWITHDRAWALTESTS. The effects of borehole

slantangleon the amountof brine producedduringa constant-pressurewithdrawaltest for anisotropiesof

1, 10, and 100 are shownin FiguresC-9, C-10, and C-11, respectively. The amountof brine produced

increasesas the slant angle increasesbecause of the accompanyingincrease in surface area of the

borehole. This effectdiminishesas anisotropyincreases,decreasingverticalflowto the hole. Aswas the

casefor the simulatedpulse-withdrawaltests,the differencesbetweenthe responsesinverticalboreholes

andboreholesslantedonly15° are insignificantfor allvaluesofanisotropy.FiguresC-12throughC-16show

the effectsof anisotropyon brine productionfor slantanglesof 15°, 30°, 45°, 60°, and75°. An anisotropy

changefrom 1 to 10 hasa greatereffecton the simulatedresponsesthan doesa changefrom 10to 100.
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Figure C-8. The effects of anisotropy on pressure responses observed during pulse-withdrawal tests for

a borehole slant angle of 75°.
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Figure C-9. The effects of borehole slant angle on the amount of brine produced during a constant-

pressure withdrawal test for an anisotropy of 1.
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Figure C-11. The effects of borehole slant angle on the amount of brine produced during a constant-

pressure withdrawal test for an anisotropy of 100.
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Figure C-12. The effects of anisotropy on brine production during constant-pressure withdrawal tests for

a borehole slant angle of 15°.

Figure C-13. The effects of anisotropy on brine production during constant-pressurewithdrawal tests for

a borehole slant angle of 30°.
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Figure C-14. The effects of anisotropy on brine production during constant-pressure withdrawal tests for

a borehole slant angle of 45°.
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Figure C-15. The effects of anisotropy on brine production during constant-pressurewithdrawal tests for

a borehole slant angle of 60°
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Figure C-16. The effects of anisotropy on brine production during constant-pressure withdrawal tests for

a borehole slant angle of 75°.

C.3.3 STAB SIMULATIONS OF PRESSURE-BUILDUPTESTS. The effects of borehole slant angle on

pressurebuildupfollowinga constant-pressurewithdrawaltest foranisotropiesof 1, 10,and 100are shown

inFiguresC-17, C-18,andC-19, respectively.Theamountof pressurerecoveryatany giventimedecreases

astheslantangleand/or anisotropyincreases,forthereasonsdiscussedaboveinSectionsC.3.1andC.3.2.

FiguresC-20 throughC-24 showthe effectsof anisotropyon pressurebuildupfor slantanglesof 15°, 30°,

45°, 60°, and 75°. Aswas the casefor the simulationsof the othertypesof tests,the differencesbetween

theresponsesinverticalboreholesand boreholesslantedonly15°are insignificant,regardlessof anisotropy.

The pressure-buildupresponsesin boreholesslanted30° are insensitiveto anisotropy (FigureC-21). In

general,an anisotropychangefrom 1 to 10 has a greatereffecton the simulatedresponsesthan does a

changefrom 10 to 100.

For the boreholes slanted 60° and 75°, the simulated pressure-buildupcurves for the different values of

anisotropy cross after 5 to 20 days of recovery. That is, the pressure-buildup curves for the higher values

of anisotropy, which initially show less recovery than the curves for lower values of anisotropy, show more

recovery at late time. Thisoccurs becausethe upper and lower no-flow boundaries influencethe simulations

sooner as anisotropy decreases. For the isotropic case, flow is radial towards the borehole at the start of

the buildup period and changes to horizontal as the upper and lower no-flow boundaries come into play,

reducing the rate of buildup. For anisotropic cases, less flow is contributed vertically to begin with and the

effects of the boundaries are felt later than in the isotropic case.
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Figure C-17. The effects of borehole slant angle on pressure buildup following a constant-pressure

withdrawal test for an anisotropy of 1.
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withdrawal test for an anisotropy of 100.
i

10 - , , -I--,,,I, I , , l i ,,l_ I v , : , ,Ill I , l I , _ll_

L

o
CL 1 - ._-.--_'-

£2_
O
_- 10-1
C.)

q.)
__

03
03
¢_ -2 go
,-- 10 K,/Kr = 1 Angle = 15°_ -:__

EL. o-e-e-e-eKr/K, 10 Angle = 15°mo-e-a-eK_/K, 1O0 Angle = 1 --

i0-_ _ i i J i IIll l l I I l_l _ I l I I llllJ I I I i i : JJ
10 -2 10 -_ I 10 0 z

Elopsed Buildup Time (doys)

Figure C-20. The effects of anisotropy on pressure buildup following a constant-pressure withdrawal test

for a borehole slant angle of 15°.

186



10 _- 1 1 1 i I r II I I I I t I III I t I I I I ill I I I I ' 1 l"i"l I-

0

EL 1 ..,_..._

E
0
r" 10 -_
0

L 10 -2 K,/K1 = 1 Angle = 30 o
Kr/K_ 10 Angle =
Kr/K, 1O0 Angle 30 °

1N -3 I I 1 L I f r II 1 I 1 I I I t Jl 1 1 J I I J I IJ I J J J J J _
/ %J

10-2 I0-I I I0 I0 2

Elopsed Buildup Time (doys)

Figure C-21. The effects of anisotropy on pressure buildup following a constant-pressure withdrawal test
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C.4 Comparison of STAB Simulations with SWIFT II and GTFM Equivalent-

VerticaI-Borehole Simulations

Figures C-25, C-26, and C-27 show comparisonsof STAB simulationsof pulse-withdrawaltests for

different anisotropiesand slant angles of 15°, 45°, and 75°, respectively,with SWIFT II and GTFM

simulations for equivalent vertical boreholes. For a slant angle of 15° (Figure C-25), all of the simulations

are in good agreement. For a slant angle of 45° (Figure C-26), the SWIFT II and GTFM simulations

generally fall between the STAB simulations with anisotropies of 1 and 10. For a slant angle of 75°, the
SWIFT II and GTFM simulations are closest to the STAB simulation using an anisotropy of 10, but both

show more recovery at early time and less recovery at late time than the STAB simulation. In all cases,

the SWIFT II and GTFM equivalent-vertical-borehole simulations are in good agreement.

Figures C-28 through C-30 show comparisons of brine production during a constant-pressure withdrawal

test between STAB, SWIFT II, and GTFM simulations for slant angles of 15°, 45°, and 75°. Figure C-28

shows that all of the simulations are in good agreement for a slant angle of 15°. For slant angles of 45°

and 75° (Figures C-29 and C-30), the SWIFT II and GTFM simulations are best matched by the STAB

simulation using an anisotropy of 10. In all cases, the SWIFT II simulations show slightly more brine

production than the GTFM simulations.

Figures C-31 through C-33 show comparisons between STAB, SWIFT II, and GTFM simulations of the

pressure buildup following a constant-pressurewithdrawal test for slant angles of 15°, 45°, and 75°. Figure
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Figure C-25. Comparisons of STAB simulations of pulse-withdrawal tests for different anisotropies and
a borehole slant angle of 15° with SWIFT II and GTFM simulations for equivalent vertical
boreholes.
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Figure C-27. Comparisons of STAB simulations of pulse-withdrawal tests for different anisotropies and
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boreholes.
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Figure C-29. Comparisonsof brine production during a constant-pressurewithdrawal test betweenSTAB,
SWIFT II, and GTFM simulations for a borehole slant angle of 45°.
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Figure C-30. Comparisons of brine production during a constant-pressurewithdrawal lest betweenSTAB,
SWIFT II, and GTFM simulations for a borehole slant angle of 75°.
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Figure C-31. Comparisons between STAB, SWIFT II, and GTFM simulations of the pressure buildup
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C-31 shows that all of the simulationsare ingood agreementfor a slant angle of 15°. For a slant angle

of 45° (FigureC-32), the SWIFT II andGTFM simulationsare best matchedbythe STABsimulationusing

an anisotropyof 10, althoughthe differencesbetweenthe three anisotropicSTAB simulationsare slight.

For a slant angle of 75° (Figure C-33), the SWIFT II and GTFM simulationsfall between the STAB

simulationsusinganisotropiesof 10 and 100.

C.5 Type-Curve Analysis of STAB Simulations of Constant-Pressure Withdrawal

Tests

To evaluatehowboreholeslantangleandanisotropymightaffecttype-curveanalysisof constant-pressure

withdrawal tests, STAB simulationswere interpretedas if they were actual tests. The flow-ratedata

correspondingto the STAR simulationsof brineproductionto holesslanted 15°, 45°, and 75° shownin

FiguresC-12, C-14, an_ C-16, respectively,werefirstplottedversuselapsedflowtime on a log-loggraph.

The type curve of Jacoband Lohman(1952; Figure6-2) was then fit to the data as describedin Section

6.1.2, and a value of transmissivitywas calculated.

The STAB simulationsand type-curvematches for slant angles of 15° and 45° and anisotropiesof 1, 10,

and 100are shownin FiguresC-34 throughC-39. In all cases,a goodmatchwas foundbetweenthe late-

time data and the type curve, and the interpretedtransmissivitywas between 4.9 x 1013and 5.1 x 1013

m2/s. The actualverticaltransmissivityvalue used in the STAB simulationswas 5.0 x 10"13m2/s.

Anisotropyhad a significanteffect on the simulatedflow rates for the borehnle slanted 75°. Figure C-40

showsthe flow-ratedata fromthe75° boreholewithisotropicconditions.Insteadof an asymptoticdecline

in flow rate as typified by the Jacob-Lohmantype curve, the flow rate decreased more rapidly after

approximatelythe first 0.5 day of the simulatedtest. This accelerateddecline in the flow rate probably

reflectsthe influenceof the no-flowboundariesat the top and bottomof the test interval, as discussed

above in SectionC.3.3. The Jacob-Lohmantype curvewas fitted to the early-timedata in FigureC-40,

when flow shouldhave been largely radial towardsthe borehole. This type-curve match providesa

transmissivityestimate of 1.7 x 1012m2/s. Dividingthistransmissivitybythe "actual"slantedlengthof the

borehole,3.86 m,providesan estimatedhydraulicconductivityof 4.4 x 1013m/s. The isotropichydraulic

conductivityusedin theSTAB simulationwas5.0 x 1013m/s. Goodmatchesbetweenthe late-timeSTAB

data and the Jacob-Lohmantype curve were obtainedfor the 75° angle and anisotropiesof 10 and 100

(FiguresC-41 andC-42). The interpretedtransmissivitywas 7.1 x 1013m2/sfor an anisotropyof 10, and

5.3 x 1013m2/sfor an anisotropyof 100.
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FigureC-36. The Jacob-Lohmantype-curvematchto the STABsimulationfor a boreholeslantangle of
15° and an anisotropyof 100.
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Figure C-37. The Jacob-Lohman type-curve match to the STABsimulation for a borehole slant angle of
45° and an anisotropy of 1.
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Figure C-38. The Jacob-Lohman type-curve match to the STAB simulation for a borehole slant angle of
45° and an anisotropy of 10.
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Figure C-39. The Jacob-Lohman type-curve match to the STAB simulation for a borehole slant angle of
45° and an anisotropy of 100.
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Figure C-40. The Jacob-Lohman type-curve match to the STABsimulation for a borehole slant angle of
75° and an anisotropy of 1.
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FigureC-41. The Jacob-Lohman type-curvematch to the STABsimulationfor a borehole slant angle of
750and an anisotropy of 10.
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Figure C-42. The Jacob-Lohmantype curvematchto the STAB simulationfor a boreholeslant angle
of 75° and an anisotropyof 100.

C.6 Conclusions

Sensitivity studiesof the effectsof boreholeslantandanisotropyon responsesto permeabilitytests have

shownthe following:

1) test responsesin boreholesslanted only 15° from vertical pre not significantlydifferentfrom

responsesin vertical boreholes.

2) pressureresponsesare increasinglydelayed as slant angle increases becauseof the associated
increase in boreholefluidvolume.

3) brine production increases as slant angle increases because of the associated increase in
boreholesurfacearea.

4) increasinganisotropyslowspressureresponsesand decreasesbrineproduction.

5) changinganisotropyfrom 1 to 10 has a largereffect than changingit from 10 to 100.

6) upper and lower no-flow boundaries affect responses more as slant angles increase and as

anisotropydecreases.
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Comparisons of angled-borehole STAB simulations with SWIFT II and GTFM equivalent-vertical-borehole

simulations show the following:

1) equivalent-vertical-borehole simulations match angled-borehole behavior reasonably well when slant

angles are 30° or less.

2) equ_alent-vertical-borehole simulations match angled-borehole behavior reasonably well when slant

angles are greater than 30° if anisotropy is at least 10.

Type-curve analyses of STAB simulations of constant-pressure withdrawal tests show that:

1) accurate transmissivity estimates can be obtained from tests in boreholes slanted as much as 45°

regardless of anisotropy.

2) accurate transmissivity estimates can be obtained from holes slanted 75° if anisotropy is at least
100.
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APPENDIX D

PLOTS OF TEST- AND GUARD-ZONE COMPRESSIBILITY FUNCTIONS
USED IN GTFM SIMULATIONS
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Figure D-1. The test-zone-compressibility-versus-time function used in the L4P52-A GTFM
simulations.
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APPENDIX E

PLOTS OF TEST- AND GUARD-ZONE TEMPERATURES DURING TEST
SEQUENCES
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APPENDIX F

PLOTS OF PACKER PRESSURES DURING TEST SEQUENCES
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Figure F-I. Test- and guard-zone packer-inflation pressures during L4P51-A testing.
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Figure F-2. Test- and guard-zone packer-inflation pressures during L4P51-B testing.
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Figure F-5. Test- and guard-zone packer-inflation pressures during S1P72-A testing.
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Figure F-7. Test- and guard-zone packer-inflation pressures during S1P73-B testing.
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APPENDIX G

TWO-PHASE EVALUATION OF THE TEST-ZONE PRESSURE

RESPONSES DURING TESTING SEQUENCE SIP72-A

by Toya L. Jones, INTERA Inc.

G.1 Introduction

Section 7.1.5.1 of this report describes the test-zone pressure responses for testing sequence S1P72-A

conducted in borehole $1P72. The testing sequence in the test zone consisted of an initial buildup period,

two pulse-withdrawal tests, two constant-pressure withdrawal tests, and two pressure-buildup tests (Figure

7-32). A seven-day open-hole period following drilling preceded the testing sequence. The pressure

response during testing shows recovery to approximately 1.25 MPa during the two pulse-withdrawal tests,

recovery to approximately 0.95 MPa during the first pressure-buildup test (PB1), and recovery to

approximately 0.73 MPa during the second pressure-buildup test (PB2). The decrease in the pressure to

which the test zone recovered could be the result of (1) the continued equilibration between atmospheric

pressure in Room 7 of Waste Panel 1 and the far-field pressure in the formation and/or (2) the exsolution

of gas from the brine and the subsequent depletion of free gas from the vicinity of borehole $1P72 through

the test zone. Support for the theory of pressure equilibration includes the decline in pressure observed

during the second pulse-withdrawal test (PW2) and the second pressure-buildup test (PB2). Support for the

theory of gas depletion consists of the fact that fluid removed for the first pulse-withdrawal test (PW1) was

white and cloudy in nature signifying exsolution of gas from the brine under atmospheric pressure and the

fact that both free gas and brine were produced from the borehole during pressure reduction for the second

pulse-withdrawal test and during the two constant-pressure withdrawal tests.

This appendix presents studies conducted using the multi-phase simulator TOUGH2 to investigate the effects

of formation depressurization due to room excavation and the effects of free gas on the test-zone pressure

response. The simulations presented here are not intended to reproduce the pressure responses observed

during $1P72-A testing rigorously, but are instead an attempt to determine whether or not excavation-related

depressurization and the presence of free gas can reproduce the general trend observed in the test zone

(i.e., the successive decrease in the pressure to which the test zone recovered).

G.2 TOUGH2 Code Description
The effects of formation depressurization due to room excavation and the effects of the presence of free gas

on pressure responses during permeability testing in borehole $1P72 were examined using the TOUGH2

code, a more general version of the TOUGH _ransport of Unsaturated Groundwater and Heat) code.

TOUGH2 was selected because it can be easily adapted to a variety of problem types. TOUGH2 and

TOUGH are closely related In methodology and architecture. The theory and Implementation of the code

and a guide to the input data are provided in Pruess (1987 and 1991).
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TOUGH2 is a multi-dimensional, Integralfinite-difference numerical model that solves the coupled fluid and

heat, flow and transport equations of multiphase, multicomponent fluid mixtures. The phases considered

by TOUGH2 are liquid and gas. A number of multicomponent equation-of-state (EOS) modules, which

describe fluid properties for various mixtures, are included with TOUGH2 making the code applicable to a

vartety of flow systems such as groundwater aquifers, unsaturated zones, and geothermal reservoirs.

BecauseTOUGH2 is an integral finite-difference code, it can handle regular and irregular flow geometries

in one, two, and three dimensions. In addition, single- and multiple-porosity systems can be specified.

Pruess (1987) describes the following physical processes taken into account by the two-component

air/water system in TOUGH.

"Fluid flow in both liquid and gaseous phases occurs under pressure, viscous, and gravity

forces according to Darcy's law, with Interference between the phases represented by

means of relative permeability functions. In addition we consider binary diffusion in the gas

phase. However, no account is presently madeof Knudsen diffusion... Capillaryand phase

adsorption effects are taken into account for the liquid phase, but no allowance is made for

vapor pressure lowering... Also, no allowance is made for hysteresis in either capillary

pressure or relative permeability. All thermophysical properties of liquid water and vapor

are obtained within experimental accuracy from steam table equations (International

Formulation Committee, 1967). Air is treated as an ideal gas, and additivity of partial

pressures is assumed for air/vapor mixtures. Air dissolution in water is represented by

Henry's law. However, because air solubility in water is very small, we felt justified in

neglecting the temperature dependence of Henry's constant ...

The governing equations used in TOUGH, and their numerical implementation, are

applicable to one-, two-, and three-dimensional anisotropic porous or fractured media.

TOUGH does not perform stresscalculations for the solid skeleton, but it allows for porosity

changes in response to changes in pore pressure (compressibility) and temperature

(expansivity)."

The EOS3 (air/water) module of TOUGH2 used for the simulations presented here is identical to TOUGH,

as described above. The water properties in the EOS3module were modified to approximate brine for these
simulations.

G.3 Simulation Parameters

A two-dimensional horizontal representationof Marker Bed 139was simulated using TOUGH2from the time

Room 7 of Waste Panel 1 was excavated through the time when the SIP72-A testing sequence was

completed. The modeled region extended from 1.5m inside the roomto a distance of 31.5 m in the easterly

direction and was centered about $1P72 in the north-south direction (Figure G-l). The eastern edge of the

modeled region was considered to be the far field. In the horizontal plane of Marker Bed 139, the distance

from the western edge of the model to the center of the test interval in $1P72 is 5.9 m. The test zone was
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Figure G-1. Model grid.

assumedto be an equivalentverticaltest interval at this location. At the western model edge and at the far

field, constant-pressure boundaries were maintained. A constant pressure of 0.1 MPa (atmospheric

pressure) was assigned at the western edge and a constant pressure of 12.6 MPa was assigned to the far
field.

Intrinsic permeabUitlesof 10'8 and 102° m2 were assigned at the western model edge and at the far field,

respectively. The remainder of the modeled region was assigned an intrinsic permeability distribution as

described below in Section G.4.1. The specific storage distribution assigned in the model is also discussed

in Section G.4.1. The model assumed Marker Bed 139 is vertically homogeneous with a porosity of 0.01
and a thickness of 0.85 m.

Site-specificdata for the relative-permeabilityand capillary-pressurecurves for Marker Bed 139 are not

available. In the absence of site-specific data, two-phase properties were based on data from actual

measurements on roughly analogous materials. A "tight" gas sand core discussed in Morrow et al. (1986)

was selectedas an analogue materialto definethe relative-permeabilityand capillary-pressurecharacteristics

of Marker Bed 139. The relative-permeability and capillary-pressure curves assumed for the simulations

(Figures G-2 and G-3, respectively) are those used by Davies et al. (1992) for sensitivity studies of gas

pressurization in the WlPP repository and gas migration from the WlPP repository into interbeds.
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The simulations assumed the test zone was a vertical borehole represented by a single element having a

perimeter equivalent to the circumference of the ellipse formed by the intersection of $1P72 and the

horizontal marker bed. The circumference of an ellipse is calculated as:

C = n 2(a _ + b _) _ (a - b) (G-l)
2.2

where: a = half-length of the major axis; and

b = half-length of the minor axis.

For $1P72, the values for a and b are 9.93 and 5.27 cm, respectively, which yield a circumference of 48.96

cm. The element used in the simulationto represent the borehole had assigned side lengths of 12.24 cm.

This modeling representation of the borehole is not entirely consistent with the technique used for GTFM

simulations, as discussed in Section 6.2, which would produce a circumference of 47.75 cm using an axis-

averaging approach. The conclusions drawn from the TOUGH2 modeling study should not, however, be

affected by small changes in the simulated hole circumference.

The fluid volume in the test zone during the $1P72-A testing sequence was 5009 cm3.The borehole element

in the model was assigned a porosity of 1.0 and a volume of 5009 cm 3 during the testing sequence to

maintain that volume.

G.4 Simulation Approach and Results

Simulations designed to reproduce the general trend of the pressure responses observed during S1P72-A

testing were conducted in two stages. The first stage assumed single-phase flow and simulated from the

time of room excavation through the time of testing in borehole $1P72. The presence of $1P72 and the

testing sequence were ignored during this stage. The purpose of the first stage was to determine the

distribution of intrinsic permeability and specific storage in the y-direction that would allow depressurization

of Marker Bed 139, due to the presence of the room, that was consistent with the pressure observed

immediately before the firstpulse-withdrawal test was initiated. In other words, the function of this stage was

to determine the formation parameters that would be used to set up the initial-pressure conditions in Marker

Bed 139 prior to the start of permeability testing in borehole $1 P72. The second stage used the distribution

of permeability and specific storage determined during stage one and simulated the S1P72-A testing

sequence in the test zone. In order to include the effects of room excavation on the pressure responses

observed during the test sequence, time zero for the second stage simulations corresponded to excavation

of the room. Stage two simulations considered both singleand two-phase conditions. The purpose of stage

two was to reproduce the general pressure responses observed during permeability testing in S1P72-A.

G.4.1 STAGE ONE; DETERMINATION OF MARKER BED 139 INTRINSIC PERMEABILITY AND

SPECIFIC STORAGE DISTRIBUTION. Little is known about the effects of excavation in the WIPP

underground on the lateral distribution of intrinsic permeability and specific storage in Marker Bed 139.

During stage one of the TOUGH2 simulations, different spatial distributions of these two parameters were

used to simulate formation depressurization caused by excavation of the room. Intrinsic permeability and
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specific storagein MarkerBed 139 werevaried linearly,exponentially,and a combinationof linearly and

exponentially in the y-direction. As constraints,the permeabilityat the western model edge was held at 10le

m2and the permeability of the far field was held at 102° m2. The constraints for specific storage were 10_

and 10.7m1 at the western model edge and In the far field, respectively. The values at the western edge

of the model were assumed to be excavation-enhancedand the values for the far field were assumed to be

undisturbed.

Simulatedpressuresat the locationof $1P72duringthe time periodof the permeabilitytestingweresensitive

to the permeabilitydistribution.FigureG-4 showsthepressureprofileinthey-directionthroughthelocation

of $1P72 at the end of the simulation(1045 days)and FigureG-5 showspressurewithtime at the location

of $1P72 for a lineadyvaryingpermeabilitydistribution,an exponentiallyvarying permeabilitydistribution,

and a permeabilitythat was constanteverpNhereexceptat the east and west boundariesof the model

domain. The three permeabilitydistributionsare illustratedin FigureG-6. For all casesshownin Figures

G-4 and G-5, the specificstoragevaried linearlyinthe y-direction(FigureG-7). The simulationthat used

a constantpermeabilityof 7 x 1018m2for MarkerBed 139 produced simulatedpressuresthat matchedthe

observedinitialbuilduppressureat $1P72 mostclosely.Neitherof the simulationswithvaryingpermeability

withdistanceinthe y-directionyieldedpressuresthat matchedthe observeddata. Althoughno simulations

wereconductedto addressthispoint,the observedpressurescouldprobablybematchedusinga changing

permeabilitywithdistanceif the distanceto the far field was increased.

Figure G-4. Pressureprofile in Marker Bed 139 for a constantintrinsicpermeability,an exponentially

varying intrinsicpermeability,and a linearlyvarying intrinsicpermeability.
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Figure G-5. Pressure with time at the location of $1P72 for a constant intrinsic permeability, an

exponentially varying intrinsic permeability, and a linearly varying intrinsic permeability.

Figure G-6. Intrinsic permeability distribution.
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Figure G-7. Specific storage assigned to Marker Bed 139 for TOUGH2 simulations of the test-zone

pressure response during testing sequence S1P72-A.

The distance over which a constant permeability of 7 x 1018 m2 was assigned was varied to evaluate its

effect on the simulations. The distances considered were 19, 24, and 29 m from the western model edge.

These simulations assumed that the permeability was 102° mr beyond the region with a permeability of 7

x 1018 m2. The results are illustrated in Figures G-8 and G-9. As the distance decreased, the pressure at

the location of S1P72 decreased. The closest match to the initial pressures observed at $1P72 was obtained

assuming a distance of 29 m.

Changes to the distribution of specific storage affected the pressure at the location of $1P72 less than did

changes to the distribution of intrinsic permeability. Because of this relative insensitivity to specific storage,

the specific storage was assigned a linear distribution from 10_ m1 at the western model edge to 10_ m1

at the far field (Figure G-7).

Based on the simulations conducted for stage one, a constant permeability of 7 x 10is m2 out to a distance

of 29 m (Figure G-10) and a linear distribution of specific storage (Figure G-7) were selected for subsequent

simulations. These parameters produced the closest match between the simulated pressures and the

observed pressures in the test zone prior to pulse-withdrawal testing. The selected combination of intrinsic-

permeability distribution, specific-storage distribution, and distance to the far field does not, however,

represent a unique solution. In addition, the degree to which the selected parameter distributions match

the actual distributions is unknown. However, without additional constraints on these parameters, the
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Figure G-10. Intrinsic permeability assigned to Marker Bed 139for TOUGH2 simulation of the test-zone

pressure response during testing sequence S1P72-A.

possibilityof determininga unique and representativeparametercombination is limited. Determinationof

the selected parameterdistributionsignoredthe effects of the seven-dayopen-hole period prior to testing

and also ignored the temporal variations in intrinsic permeability and specific storage caused by room
excavation.

G.4.2 STAGE TWO: SINGLE- AND TWO-PHASE SIMULATIONS OF THE TEST-ZONE PRESSURE

RESPONSE DURING TESTING SEQUENCE S1P72-A. The purpo._cuf the stagetwo simulationswas to

reproducethe generaltrend of the pressureresponsesobservedduringthe S1P72-Atestingsequence.

Becauseof the lack of site-specificdata on parameterssuch as intrinsicpermeability,specificstorage,

undisturbedformationpressure,distanceto the undisturbedformation,gas saturationand/or dissolvedgas

inthe formation,relative-permeabilitycurves,andcapillary-pressurecurves,no attemptwas madeto fit the

observeddataexactly.The goalsof thesimulationswereto determinewhetherthe decreaseinthe pressure

to whichthe testzone recoveredafter eachof the constant-pressurewithdrawaltestswas dueto free gas

in the system and/or was due to continuedformationdepressurizationresultingfrom room excavation.

Stage two simulatedfromthe time the room wasexcavatedto the end of the S1P72-Atestingsequence.

Section6.3.2 discussesthedependenceof test-zonecompressibilityon pressureandtime. The simulations

presentedhere used test-zonecompressibilityas a fittingparameter.
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Figure G-11 shows the results of simulations that assumed single-phase flow; neither free nor dissolved gas

was present in the system. Note that the model test-zone compressibility was changed for each buildup

period and each pulse-withdrawal test. During the initial buildup period, the simulated pressures rise more

rapidly and level off more quickly than the observed data. For the two pulse-withdrawal tests, the simulated

pressures closely match the observed pressures. In addition, the simulated response rises to a maximum

and then begins to decline during the late-time portion of PW2 as do the observed data. This decline is

attributed to continued depressurization of the formation due to room excavation. Two simulated curves

are shown in Figure G-11 for the two pressure-buildup tests. Different va_::as of test-zone compressibility

were used for the two simulations. These curves show that for single-phase conditions with the properties

used here, the decrease in the pressure to which the test zone recovered following the two constant-

pressure withdrawal tests could not be reproduced. Using a lower test-zone compressibility (the dashed

curves in Figure G-11), the simulated data matched the early-time portion of the observed buildup curves

but recovered to a higher ending pressure. Using a higher test-zone compressibility (the solid curves in

Figure G-11), the simulated data matched the ending pressure but recovered much slower than the observed

data and were recovering to a higher pressure. The poor comparison between the simulated and observed

pressures during the pressure-buildup tests for single-phase conditions suggests that the observed pressure

responses could have been affected by the presence of free gas.

The series of simulations presented in Figure G-12 assume no free or dissolved gas in the system from the

time the room was excavated until the mid-point of $1P72 drilling. During the open-hole period, a gas
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Figure G-11. Single-phase TOUGH2 simulation of test-zone pressure response during testing sequence
$1P72-A.
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Figure G-12. Multi-phaseTOUGH2 simulations with gas saturation initialized to 0.01 prior to the initial
buildup period and initialized to 0.05, 0.10, and 0.15 prior to PB1 and PB2.

saturation of 0.99 was assigned in the borehole. Marker Bed 139was assigned a gas saturation of 0.01 at

the start of the initial pressure-buildup period. Simulated responsesduring the initialbuildup period and the

two pulse-withdrawal tests show more rapid pressure recovery than the observed data. Three simulated

curves are presented in Figure G-12 for each of the pressure-buildup tests. The differences between the

three curves are due to the gas saturations assignedto Marker Bed 139at the start of the buildup periods.

Specific gas saturations were assigned to Marker Bed 139 at the beginning of PB1 and then again at the

beginning of PB2. The short-dashed, long-dashed, and medium-dashed lines are results for initial gas

saturations of 0.05, 0.10, and 0.15, respectively. These initial gas saturations were selected becausethey

produced results which bound the measured data using the two-phase and formation properties assumed

for the simulations. The degree to which these gas saturations represent actual formation values is

dependent upon the degree to which the assumed two-phase properties used in the simulations represent

the site-specific properties. Arbitrary assignment of gas saturation was necessary because site-specific

hydrologic parameters and initial conditions are unknown and because no gas-saturation data are available

for model calibration. All simulations of the pressure-buildup tests assumed a test-zone compressibility of

10.7Pa1. These results illustrate that (1) the pressure recovery is reduced as the amount of free gas is

increased and (2) the simulated pressures increased more rapidly at the end of the buildup periods than did

the observed pressure.

An estimate of the amount of free gas in the system prior to the two pressure-buildup tests can also be

made based on the bounding results presented in Figure G-12. However, the degree to which those
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estimates represent actual conditions in Marker Bed 139 is unknown since they are based on relative-

permeability curves for an analogue material that may not be representative of Marker Bed 139 (see Section

G.3). The simulated results in Figure G-12 show the best agreement with the observed data for an initial

gas saturation near 0.05 prior to PB1 and an initial gas saturation near 0.15 prior to PB2. This indicates that

the amount of free gas in the system prior to PB2 was probably higher than the amount of free gas in the

system prior to PBI. For the simulations presented in Figure G-12, free gas in the system was initialized

prior to both buildup periods. Therefore, the effect of CPW2 on increasing or decreasing the gas saturation

in the formation surrounding the borehole was not evaluated.

The simulation presented in Figure G-13 initialized the gas saturation in Marker Bed 139 to 0.10 at the end

of CPW1 and then let the model calculate changes to that saturation during the remainder of the testing

sequence based on the conditions imposed at the borehole. Comparing Figures G-12 and G-13, the main

conclusion from this simulation is that, for the assumed relative-permeability curves and gas solubility, the

borehole conditions during CPW2 are such that little additional gas comes out of solution over the course

of the test. The gas saturation at the start of PB1 was similar to the gas saturation at the start of PB2 and

the simulated responses showed recovery to approximately the same pressure.

The sensitivity of the response during PB1 to test-zone compressibility is shown in Figures G-14, G-15, and

G-16 for gas saturations initialized to 0.05, 0.10, and 0.15, respectively, prior to PB 1. The values of test-zone

compressibility considered for the sensitivity analysis were 10_, 10_, 107, and 10.8 Pa 1. As the test-zone

compressibility is decreased from 10_ to 10`7Pa1, the pressure recovers more quickly and to a higher
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Figure G-16. Sensitivity of simulated PB1 to test-zone compressibility for TOUGH2 simulation with gas
saturation initialized to 0.15 at the end of CPWl.

pressure over the length of the buildup period. The pressure recovery was insensitive to a decrease in the

test-zone compressibility from 10.7 to 10.8Pa1.

The simulations of PB1 shown in Figure G-12 initialized the gas saturation in Marker Bed 139 prior to the

start of the buildup period. A sensitivity analysis was conducted to examine the effect of initializing the gas

saturation at the start of CPWl rather than at the end. A comparison of the pressure recovery curves for

initialization of gas saturation at the beginning and at the end of CPW1 is presented in Figure G-17.

Pressure recovery is slower during the early time and steeper during the late time when gas saturation is

initiated at the end of CPWl rather than at the beginning.

The model element representing borehole $1P72 was,established as a boundary condition with a constant

pressure and a constant gas saturation during the constant-pressure withdrawal tests. For all of the

simulations discussed above, a constant gas saturation of 0.50 was assumed during CPWl and CPW2.

Figure G-18 shows little sensitivity of the simulated pressure response during PB1 to constant gas

saturations of 0.01, 0.50, and 0.99 assigned to the borehole element during CPW1.

The simulated volumes of brine and gas produced from the test zone during the two constant-pressure

withdrawal tests were compared to the volumes collected during testing. The model predicted brine

production of approximately 2,500 to 3,500 cm 3 during CPWl and 9,000 to 10,000 cm 3 during CPW2

compared to observed volumes of about 10,350 and 22,000 cm3, respectively. The model simulations did

not produce gas from the test zone during either constant-pressure withdrawal test because the gas
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saturation never reached the critical saturation. The observed gas production at atmospheric pressure was

approximately 124,400 cm 3 during CPWl and 343,000 cm3 during CPW2. The apparatus and technique

used to measure these gas volumes are discussed in Section 3.7. The poor match between the simulated

and observed production rates of brine and gas during the constant-pressure withdrawal tests suggests that

the intrinsic permeability and the relative-permeability curves used for the simulations may not be

representative of Marker Bed 139 in the vicinity of borehole $1P72.

G.5 Summary of Unknown Site-Specific Hydrologic Parameters

A quantitative interpretation of the test-zone pressure response during testing sequence S1P72-A was not

possible because of a lack of necessary data. Major limitations of the simulations presented here are: (1)

the uncertainty inthe spatial and temporal distributions of the formation properties (int,insic permeability and

specific storage); (2) the uncertainty inthe two-phase properties (relative permeability and capillary pressure)

of Marker Bed 139; and (3) the uncertainty in the initial conditions of the formation prior to testing (pressure

and pressure history, gas saturation, and dissolved gas).

Excavation activities in the WIPP underground have created conditions in the Salado that cause the

hydrologic parameters to change in time and space (Stormont et al., 1991). The time dependence of

intrinsic permeability, relative permeability, specific storage, and formation pore pressure is unknown. The

TOUGH2 simulations presented here examined a time period of 1050 days, or almost three years. Over that

length of time, significant changes in the hydrologic properties of Marker Bed 139 probably occurred. Until

a better understanding of the time dependence of key parameters is achieved, our ability to simulate

complex testing situations such as that at $1P72 and obtain realistic results is limited.

To date, no comprehensive study on the variation of hydrologic parameters within a single anhydrite interbed

with time and distance from an excavation has been performed. In addition, uncertainties also exist with

respect to the distance beyond which hydrologic parameters have not been modified by excavation effects

and the values of those undisturbed parameters. Using numerical models to obtain this information when

observations are only available from a single location for calibration is not ideal because the uniqueness of

the interpreted results cannot be confirmed. Some quantitative understanding of the spatial distribution of

hydrologic properties within the area disturbed by the excavation and of far-field conditions is necessary in

order to model the physical system with confidence.

Measured data from an analogue material were used to develop the relative-permeability and capillary-

pressure curves used for the simulations. The extent to which these curves are representative of the tested

interval is uncertain. A quantitative interpretation of the test-zone pressure response is not possible without

site-specific data on the relative permeability and capillary pressure in Marker Bed 139. This information,

which can be obtained for unfractured systems from laboratory tests on core samples, is important for two-

phase interpretations of permeability tests and for prediction of gas migration from the underground facility

after waste disposal. The gas saturation and/or the amount of gas dissolved in the brine prior to conducting

the permeability tests must also be known to interpret the tests quantitatively. Without this information, the

initial conditions of the system are unknown and any interpretation is uncertain.
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Our understanding of formation conditions prior to the start of testing could be Improved by modifying the

testing procedures. The pretest formation pore pressure could be determined by reducing the open.hole

period to a few hours and then allowing the test interval to recover to a stable pressure before beginning

testing. The pressure could also be monitored for several months before testing began. This would not only

give a better estimate of the formation pore pressure but would also define the rate of formation

depressurizatton due to the room excavation prior to testing. A brine sample collected at near-formation

pressure and temperature could be analyzed to determine the amount of dissolved gas contained in t;_e

brine prior to testing. A better understanding of the solubility of gas in the brine could be obtained by

determining the geochemistry of the brine and by conducting a chemical analysis of the gas.

G.6 Summary and Conclusions
The pressure responses observed during permeability-testing sequence S1P72-A show a decrease in the

pressure to which the test zone recovered after each of the constant-pressure withdrawal tests. The

simulations presented here examined the effect of continued formation depressurization due to excavation

effects and the effect of free gas in the formation on the pressure response. The goal of the simulations was

to reproduce the general trend of the observed responses. Exact reproduction of the observed pressure

responses was not attempted because the values for intrinsic permeability, specific storage, undisturbed

formation pressure, distance to the undisturbed formation, formation gas saturation and/or solubility, and

relative-permeability and capillary-pressure curves are unknown.

The first stage of the simulation process determined a non-unique combination of intrinsic-permeability

distribution, specific-storage distribution, and distance to the far field that yielded a pressure distribution in

Marker Bed 139 that was consistent with the pressure responses observec_ during the initial buildup period

and the two pulse-withdrawal tests. The non-uniqueness of the combination results from a lack of

knowledge concerning the actual spatial and temporal distributions for these three parameters. The stage

one simulations ignored the effect of the seven-day open-hole period of $1P72 on the formation pressures

and gas saturations.

The second stage of the simulation process was designed to reproduce the general trend of the pressure

responses observed during permeability testing in $1P72. All conclusions obtained from the simulations of

the testing sequence are speculative because of the uncertainty in the relative-permeability and capillary-

pressure curves for Marker Bed 139 and because of the uncertainty in the amount of free and dissolved gas

in the brine. Based on the good match between the single-phase simulations and the observed data, it

appears that there was little effect from free gas on the pressure increase during the initial buildup period

and on the responses during the two pulse-withdrawal tests. The effect of continued formation

depressurization due to room excavation on the observed and simulated pressure response is illustrated by

the decline in pressure during the late-time portion of PW2 (Figure G-11).

The poor match between the single-phase simulations and the observed data from the pressure-buildup tests

indicates that factors other than continued formation depressurization and the reduction of formation

pressure in the vicinity of the borehole during the constant-pressure withdrawal tests caused recovery to

successively lower pressures. Simulations with gas saturations initialized to 0.05, 0.10, and 0.15 prior to the
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pressure-builduptests indicatethat the pressureto whichthe test zone recoversdecreasesas the gas

saturationIncreases.The simulationsalsosuggesta highergas saturationpriorto PB2 than priorto PBI.

For therelative-permeabilitycurvesusedhere,the simulationsindicatethat the conditionsduringCPW2do

not producea substantialincreasein gas saturationoverthe saturationpresentat the end of CPWI.

The simulationspresentedin thisappendixassumedthat the pressureto which the test zone recovered

during the two pulse-withdrawaltests was representativeof pressureconditions resultingfrom room

excavation. In other words, the simulationsassumed that the seven-day open-hole period prior to

permeabilitytestinghadno effecton the formationpressureor gas saturationinthevicinityof the borehole.

An alternativeconceptualizationis that if the formation pressureand gas saturationin the vicinityof the

boreholewere modified by the two constant-pressurewithdrawaltests, then they wouldhave also been

modified by the open-holeperiod. Thislatterassumptionwas not consideredby the simulationsbecause

data on the distribution of pressureand gas saturationin the vicinityof S1P72 priorto drilling do not exist.

In summary, the TOUGH2simulationsdemonstratedthat continuedformation depressurizationdue to room

excavation and the presence of free gas in Marker Bed 139could have affected the pressure responses in

the S1P72-A test zone during permeability testing. The effects could not be quantified because the

conditions in Marker Bed 139 prior to drilling SlP72 are unknown, as are many of the formation properties.

For the parameter,,;and assumptions used here, the pressureresponsesduring the initial buildup period and

the two pulse-withdrawaltests do not appear to have been significantly affected by free gas. The decline

in pressure during the late-time portion of PW2 is the result of formation depressurization. The pressure

responses during the pressure-buildup tests appear to have been affected by free gas. In addition, the

amount of free gas in the formation at the end of the second constant-pressure flow test (prior to PB2)
appears to have been greater than the amount of free gas in the formation at the end of the first constant-

pressure flow test (prior to PB1).

239



REFERENCES

Davies, P.B., L.H. Brush, and F.T. Mendenhall. 1992. "Assessing the Impact of Waste-Generated Gas

From the Degradation of Transuranic Waste at the Waste Isolation Pilot Plant (WIPP): An Overview of

Strongly Coupled Chemical, Hydrologic, and Structural Processes," Proceedings: NEA Workshop on Gas

Generation and Release From Radioactive Waste Repositories, Aix-en-Provence, France, September 23-

26, 1991. Paris, France: Nuclear Energy Agency, Organisation for Economic Co-Operation and

Development. 54-74.

International Formulation Committee. 1967. A Formulation of the Thermodynamic Properties of Ordinary

Water Substance. Dusseldorf, Germany: IFC Secretariat.

Morrow, N.R., J.S. Ward, and K.R. Brower. 1986. Rock Matrix and Fracture Analysis of Flow in Western

Tight Gas Sands. 1985 Annual Report. DOE/MC/21179-2032 (DE86001055). Morgantown, WV: U.S.

Department of Energy.

Pruess, K. 1987. TOUGH User's Guide. NUREG/CR-4645, SAND86-7104, LBLo20700. Berkeley, CA:

Lawrence Berkeley Laboratory; Albuquerque, NM: Sandia National Laboratories.

Pruess, K. 1991. TOUGH2 -- A General-Purpose Numerical Simulator for Multiphase Fluid and Heat Flow.

LBL-29400. Berkeley, CA: Lawrence Berkeley Laboratory.

Stormont, J.C., C.L Howard, and J.J.K Daemen. 1991. "Changes in Rock Salt Permeability Due to Nearby

Excavation," Rock Mechanics as a Multidisciplinary Science, Proceedings: 32nd U.S. Symposium on

Rock Mechanics, Norman, OK, July 10-12, 1991. Ed. J.-C. Rogiers. SAND91-0269C. Brookfield, VT:

A.A. Balkema. 899-907.

240



APPENDIX H

THEORY AND VERIFICATION FOR STAB, THE SWIFT II
TRANSMISSIBILITY GENERATOR FOR ANGLED BOREHOLES

241



242



APPENDIX H

THEORY AND VERIFICATION FOR STAB, THE SWIFT II
TRANSMISSIBILITY GENERATOR FOR ANGLED BOREHOLES

by Mark Reeves,WilliamH. Statham,andToya L. Jones, INTERAInc.

H.1 Introduction
Bedded evaporites of the SaladoFormationat the Waste IsolationPilotPlant(WIPP)site havebeentested

to evaluatethe hydraulicpropertiescontrollingbrineflowthroughthe Salado(Beauheimetal., 1991andthis

report). Testinginthe undergroundfacilityhasconsistedof pressure-pulse,constant-pressurewithdrawal,

andpressure-builduptestsperformedin boreholesdrilledfromdriftsand roomsintothe adjacentformation.

Four of thetested boreholesweredrilled verticallydownward,onewas drilledverticallyupward,one was

drilledhorizontally,threeweredrilleddownwardat anglesof 45°, 58°, and770 from vertical,and onewas

drilled upward at a 40° angle from vertical. The interpretationsof tests perforn_edin the slantedboreholes

presented in Section 7 were conducted usingthe Graph TheoreticField Model (GTFM;Pickens et al., 1987)

assuming radial flow to an equivalent vertical borehole with an idealized test-zone geometry. The angled

test zones were modeled as vertical cylindrical boreholes with a diameter equal to the average of the major

and minor axes of an ellipse formed by the intersection of the slanted borehole and a horizontal plane and

with :l height equal to the vertical thickness of the permeable unit contained within the test interval.

In order to evaluate the validityof assuming radialflow into an equivalentvertical borehole, simulationsof

the field tests were performed usingthe three-dimensional,finite-difference flow model SWIFTII (Reeveset

al., 1986a,b). The SWIFTII results were then con_pared to the GTFM results. A second objective for

simulating with SWIFT II was to perform a sensitivity analysis to evaluate the pressure response during

testing in slanted boreholesfor a range of permeabilities (horizontally and vertically), storativities, test-zone

compressibUities,borehole angles, and test types. In order for SWIFT II to perform in an optimal fashion

a grid preprocessor, STAB,was developed. After constructing an appropriate grid, STAB calculates pore

volumes and transmissibilities which are the basic quantities needed by SWIFT II to perform the flow

calculation. The function of STABis to construct a grid which conforms to the geometry of the problem and

minimizes the number of required grid blocks. Such a geometry recognizes that, near the borehole, flow

is radial with respect to the borehole but that, at the radius of influenc9 (defined below), flow becomes radial

with respect to a vertical axis passing through the geometric center of the borehole. Beyond the radius of

influence, the flow field behaves as if it emanated from a vertical borehole, and the Carter-Tracy (1960)

facility in SWIFT II can be used to match the gridded region onto an infiniteaquifer using an analytic solution

for the external region. Recognizing this, STAB generates a grid only within the region extending from the
borehole center to the radius of influence.
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Ideally, one would employ a natural coordinate system for a slanted borehole with coordinate surfaces

aligned with pressure contours and streamlines. Unfortunately, exact expressions for natural-coordinate
surfaces cannot be known until the flow solution has been obtained. The present version of STABestimates

the location of pressure contours and spaces its radial grid accordingly. For a borehole fully penetrating

a permeable layer, this appears to be the most important aspect of a natural system in determining the

pressure response at the well. For a partially penetrating borehole, streamlines should become equally

important.

The radius of influence for a slanted borehole, r_,varies in accordance with an elliptical shape, the semi-

major axis of which is given as (Cinco, 1974):

r_= 5eh tan _ (H-l)

where: e = (k,/kz)'_

k, = radial permeability,

k, = vertical permeability,

_w = angle of borehole slant from vertical, and
h = formation thickness.

H.2 Determination of a Finite-Difference Grid for a Slanted Borehole

In a conceptualizationinspiredbythe Green'sfunctionmethodfor developinganalyticsolutions,FigureH-1

showspressurepulsesemanatingfrom a slanted borehole. The effectsof pressurereflectingoff of the

upperand lower boundariesof the test intervalare accountedfor throt_ghimageboreholecompletions.

Figure H-1 illustratesa situationin which point A, located in the top layer of the completioninterval,

experiencespressurepulsesinitiatedfromtheboreholesegmentslocatedin threeseparatelayers,including

onefrom the upper imageregion. Based on the pressureresponseexperiencedat pointA, the slanted-

boreholesegmentsof theselayerscannot be separatelyidentifiedas sources. The responseat pointA is

indistinguishablefrom that whichwould have resultedfrom three segmentsof a vertical borehole. This

verticalboreholeisreferredto astheapparentboreholeand representstheapparentsourcesofthepressure

pulses. The locationof the apparentboreholeis determinedwithan algorithmthat relieson an averaging

process as the main component. Placement of each radial node in each modeled layer is based on the

location of the apparent source of its pressure response (i.e., the apparent borehole).

The first step in developing the geometry appropriate for a slanted borehole is to develop a radial grid from

the geometric center of the slanted borehole to the radius of influence. This grid is referred to as the

reference grid. In the layer representing the center of the test interval, the reference grid extends from the

center of the borehole to the radius of influence. The grid is developed such that the distances between

nodes are equal in log space. The first node, rl, is positioned inside the borehole and the second node, r2,

is positioned outside the borehole with the well radius, rw,providing the interface between block 1 and block

2. Outside of the boreholethere are N, - 1 grid blocks that cover the region r_,< r _ r_where N, is the total

number of radial grid blocks. The radius r_,refers to a radius on the ellipse created by the intersection of
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Figure H-1. Conceptualization of slanted borehole for development of SWIFT II mesh geometry.

a horizontal plane with the slanted borehole (Figure H-2). The line of interest on Figure H-2 is the center

of an angular grid block along which radial nodes are located. The expression for rw is:

rw = rw (H-2)

COS_pw (1 + tan2_Owsin20') 1/2

where: rw = actual radius of the slanted borehole,

_ow = angle of borehole slant from vertical, and

8' = angle from the major axis of the borehole ellipse to the line of interest.

The appropriate logarithmically varying reference grid is obtained by setting:

1

rl "lq7,-i" (H-3)
r, = A N'-I rw or A = rw

This gives grid-block radii of:

r,_ r, (H-4)
rl = -- r2 = Arl, . rN, = A N.-1r_ -A _/2.... A 1/2
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Figure H-2. Ellipse created by the intersection of a horizontal plane with a slanted borehole.

At the center of the test interval, the reference grid fits exactly from the center of the borehole to the radius

of influence. Above and below the center of the test interval, the reference grid with the first node placed

in the center of the borehole is too long or too short with respect to the radius of influence. Therefore, the

reference grid must be either shortened or lengthened. This is accomplished by modifying the node

locations of the reference grid in the model layersabove and below the layer positioned at the center of the

test interval through adjustment of the apparent source of the pressure pulses.

The process conducted by STABfirst divides the completion zone into layers of equal thickness, Az, thus

dividing the borehole into segments. Each layer is then divided into sectors of equal angular extent, Ae,

assuming the origin of the sectors is coincident with the centroid of the borehole segment.

For each layer k and angular sector j, the radial gridding algorithm used to modify the node locations of the

reference grid is as follows:

(1) The node located in the center of the borehole segment in layer k is set equal to the reference-grid

value rl=rW'/A '_. Assuming that within each sector the elliptical borehole may be adequately

approximated by a circular borehole, r_,is evaluated at the center of the borehole sector using Eq.
H-2.
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(2) Node positioning involves a prediction step and a correction step. The predicted value of r_ is taken

from the reference grid (i.e., calculated with Eq. H-4) using the actual borehole as the origin. For

i> 2, the correction step (described below) will have been applied at node i-1 to yield an apparent-

borehole segment. The location of the apparent-borehole segment is a distance sH,, from the

geometric center of the actual borehole (Figure H-l). The approximate radial location of r_is taken

from the reference grid (i.e., calculated with Eq. H-4) using the center of this apparent-borehole

segment as the origin.

(3) The correction step involves relocating the apparent-borehole segment to a position appropriate for

node i. As the distance to node i increases, pressure pulses released from actual-borehole

segments in neighboring layers cause the location of the apparent borehole to move to a new

position s_,. The new position is closer to the geometric center of the actual borehole than was the

location of the apparent borehole for node i-1. Correcting the apparent-borehole location Involves

computing weights for layer k and neighboring layers and then performing a weighted average.

Using the Green's function for an infinite system as a guide (Carslaw and Jaeger, 1959), the

following empirical relation was adapted for the weighting function:

z
where:

, = Br,, a = k, (H-6)
o(rt ) a

and: z_ = point in the actual (slanted) borehole from which the pressure pulse

originates,

z = vertical depth from the top of the test interval in the actual borehole,

r_ = distance from the actual borehole to grid-node i,

W = weighting factor,

/Y = grid diffusion parameter,
i = radial-node index, and

k = vertical-node index.

The grid diffusion parameter is an empirical constant with a value of:

/Y = 1 - 0.007_ W (H-F)
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Eqs. H-5 and H-6 are used to calculate weighting factors for each layer contributing to the pressure

experienced at node i. As the node of interest moves further from the borehole, the number of

layerscontributing non-negligible weighting factors increases. For point A in Figure H-l, weighting

factors are calculated for three layers: the layer containing point A and the layers above and below

point A. Based on the weighting factors, the apparent borehole is positioned according to:

Wk.sk,
k'

_, - (H-8)

k'

where: s, = distance from the borehole geometric center to the apparent-
borehole location,

W,, = weighting factor based on Eqs. H-5 and H-6,

s,, = distance from the borehole geometric center to the
actual borehole location, and

k' = model layer.

Although many of the weighting factors are negligible for r_,_r_,STAB sums over all layers of the

completion zone and all layers of the upper and lower image zones. Theoretically there would be

an infinite number of image zones, the effects of which would decrease rapidly with distance from

the completion zone. STAB considers only the two nearest-neighbor image zones. Neglecting

other image zones does not introduce significant errors.

(4) In the correction step, the radial location of node i is positioned according to the reference grid (i.e.,

calculated with Eq. H-4) usingthe corrected location of the apparent borehole as the origin of the

grid. Therefore, the numerical value for r_in layer k is identical to that of r_in the reference grid.

The difference betweenthe two node locations lies solely in the location of the apparent borehole

which is used as the origin of the grid.

As the distance to the radial-node location increases (i.e., with larger and larger radii from the well), the

averaging process positions the apparent borehole farther from the actual borehole and closer to the

borehole geometric center. For the radial node in grid bock Nr,the averaging process causes the apparent

borehole to coincide with the geometric center of the actual borehole as desired. The locations of actual

and apparent boreholes are identical for instances when there are no contributions from image layers. In

other words, the apparent borehole located using Eq. H-8 will deviate from the actual borehole only when

a weighting factor from an image layer becomes non-negligible.

Figure H-3a shows a vertical grid generated by STAB. Near the slanted borehole, the grid-block interfaces

are aligned approximately parallel to the borehole. As distance from the borehole increases,the interfaces

approach a vertical alignment. Figure H-3b shows a radial one-layer grid generated by STAB. The radial

grid centers on the actual borehole and not on the geometric center of the borehole. Therefore, the radial

grid is asymmetrical about the borehole geometric center.
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Figure H-3a. Example of generated vertical grid using STAB.
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Figure H-3b. Example of generated radial grid using STAB.

STAB specifies nodal coordinates (r',8') with respect to the location of the actual borehole. This requires

that radial distances from the apparent borehole as determined in step 3 be converted to radial distances

from the actual borehole. Figure H-4 conceptualizes the conversion process. The known parameters are

8', r", s, and s. The first parameter, 8', is specified in the gridding, the second parameter, r", is a reference-

grid value, the third parameter, s, comes from the averaging procedure using Eq. H-8, and the fourth

parameter, s, is calculated from the angle of the borehole slant, _w. The law of cosines gives:

r'2 = r ''2 + (s-s-)2 - 2 r" (s - s-)cos 8" (H-9)
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Figure H-4. Relationship between actual borehole, apparent borehole, borehole geometric center, and
radial mode locations.

with the two unknowns r' and 8". The law of sines gives:

s -'s r"
= (H-10)

sin_, sin(180 - 8')

Since plane geometry relates e to 8" according to 8" = 8' - w, Eq. H-10 can be solved for 8". That result,

when substituted in Eq. H-9, gives the desired value of r'.

STAB also specifies nodal coordinates (r,e) with respect to the geometric center of the actual borehole. The

values of r and 8 are obtained through analogous applications of the laws of sines and cosines.

The algorithm discussed above determines nodal locations. Block-interface locations are taken as the

logarithmic mean of nodal-location pairs r,.1and r, and are calculated by:

ri - ri-1 (H-11 )
ri_l/2 -In(ri/ri_l)
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H.3 Determination of the Transmissibilities and Pore Volumes for a Slanted

Borehole

The transmlssibility in the radial direction connecting blocks (i-l,j,k) and (i,j,k) for a vertical borehole is:

AeI r,'_,_,j,,_z,
T,,l_,,_,j,,-- , , kr

rl,j,k - r,-1.1., (H-12)

i=2,. ..... Nr

and

T,,,_.I,, = Tr,N,+,_,j,k = 0 (H-13)

Quantity k, is the radial permeability, the subscript k denotes the layer, and the prime indicates that the

parameter corresponds to the actual borehole. Eq. H-12 calculates radial transmissibility using the vertical

interface length between grid blocks for its area calculation. For a slanted borehole, this length is not

applicable because grid-block interfaces from one model layer to another are not aligned in the vertical

direction. The appropriate area for cases when the vertical permeability is equal to the radial permeability

is determined based on the straight-line distances between the centers of the grid-block interfaces of

adjacent model layers (Figure H-5). Therefore, the radial transmissibility between blocks i-l,j,k and i,j,k in

Figure H-5 is calculated by:

4e I r,_,,_,j.kAz,
T,,l_,,,,,j,k = k, •

rilj,k - ri_l,j, k
(H-14)

Az Arl_,,_,,_,,,)/22 Z 2+ + +Arl_,,_,,+,,_)J

where: Az = layer thickness, and

Ar = radial distance from the grid-block interface in layer k to the

grid-block interface in the layer above (k-l) or the layer below

(k+l).

Note that the calculation of radial transmissibility requires all layers to be of equal thickness.

For cases in which the vertical permeability is less than the radial permeability, the apparent distance to the

overlying and undedying layers is greater than the actual distance (Figure H-6). The apparent distance, _,1,

is defined as:

AI = Ar 2+(aAz
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where: a = (k,/k,)_/2.

The appropriate area for calculation of the radial transmisslbUityrequires the segment of the apparent

distancethat is locatedinlayer k or lengthAI' in FigureH-6. Usingthe relationship:

AI • Az/2- (H-16)
AI oAz

lengthAI" is defined as:

A"= _-_e[Ar2+(eAz)2]'/2 (H-17)

RearrangingEq. H-17 yields:

AI" = Az 1* Ar 2 (H-18)Y

The surface area requiredfor the transmissibility calculation when kz < k, is basedon the area of a cylinder

and is given as:

AA" = AS"r'bl" (H-19)

Substituting Eq. H-18 into Eq. H-19 yields:

AA" = AO'r'--Az 1+ Ar 2 (H-20)
2

Altering the equation for the transmissibility of a vertical borehole (Eq. H-.12)based on the area given in Eq.

H-20 yields the appropriate equation for calculation of the transmissibility for a slanted borehole when k, <

k,, which is:

A81 ri'_,_.i.,Az,
mr,i_,/q,, : k r •

r,li,, - r_l,j,,

(H-21)

[ l .E-_ 1+ -'- +- 1+ "'aAz 2 aAz

Note that for k, = kf (i.e., e = 1), Eq. H-21 reduces to Eq. H-14.
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For the azimuthal direction, Interfaceareas are given by:

a,,,_), - rl'_,,_)Azk
(H-22)

Ratherthan using j.lh, the notation j(-) is used in order to distinguish betweenthe j-_/_side of block i,j,k and

the j+t/_ side of block i,j-l,k. In general, the values for these two areas will differ (Figure H-7). The

transmissibilities for the azimuthal direction are given by:

T,,i,j_,_,,,= 2 (k,)i,t_,/,,"

r'&e' + r'_e' (H-23)
a"_ q(_),, _ ,,,-,(-),,

j=2 ...... No

and

Te,,,,/,.,= Te,i,N .v_,k = 0 (H-24)

Nedenotes the last grid block in the azimuthal direction.

i,j,k

i,j-10k 1

x = orec] for j- _-side of block i,j,k
y = oreo for j+ _-side of block i,j-l,k

Figure H-7. Areas of interest for calculation of azimuthal-direction transmissibilities.
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For the z direction, the interface areas are given by:

/)']AS; r,.,,_ - r,_,_, (H-25)
az,,,t,k(_) = 2

The interface area for block k may differ from that of block k-l; therefore, a notation distinction is again

required. The z-direction transmissibilitiesare taken as:

2
T_,j,j,,_,,_= !

+ ,,z I
k-_ I,I,k-1 I,j,kk-,j (H-26)

k=2 ...... Nz

and
I

T,,=,I.,,_: Tz,l,l.N,V, = 0 (H-27)

Nz denotes the last grid block in the z direction.

The pore volume for block i,j,k is given by:

(_./_zAO' rj.,,, - rj_,/, (H-28)V=
2

where: ¢_ -- porosity.

H.4 Comparison to an Analytic Solution
Pressure transients predicted by SWIFT II using STAB-generated transmissibilities and pore volumes were

compared to the results of an analytic solution for borehole angles of 30°, 45°, 60°, and 75° from vertical. !

The analytic solution considered was developed by Cinco (1974) to examine thP.transient pressure response

caused by constant-rate production to a slanted well. The comparison between the two results is presented

in Figure H-8. The STAB/SWIFT II results are identical to the ana!ytic results for a borehole angle of 30°.

As the slant of the borehole increases with respect to vertical, STAB/SWIFT II overestimates the pressure

response slightly with respect to the analytic results, particularly at early time. The overestimation of the

early-time pressure response is roughly equivalent to a 5° underestimation of the borehole slant.

Figure H-9 shows STAB/SWIFT II results for a vertical borehole with k,/k z = 1 (solid line) and for a borehole

slanted 60° from vertical with k,/k z = 1, 2, 5, 10, 20, and 100 (dashed lines). For the slanted borehole, the
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Figure H-8. Comparison of STAB/SWIFT II results with analytical solution of Cinco (1974) for various
slant angles.
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Figure H-9. Effeut of anisotropy on STAB/SWIFT II results for a borehole "_anted60°.
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predicted pressure response approaches the predicted response for a vertical borehole as kr/k z increases

due to a decrease in the pressure contribution from neighboring layers.

H.5 Summary
STAB is a pre-processor for SWIFT II that first calculates nodal positions consistent with a slanted borehole

and then calculates transmissibilitiesacross grid-block interfaces and grid-block pore volumes. Application

of STAB for simulating tests in slanted boreholes is desirable because (1) it eliminates the need for a very

finely discretized rectangular grid, (2) it closely conforms to the actual geometry by letting the origin of the

coordinate system lie along the slanted borehole and letting the coordinate system gradually evolve into a

near-cylindrical coordinate system, and (3) grid-block interface lengths more appropriate for a slanted-

borehole geometry are used to calculate the radial-direction transmissibilities.

Use of STAB instead of a rectangular grid can reduce the number of grid blocks by an order of magnitude.

For some implementations, this can reduce the run time from hours to minutes. Adequate agreement was

obtained from a comparison of results from STAB/SWIFT II and the analytical solution of Cinco (1974) for

unsteady-state pressure distributions for a slanted borehole.
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