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ABSTRACT

Pressure-pulsetests have been performed in bedded evaporites of the Salado Formationat the Waste
IsolationPilot Plant (WIPP) site to evaluate the hydraulicproperties controllingbrine flow throughthe
Salado. Hydraulicconductivitiesrangingfrom about 10-14 to 10-11 m/s (permeabilitiesof about 10-21 to
10-18 m2) have been interpreted from nine tests conducted on five stratigraphicintervals within eleven
meters of the WIPP underground excavations. Tests of a pure halite layer showed no measurable
permeability. Pore pressuresinthe stratigraphicintervalsrange from about 0.5 to 9.3 MPa. An anhydrite
interbed (Marker Bed 139) appears to be one or more orders of magnitude more permeable than the
surroundinghalite. Hydraulic conductivitiesappear to increase, and pore pressures decrease, with
increasingproximityto the excavations. These effects are particularlyevidentwithin twoto three metersof
the excavations. Two tests indicated the presence of apparent zero-flowboundaries about two to three
meters fromthe boreholes. The othertests revealed no apparent boundarieswithin the radiiof influence
of the tests, whichwere calculatedto range from about fourto thirty-fivemetersfrom the test holes. The
data are insufficientto determine if brine flow throughevaporites results from Darcy-like flow driven by
pressuregradientswithinnaturallyinterconnectedporosityor from sheardeformationaround excavations
connecting previouslyisolated pores, therebyprovidingpathwaysfor fluids at or near lithostaticpressure
to be driventowards the low-pressureexcavations. Futuretestingwillbe performed at greater distances
from the excavations to evaluate hydraulic properties and processes beyond the ra_qe of excavation
effects.
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1. INTRODUCTION

This report presents preliminary interpretations of hy- Hydraulic testing is being performed in the Salado

draulictests conductedin bedded evaporitesof the Formation to provide quantitative estimates of the

SaladoFormationfrom1988throughearly1990 atthe hydraulicpropertiescontrollingbrineflowthroughthe

Waste IsolationPilotPlant(WIPP) site insoutheastern SaladoFormation.The specificobjectivesofthetests

New Mexico(Figure1-1). The WIPP isa U.S. Depart- are:

ment of Energy research and developmentfacility

designedto demonstratesafe disposaloftransuranic • To determineperrneabiUtiesofdifferentstratigraphicintervalsinthe SaladoFormationaroundthe WIPP
wastes resultingfromthe nation'sdefenseprograms, facility;
The WIPP disposal horizon is locatedin the lower

portionofthe PermianSaladoFormation.The hydrau- • To determineformationpore pressureswithindif-
ferent stratigraphicintervals inthe Salado Forma-

lictests discussedinthisreportwere performedinthe tion aroundthefacility;
WIPP undergroundfacility_y INTERA Inc., Austin,

Texas,underthetechnicaldirectionofSandiaNational • To determinewhetheror not hydraulicboundariesare encounteredwithinthe Saladoon the scaleof
Laboratories,Albuquerque,New Mexico. testing;

• To define thedistance(s)to whichthe presenceof
the WIPP facilityhas affectedhydraulicproperties
and/orformationporepressuresinthesurrounding

_N rock;and

• To providedatawhichmay allowdiscrimination
between differentconceptual models thatattempt

ew Mexico

_'_ _-'-'_. WI PP / tO explain flowthrough evaporites, suchasa Darcy-flowmodelinwhichflowisdrivenbypore-pressure
Ij_.u_ SITE ---_ \ gradients,anda stress-or creep-drivenfiowmodel

, -,'_<"-_'_ in whichbdneis squeezed out of the formationby

//" plasticdeformationof the rock.
/

/
/

/

// From1976 to 1985, a numberof hydraulictestsof the

"" L_ke ....._ '_ Salado Formationwere performedinboreholesdrilled
New Mexico / .Av.,o,,_'-'_------'_--..q _ from the surface. Drillstemtests (DSTs), air-injection/// wiPPi

WIPP ," "_ C_r;sbad _" S I_T_ tests, and/or pressure-pulsetestswere performed in
SITE ," , I.... _ boreholes EFIDA-9, ERDA-10, AEC-7, AEC-8, Cabin

[ _, _ lC,, Lakes _ o Baby-1,DOE-2,andWlPP-12,butnoneprovideddata
- I -q-= _, _, that could be interpretedto yield reliable estimatesofI J--Cv "o' ¢

N -. , I _ '"t_

r formation permeabilityand/or porepressure(Appen-o 5 lo 15n_, dix A). In 1986, permeabilitytests of portionsof theI I l I

o lO 20kr_ Salado were performed in several holesdrilledfrom
Tlq_-6330-3-2

within the WIPP underground facility using both air and

brine as test fluids. Peterson et al. (1987) interpreted

Figure 1-1. Location of the WIPP Site.

1



hydraulicconductivitiesrangingfrom 7 x 10-leto 3 x forthese changesiscomplicatedby the dependence

10-12m/s from these tests. In 1987, permeability ofcreepratesarounda boreholeonthefluidprossure

testingwas performedattwo depthsinthe Saladoin inthe borehole. In addition,because haliteandother

holesdrilledfromwithinthewaste-handlingshaftat the evaporitestend to haveextremelylowpermeabilities,

WIPP site(Stensrudetal., 1988). Interpretationof the temperaturechanges and equipment-rolatedfactors

data fromthese tests indicatedhydraulicconductivi- that have negligible effects on tests in higher

ties rangingfrom2 x 10-14to I x 10-lem/s(Saulnierand permeabilitymedia may significantlyaffectobserved

Avis,1988). Foliowir_qthese experiences,testing in fluid-pressureresponses in evaporites. Thus, the

holesddlledfromwithinthe WIPP undergroundfacility effectsof temperaturochanges,pressure-dependent

wasconsideredto haveagreater likelihoodofsuccess test-tool-volumechanges(compliance),andmovement

than continued attempts at surface-based testing, ofthetesttooldudngtestingalsoneedtobeincorporated

leading to the developmentof the testing program intothe test interpretation.

discussedinthisreport.

The hydraulic testing reported heroin consists of Other factors specific to the tests of the Salado

pressure-pulsetestsoffivestratigraphicintervalswithinFormation, which bear on test interpretation, are

eleven meters of the WIPP excavations. The boreholeorientation(insomecasestheholeswerenot

stratigraphicintervalstested includehalite(bothpure drilled perpendicular to bedding), possible partial-

and impure), anhydrite,and clay. FromSeptember penetrationeffects(test intervalsmay not havebeen

1988 throughFebruary1990, nine setsof pulsetests fully confined), the effect of trapped gas withintest

were completedinfivedifferentboreholes.Testing of intervals on test-zone compressibility,and poss_le

a sixth stratigraphic interval consisting entirely of two-phaseflow causedby gas havingexsolvedfrom

relativelypurehalitewasattemptedinanotherborohole, the Saladobrine inthe relativelydepressurizednear-

but no interpretableresponsewas observed.Testing borehole regionof the surroundingrock.

of a seventhstratigraphicintervalwas begun,buthad

to beterminatedprematurelybecauseofconflictswith Theinterpretationspresentedinthisreportaretermed

other activitiesinthat part of the WIPP underground "preliminary"becausethey do notfullyincorporateali

facility, of the complexitiesdiscussedabove. In particular,

formationcreep, partial-penetrationeffects,pressure-

Unlikeporousmediasuchassandstones,haliteexhibits dependenttest-zonecompressibilityresultingfromthe

creepbehaviorthatmaycomplicatethe interprotation presence of gas, and two-phase flow are not

ofhydraulictests. Croepcausesboreholedimensions quantitatively addressed in this report. Additional

to change during tests and may also cause time- experimentation,study,and model developmentwill

dependent changes in the permeabilityand specific be requiredbeforemanyof thesecomplexitiescanbe

storageoftheregionundergoingcreep.Compensating incorporatedintothe test interpretations.

2
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2. GEOLOGIC SETTING AND LOCAL STRATIGRAPHY

The WIPP site is located in the northerr_part of the is approxirr_teiy600 m thickat the WIPP site and is

DelawareBasininsoutheastemNew Mexico. WIPP- composed largely of halite with minor amounts of

sitegeologicinvestigationshaveconcentratedon the interspersedclay and polyhalite. The Salado also

upperseven formationstypicallyfoundinthat partof containsinterbedsof anhydrite,polyhalite,clay, and

the Delaware Basin. These are, in ascendingorder, siltstone.Many of these interbedsaretraceableover

the BellCanyonFormation,theCaslile Formation,the rncst of the Delaware Basin. Jones et al. (1960)

Salado Formation,the RustlerFormation,the Dewey designated 45 of the anhydrite and/or polyhalite

Lake Red Beds,the DockumGroup,and the Gatutta interbedsas "Marker Beds', and numbered these

Formation(Figure2-1). Aliof theseformationsare of =MarkerBeds',from 100to 144, increasingdownward.

Permianage, exceptfor the DockumGroup,which is TheWIPP facilityhorizon(the stratigraphiclocationof

ofTriassicage,and the Gatuna,whichisa Quaternary the underground excavations from which the bore-

deposit, holesforthe brine-permeabilityprogramwere drilled)
liesbetweenMarker Beds 138 and 139.

The WIPP undergroundfacilitylies inthe lowerpartof

the Salado Formationat an approximate depth of Atypicalstratigraphicsectionofthe SaladoFormation

655 m belowgroundsurface. The Salado Formation inthevicinityoftheWlPPundergroundfacility,adapted

from Westinghouse (1989), is shown in Figure 2-2.

Westinghouse (1989) presents a detaileddescription
SYSTEM SERIES GROUP FORMATION MEMBER

RECENT_ECENT SUR_IC,AL°EPOS,TS ofstratigraphicunitsthatcorrelatethroughoutmostof
OUATER-PLEISTO- .ESCA'EROCAUC.E theundergroundfacility(AppendixB). ThedescriptionNARY CENE GATUNA

TRIASSIC DOCKUM! ' UNDIVIDED " covers a 37.5-m interval of the Salado. centered
DEWEY LAKE

RED.EDS _ approximatelyatthe stratigraphicmidl:x)intof the ex-
Forty-niner

,,_e,,aOolom,,, cavations.Thisdescriptiondelineates16"mapunits,"
RUSTLER Tamarisk numbered0 to 15, and 20 unnumberedunits. The

Culebra Dolomite
Z

,, ,,,,m,_ majorityof the map unitsare composed primarilyofO
-r
(J
o halite, and aredifferentiatedprincipallyonthe basisof

SALADO differingclay and polyhalite contents. The remainder
Z

of the map units are anhydrite interbeds such as
er

_. CASTILE Marker Beds 138 and 139. Thinneranhydrite inter-

bedsand a numberofthemorecontinuousclayseams
z

BELLCANYON have also been given letterdesignationsto facilitateI-
Z z

-_ = consistent referencing. These units are shown on=- O

', =_ Figure2-2. The stratigraphicpositions of the WIPPCHERRY

• CANYON

: . excavationswith respectto the designatedmap units
tlJ

_, B,USHY are shown in Figure2-3. Thetestingandguard-zone
CANYON

........... monitoringdiscussedinthisreportwere carriedout in

map unit9 and inaSIof thestratafrommapunit6 tothe

halite underlyinganhydrite"c."
Figure 2-1. WIPP Site Stratlgraphlc Column.



Figure 2-2. Detailed Stratigraphy Near the WIPP Underground Facility.



Map
C_/s Units

Clear to grayish omnge_nk halite, trace oi dispenmd polyhalite and inlemtystalline day.

_*" 0.27 m

Clear to grayish orange-pink halite, traoe
polyhaJM _ _iscontinuous clay stringem.

k)ca,ywith
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2.50 m

Clear to moderate reddish-brown halite, _ fo Typical5.5-m High " L
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bottomof unit. Simulated-Waste
""""""'_ ""_'_'_" ": ExperimentalRoom """" "_•"

underlain 024 m

Clear to moderate reddis_ MBe, tn_ to

I
Clear to grayish orange-pink haJito. 2.01 m

underlain _0.06 m

Clear to moderate reddish-brown to medium grl_ "+ '_ '_'
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2.13 m

Clearto reddish-orangehalite,tracepolyhaJle. __

TVa_"

Clear to roddish-bmwn argil_
halite with discontinuous day 2.15 m

partings in upper half. /_;,;g;o'r_'_;-_'_'_;.'t;_'" Typical 4.0-m High
po_alit.. Waste-Storage

Room

Reddish-orange haJite,trace

polyhalite. 1.85 m

Reddish-brown to bluish-gray J
argillacoous halite.

A
Clear to reddish-orange and reddish-brown halite, argillaceous in upper part, trace polyhalite. |

1.40 m

Clear to reddish-orange polyhalitic halite, locally grading downward to polyhalite.
$

0.87 m
Anhydriteurmleriainbyclayseam. 4r

Marker Bed ,139.
4LClay E

Clear 1o gray and reddish.orange halite, trace polyhalite and argillaceous material. 2.40 m

Clay D (locally overlain by 0.01 m anhyddle).
5.27 m

Clear to gray and reddish-orange halite, trace polyhalite and argillaceous material.

anhydrite 0.06 m

Craya

TRI-6334-257-1

Figure2-3. Schematicof TypicalWIPPUndergroundRoomsShowingStratigraphicPositions.



The stratigraphicunits describedby Westinghouse relativelyconsistentdifferencesinclaycontentand/or

(1989) arenotencounteredbyaliboreholes,however, colorandpolyhalitecontentthatare apparentinmac-

As shown indetailedgeologicmapsofdriftand room roscopicexamination,ratherthanonsedimentological

ribs(walls)throughoutthe undergroundfacility(e.g., differences. The localabsenceof map unitscan be

Westinghouse,1989, 1990), the halitic map unitsare attributedtodepositionalprocesses.HoltandPowers

locally crosscutby syndepositlonaldissolutionpits (1990) presenta detaileddiscussionof the sedimen-

(Powersand Hassinger, 1985). These pits range in tologyof theSalacloFormation.They providedescrip-

depthandwidthfroma fewcentimeterstoa fewmeters tionsof lithofaciescommonlyfoundwithinthe Salado

andmaycompletelycrosscutoneorseveralmap units and discuss syndepositional alteration processes.

at any given location. The pitsare typicallyfilledby Saladotexturesand lithofaciesdistributionsarehighly

relativelypure,coarselycrystallinehalite, variablebothlaterally(at a local scale)andvertically,

as they are the products of repeated episodes of

As ,Tlentionedabove,the haliticmap unitsdesignated dissolutionand alterationover a large areal scale.

byWestinghouse(1989) weredefinedon the basisof



3. TESTING EQUIPMENT

The following sectionsbrieflydescribethe equipment testingby boltinga mandrelclampto the flange of a

used inthe permeability-testingprograminthe WIPP 0.51-mlongboreholecollargroutedintothetop ofthe

underground facility. The equipment includes hole. Forsometests,thetesttoolisalsosecuredusing

multipackertest tools, data-acquisitionsystems, in- a crossmadeof 1-m lengthsof5.08-cm squaretubular

strumentsto measureboreholedeformation,pressure steel, whichisclampedonto the mandrelor itsexten-

transducers,and thermocouples. More detailedde- sionandanchoredtothefloororwaUusing61-cmlong

scriptionsofthetestingequipmentandtheprocedures rockbolts.

and methods used to calibrate the equipment are

presentedin Saulnieret al. (1991). Each multipackertest tool is equippedwith three sets

of portsto the bottom-holetest zone and the guard

NOTE: The useof brandnames inthisreportis zonebetweenthepackers. One setofportsisusedto
for identification only, and does not imply
endorsement of specific products by Sandia transmitfluidpressuresfromthetestandguardzones
NationalLaboratories. to the transducers,which are mountedoutsideof the

boreholes. A secondset of portsis usedto dissipate

3.1 Multipacker Test Tool "squeeze"pressures created during packer inflation

The first two setsof tests performedunderthis pro- and to vent fluidfromthe isolatedintervalsto initiate

gram, inborehole C2H01, employedthe n_ltipacker pulse-withdrawaltests. These two sets of portsare

test tool used for permeabilitytests in the waste- accessed by continuous lengths of 0.48-cm (3/16-

handlingshaftas describedinStensrudet al. (1988) inch)O.D. stainless-steeltubing. Thethirdsetofports

andSaulnierandAvis(1988). Thistool(Figure3-1) is providesaccessfor0.32-cm (1/8-inch)diameterType

in principlevery similarto the multipackertest tool E thermocouplesto measure temperaturesinthetest

designedspecificallyforthe undergroundpermeabil- and guard zones. Packer-inflationpressures are

ity-testingprogram, but lacks borehole-deformation monitoredwith transducersattached to the packer-

measuringdevices. Aliotherpermeabilitytests were inflationlines.

conducted usingthe multipackertest tool described

below. The test-intervalsectionof each test tool is equipped

with linearvariable-differentialtransformers(LVDTs)

The multipackertest tool designed for this testing to measureboreholedeformationand test-toolmove-

program,shown on Figures 3-2 and 3-3, has two mentduringthetestingperiod. Threeradiallyoriented

sliding-end,9.5-cm outsidediameter(O.D.) inflatable LVDTsare locatedbelowthetest-intervalpacker,and

packers mounted on a 4.83-cm O.D. mandrel and one axiallyorientedLVDT is mounted at the bottom

orientedwith the packers'fixed ends towardthe bot- endofthemultipackertesttool(Figure3-3) to measure

tom-holeendof the test tool. The packershave0.92- toolmovementrelativetothebottomoftheholeduring

m longinflatableelasticelementscomposedofnatural testing.

rubberandsyntheticmaterials.The packerelements

haveapproximately0.81-mseal lengthswhen inflated 3.2 Data-Acquisition System
in 10.2-cmdiameterboreholes. The toolisanchored A computer-controlled data-acquisition system

to the wall or floor of the undergroundfacilityduring (DAS) monitorstheprogress ofeach test and records
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Figure3-1. MultipackerTestTool#1 Usedin C2H01-AandC2H01-BTestingandinWaste-Handling
ShaftTesting.
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Figure 3-2. Typical Configuration of the Multipacker Test Tools Designed for Underground Testing.
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fluid-pressure, fluid-temperature, and borehole- low-permeabilitymedia. Therefore,Type E Chromel-

deformationdata (Figure3-4). Each DAS consistsof Constantanthermocouplesare used to monitortem-

an IBM PS/2 Model 50 desktopcomputerfor system peratureswithinthe test and guardzones duringthe

controland data storage,and a HewlettPackard(HP) permeabilitytests,andthese data are incorporatedin

3497A Data-Acquisition/ControlUnitcontainingpower test interpretation. The thermocouples used are

suppliesto excite the transducers,thermocouples, 0.32 cm (1/8 inch)indiameter,aresheathedinInconel

and LVDTs, a signal scanner to switch and read 600, and are manufacturedby ARI Industries. The

channels,and a 5-1/2 digit voltmeterto measurethe thermocouplesare reportedto be accurate to within

output from the transducers, thermocouples,and + 0.006 °C. The thermocouplesare calibrated by

LVDTs. The data-acquisitionsoftwareallows sam- SandiaNationalLaboratories,and thecalibrationdata

piingof the sensors' outputs at user-specifiedtime are storedatthe WIPP-site Sandia office.

intervalsrangingfrom15 secondsto 24 hours. Asthe

data are acquired, they are stored both on the 3.5 Linear Variable-Differential
computer'sharddiskand on either 3.5-inchor 5+25- Transformers
inch diskettes. Real-time listing of the data on an Openboreholes,rooms,anddriftsinthe underground

auxiliaryprinterand screen and/orprinterplotsof the facilityexhibit closure, deformation, and differential

accumulateddata are also possible, movementbetweenhaliteandanhydritebeds(Bechtel,

1996). Measureableboreholeclosure(ontheorder of

3.3 Pressure Transducers a few tenths-of-a-millimeterchange inboreholediam-

Fluidpressuresinthe testand guardzones andinthe eter) ina shut-in,fluid-filledtest intervalcouldraisethe

packersare monitoredwith DruckPDCR-830 strain- fluidpressuretohigherlevelsthanwouidoccurwithout

gagepressuretransducersratedtomonitorpressures thisclosure. Axialmovementof the multipackertest

from 0 to 14 MPa. The manufacturer'sstatedaccu- tool can be caused by packerinflation,flu_-prossure

racy of the transducers is + 0.1% of full scale, or buiiduporwithdrawalintheisolatedintervals,andhole

+_0.014 MPa. Transducersare calibratedbeforeand elongationresultingfromcreepclosureof theexcava-

aftereach installationofa multipackertesttoolaccord- tions. (The rateof rockcreepdecreaseswithincreas-

ingto proceduresdescribedin Saulnieret al. (1991). ingdistancefromanexcavation(Westinghouse,1990),

The transducersare mountedoutsidethe boreholes causingboreholesdrilledfrom an excavationto elon-

and are connected to the isolated zones and the gate.)Axialmovementof thetest toolcan changethe

packers through0.48-cm (3/16 inch) O.D. stainless- test-zone volume,which, in low-permeabilitymedia,

steel tubing,whichpassesintoand throughthepacker can affecttheobservedfluid-pressureresponseinan

mandrels(Figure3-2). Calibrationd_a forthe trans- isolated borehole interval. Three Trans-Tek Model

ducersusedduringthe permeabilitytestingdiscussed 241LVDTsareradiallymounted,with120°separation,

inthisreportare tabulatedinSaulnieret al. (1991). on the test-intervalpartof the multipackertest toolto

measureradialboreholedeformation(Figures3-2 and

3.4 Thermocouples 3-3). These LVDTs can each measure a range of

Pickens et al. (1987) have shownthat the thermal motionof0.5cm. AnaxiallymountedTrans-TekModel

expansionor contractionof fluid in an isolatedtest 245 LVDT onthe bottomof thetesttoolmeasurestool

zone ina boreholecan havea significanteffectonthe movement along the boreholeaxis (Figures3-2 and

measured fluid-pressureresponse duringtestingin 3-3). ThisLVDT hasa rangeof motionof 10cre. The

11
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LVDT responses are reported by Trans-Tek to be were conductedinthe undergroundfacilityon ali test

linearwithin_+0.5%overtheirworkingranges. Jensen toolsaccordingto proceduresoutlinedinSection4.1.

(1990) discussesindetailthedesign,calibration,and Compliancetestswere conductedinsealedandpres-

useof the LVDTs. sure-testedsectionsof 11.,_3--cm(4.5 inch)O.D. steel

or stainless-steelcasing to differentiatetest-tool-re-

3.6 Compliance-Testing Equipment lated phenomenafrom fluid-pressureresponsesob-

Pickenset al. (1987) haveshownthattest-toolmove- servedindrilledboreholes. The casingwas intended

mentinresponseto packerinflationandfluidinjection tosimulatea boreholewitl_effectivelyzero permeabil-

or withdrawalcan affect fluid-pressureresponsesin ity. Earlycompliancetestswereconductedinthetest

isolated intervals in boreholes in low-permeability rooms withthe compliance chamber mountedon a

media. Figure 3-5 illustrateshow packermovement jackstandfromAugust1988 throughJune 1989. Be-

due to packer inflationcan cause the packer element cause the magnitudeofdiurnaltemperaturechanges

todisplacefluid inisolatedintervals,causingchanges monitoredduring early compliancetests in the steel

in fluid pressure. Changes inthe shape,volume,or casing appeared to cause thermally inducedfluid-

positionof the test tool that affectfluid-pressurere- pressure responses,a stainless-steelchamber for

sponsesduringtesting are referredto as compliance, subsequentcompliancetestswasplacedina borehole

To evaluate the magnitude of compliance for the drilled into the Salado Formation from the under-

rnultipackertest tool,preinstallationcompliancetests groundfacilityas shown on Figure3-6.
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4. TESTING PROCEDURES

The rnultipacker testtoolsareusedto conductperme- The multipackertest toolto be usedfor permeability

abilitytests inboreholesdrilledfromthe underground testinginany boreholeundergoescompliancetesting

excavations. In low-permeabilityformationssuch as in a compliance-testchamber (Section 3.6) before

the Salado, changes inthevolume or temperatureof being installed inthe testborehole. Compliancetest-

the test-zonefluid and/orthe test tool can materially ingquantifiesthe responseof thetesttoolto thetypes

affectobservedfluid-pressureresponses,asdescribed and magnitudesof pressurechangesanticipateddur-

in Pickenset al. (1987). Inaddition,changes influid- ing permeabilitytesting. Aftercompliancetesting is

pressureconditionsinisolatedsectionsofboreholesin completed,thetest toolisinstalledinthetestborehole,

low-permeabilitymediacancausephysicalmovement and a testingsequence consistingof a shut-inpres-

of the test tool. Changesinfluid-pressureconditions surebuildupfollowed bypressure-pulsetests is initi-

canoccurinresponsetotemperaturechangesaffect- ated to evaluatethe formation'shydraulicproperties.

ingthe test-zoneand/or packer-inflationfluids. Fluid Compliance- and pulse-testingproceduresare dis-

pressuresin test intervals may also be affected by cussedbelow.

changes inpacker-inflationpressures,andviceversa,

as when a pulse injectionin a testzone increasesthe 4.1 Compliance Testing
forces acting against the outside of the test-zone Compliancetests are performed for each test tool

packer, causing the packer-inflationpressureto in- before the tool is installed in a test borehole. The

crease, purposesofthe compliancetestingareto (1) establish

thatthe test toolshavebeen properlyassembledand

Changes inthe volumeand pressureof thetest-zone thatali seals and fittingsare performingas designed;

fluid that are not due to the formatlon's hydraulic and (2)evaluatetest-toolresponsesto packerinflation

responsebut insteadto changes inthepositionof the andappliedpressurepulses inthe intervalsisolatedby

test tool ordeformationof the test toolor boreholeare theinflatedpackers. Duringcompliancetests,thetest

included under theterm "compliance." Pickenset al. toolswith ali monitoring instrumentsare installed in

(1987) showedthatcompliance-relatedfluid-pressure steelorstainless-steelchamberssealedatoneendin

changes duringpermeabilitytests of formationswith the same manner employed when installingthe test

hydraulicconductivitiesless than 10.'2 m/s can ob- tool in a borehole. The DAS is used to monitorand

scureand/ordominateactual formation-relatedfluid- recordthe result_of the compliancetesting.

pressurechanges and resultinincorrectestimatesof

theformation'shydraulicproperties. Test-tool-related Thetest tool's packers are then sequentiallyinflated,

compliancecanbeempiricallyestimatedbysubjecting startingwith the test-zonepacker. Both packersare

thetestingequipmentto simulatedtestconditionsand inflatedto between 8 and 10 MPa, after which the

observingtheresultingfluid-pressureresponses.These pressuresare monitoredfor 24 to 48 hours for evi-

"compliancetests"providedata to understandand/or dence of leaks or improper performance. Packer

compensate fluid-pressurechanges resultingfrom pressuresusuallydecreaseduringthis perioddue to

complianceduringactualpermeabilitytesting, theelasticity of the packer-elementmaterial,possible

7



• air entrappedduring inflationgoinginto solution,and a smallquantityof brine. The peak pressure quickly

othercompliance-relatedphenomena. Aftermonitor- dissipatedto about4 MPa andthenslowlydecreased

ingthispressuredeclinefor the initial24- to 48-hour due to complianceeffects such as packer readjust-

period,packer-inflationpressuresareusuallyincreased ment and/oraxialtest-toolmovement.Figure4-1 also

to8tol0 MPaandmonitoredforanadditiona124to48 showsthat the guardzone receiveda pulse injection

hours, on Day 227 when the pressure was increasedfrom

0 MPato 5 MPa. Theguard-zonepressuredisplayed

Afterthe leak-check/packer-pressure-adjustmentpe- similarbehaviorto that of the test zone. The pulse

riods,thetestzoneissubjectedtoa pressure-injection injectionsintothe testand guardzones caused pres-

pulse of at least 3.5 MPa. The fluid-pressurere- surechangesthroughoutthesystem. Asthe pressure

sponsesof both the test and guard zones are then in a zone is increased, the adjacent packer(s) is

monitored for evidence of leaks, andthe associated compressed,causingits internalpressuretoincrease.

packer-pressureresponsesare alsomonitored. After The packer(s) also deforms slightlyaway from the

evaluationof test-zone integrity is completed, the zonebeingpressurized,whichcancausethepressure

sameprocedureisfollowedto evaluatetheintegrityof in the adjacent zone to rise slightly. This pressure

the guardzone. increasecan inturn betransmittedto anotherpacker.

In some instances, the test- and guard-zone pres- Figure4-3 shows the temperatures measured in the

suresare increased and/or decreased in a seriesof testandguardzonesduringcompliancetesting.Tem-

step pressure-injectionand/or-withdrawal pulsesto peratureswere stablethroughoutthe testingperiod

provide a range of test-zone and packer-pressure except for short-lived increases in the guard-zone

responsesto pressurechangesinneighboringzones temperaturefollowingthe pulse injections.

and packers. Duringthe withdrawals, the volumeof

fluid released during each pressure drop is mea- Figures4-4 and4-5 showthe LVDTresponsesduring

suredto providedata with whichto evaluatetest-tool compliancetests. TheradialLVDTs(Figure4-4) show

or systemcompressibility, that the test chamber's diameter in the test zone

increasedbyabout0.04 mmduringthe pulseinjection.

Figures 4-1 to 4-5 display the resultsof a typical Thisincreaseisconsistentwiththepredicteddiameter

compliance-testsequence. Figure4-1 showsthe fluid increasecalculatedfromthe materialpropertiesof the

pressuresin the test and guard zones; Figure 4-2 test chamber. Note that because of the LVDTs'

showsthe pressuresinthe test-zoneandguard-zone orientation(see Section 3.5), the actual increase in

packers;Figure 4-3 showsthe fluidtemperaturesin diameter must be estimated by integratingthe re-

thetestandguardzones; Figure4-4 showstherelative sponsesof alithree radial LVDTs. Figure4-5 shows

movementof the radialLVDTs;and Figure4-5 shows that the axial LVDT was compressed (shortened)

the relativemovementof the axialI_VDT. whenthetest-zonepackerwas inflated,but tendedto

lengthenas the test-zone-packerpressure declined.

Dudngthe compliancetestdepictedon Figures4-1 to This response is probably due to some elastic re-

4-5, the pressure inthe testzonewas increasedfrom sponse of the packer element. During the pulse

approximately0 MPato 7 MPaonDay223 byinjecting injectioninthetestzone,the axialLVDT lengthenedas
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the increaseintest-zonepressureforcedthe testtool the isolatedzones are monitoredafter test-toolinstal-

upwardinthecompliance-testingchamber.Theguard- latlonuntilthereadingsstabilize.Thepackersarethen

zonepulseinjectiondidnothavethesameeffectonthe sequentiallyinflatedto approximately11MPa,starting

axial LVDT response. Saulnieret al. (1991) present withthe test-zone packer. The packersare inflated

completeplotsandtabulateddata forthecompliance with fresh water usinga positive-displacementpres-

testsperformedbeforethepermeabilitytestsanalyzed sure-intensifierpump. Thepacker-inflationpressures

in thisreport, are monitoredcloselyfor 24 to 48 hoursafterinflation.

Ifcompliance-relatedreductionsinthepacker-inflation

4.2 Pressure-Pulse Testing pressures of greater than 3 MPa are observed, the

A permeability-testingsequencebeginswiththe drill- packer-inflationpressures are increasedto 11 MPa

ingofanominall0.2-cm(4-inch)diameterborehole. A and observed for an additional24 hours. After the

multipackertest toolis installedin eachtest borehole initialtransientdecreases inpacker pressuresoccur

as soon after drillingas possible in an attempt to andthe packer-inflationpressuresapproach relative

minimizepretest borehole historyunder non-shut-in stability,valvesonthe test-andguard-zonevent lines

conditions. The test boreholesare filledwith brine are closedto shutinthe test andguardzone,_.

saturatedwithsodiumchloride,simulatingthe forma-

tionfluid,either immediatelyafterdrilling,or by inject- Once the test and guard zones are shutin, the fluid

ingbrinethroughthe injectionlinesafter the packers pressuresinthetwozones increaseastheyequilibrate

are inflated. The fluidpressuresandtemperaturesin withthe formationpore pressureinthe vicinityof the
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borehole.Pressure-pulsetestingofthe typedescribed the shut-inpressurehasdissipated.After the desired

by Bredehoeft and Papadopulos (1980) is initiated pressuredecrease has been achieved, the valve is

after the rate of pressure increase in the test zone then closedto shut inthe zone. The volumeof fluid

decreasesandthe pressure-recoverycurveappears released from the vent line duringeach pulse with-

to be on an asymptotictrend (Figure 4-6). Pulse- drawalismeasuredandrecorded.Followingthepulse

withdrawalratherthan pulse-injectiontestsweregen- withdrawal,thereequilibrationof the zone'sfluidpres-

erally chosen for the Salado Formr,tion permeability sureandtheformationporepressureismonitoredwith

testing because: they do not force fluids into the theDAS. Afterthezone'sfluidpressurehasrecovered

formationthat maynotbe inchemicalequilibriumwith to approximatelyits pre-pulsevalue,the test isusually

the rock;they do notoverpressurizethe formation,a repeated (Figure4-6) to provideassurancethat the

procedurewhichcould potentiallyopen existingfrac- observedfluid-pressureresponses are reproducible

tures or create new fractures by hydrofracture;and and are representativeof formationresponses.After

they more closelyrepresentthe hydraulicconditions testing inthe testzone(andguardzone ifdesired),the

expected shortlyafter closure of the WIPP under- pressuresinboththeguardandtestzonesarevented

groundfacilitywhenbrinemaybeflowingfromthehost and the volumes of fluid produced during the

rocktowardsthe relativelyunderpressurizedrooms, depressuringare measuredbefore removingthe test

toolfromtheborehole. Forthelatertests,thepressure

Pulse-withdrawaltests are initiatedina testor guard was decreased in steps, measuring the volume re-

zone by openingthe zone's vent valve and allowing leasedduringeachstep,to providedata withwhichto

fluidto flowfromthe zone untilthe desiredfractionof estimatethe post-testingtest-zonecompressibility.
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Figure 4-6. Typical Permeability.Testing Sequence.
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5. TEST LOCATIONSAND BOREHOLES

Figure5-1 showsthe locationsof theboreholesdrilled A boreholelocationinthe waste-storagearea ($1 P71

for the undergroundpermeability-testingprogram, inRoom 7 of Waste Panel 1)was chosento provide

Boreholeswere drilledinthe experimentalarea, the hydraulicinformationfor thoseportionsof the Salado

operationsarea, and the waste-storagearea. Bore- Formationdirectlyaffectedbytheexcavationssched-

holelocationswerechosentoprovideaccessto differ- uled for waste storage (Figure 2-3). These areas

entSaladoFormationlithologies(Figure2-3), to inves- generallyhavebeenexposedto excavationeffects for

tigatewhether or not the ages of excavationsaffect less time than excavationsin the experimentaland

permeabilityin similarctratigraphicintervals,and to operationsareas.

providea representativedistributionof data from a

wide area of the underground facility. The testing In some instances,test toolsare repositionedafter

discussedinthis report was performedin boreholes the initial testing is completed to allow testing of

C2H01, C2H02, C2H03, N4P50, L4P51, SOP01,and different segments of holes. In other instances,

$1P71. holes are deepened and additional testing is per-

formedafter testingof the initialborehole configura-

Borehole locationsin the undergroundexperimental tion has been completed. In both cases, the first

area (C2H0x, N4P50, and L4P51) were chosen to testingsequence performed in a borehole is given

investigatethree aspectsof SaladoFormationhydrol- an "A" suffix, asinC2H01 -A, andsubsequenttesting

ogy. First, holesdrilled from Room C2, which was sequences are given "B," "C," etc. suffixes, as in

excavatedstratigraphicallyabovethe waste-disposal C2H01-B and C2H01-C. Note that only the "A"

horizon,wereusedto test thewaste-disposalhorizon testingfor boreholesL4P51 and$1 P71 is discussed

indownward-orientedboreholes. Second, boreholes herein; later testing in these holes was not com-

drilled from the stratigraphicallyhigher parts of the pleted by the data-cutoff deadline for this report

experimentalarea(Room C2)wereusedtotestMarker (February 1990).
Bed 139 underconditionswhere it lies about seven

metersbelowanexcavation.(Incontrast,Marker Bed Permeabilitytestswere notcompletedsuccessfullyin

139 isencounteredabouttwo metersbelowthe exca- ali boreholes drilled for the testing program. The

vations inthe operationsand waste-storageareas.) extremelyslow fluid-pressureresponse observed in

Third,testing inthe experimentalarea wasconducted boreholeC2H03 in RoomC2 was consideredunsuit-

inboreholesdrilledfromexcavationsbotholder(Room ableforthecontinuationof testingactivities.Borehole

C2, North 1420 Drift) and younger (Room L4) than N4P50, inthe North1420 Drift,hadto be abandoned

those inthe waste-storagearea. duringthe shut-inperiodthat normallyprecedestest-

ingbecause of constructionactivities.

A borehole location in the operationsarea (SOP01)

waschosento allowtestingof the stratainimmediate A compressed-airdrillingapparatuswas usedto drill

proximityto the waste-disposalhorizonfromanexca- the boreholesfor the permeability-testingprogramin

vation(South1300 Drift)olderthan thoseavailablein the floorsand ribs(walls)of the test rooms. Aliof the

thewaste-storagearea, aswellastoincreasetheareal boreholes were cored and/or drilled to a nominal

distributionof Saladohydraulicdata. 10.2-cm(4inch) diameter. Theboreholeswerecored
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whenpossibleto allowsamplerecovery.Whenvisible which was encounteredfrom 6.80 to 7.76 m. A

quantities of formation brine were encounteredin descriptionof the coresamplesrecoveredfrombore-

associationwith clay and/or anhydritelayers,brine holeC2H01 duringbothdrillingperiodsispresentedin

saturatedwithrespecttosodiumchloridewasusedas AppendixC.

the drillingfluidandconventional,non-coringdrillbits

were used. Fortestingof C2H01-C, C2H02, C2H03, BoreholeC2H02 wasdrilledto allowtestingof Marker

and L4P51,12.7-cm (5inch)I.D.,51-cm(20 inch)long, Bed139 beneaththerib(wall),ratherthanthe floor,of

steelboreholecollarsweregroutedto the formationin RoomC2. BoreholeC2H02 was drilledwestward,at

thetopsof theholes. The multipackertesttoolswere a downwardangleof45"fromthe horizontal,toa depth

then bolted to the collarsto help eliminatetest-tool ofl0.86mfromtheintersectionofthewestribandfloor

movementinresponsetopackerinflationandpressure of Room C2 (Figure5-2). The drilleddepth corre-

buildupinthe guardand test zones. Borehole collars spondsto a verticaldepthof 7.68 m belowthe floorof

were not used for earliertests C2H01-A, C2H01-B, theroom. BoreholeC2H02 was coredon Apri112,13,

N4P50, SOP01,or S1P71-A. and 17, 1989 (Calendar Days 102, 103, and 107).
MarkerBed139was encounteredfrom9.20 to10.68 m

Core sampleswere recovered from95 percentof the (Figure5-2). The sectionofthe holefrom10.3 mto the

drilledlengthsof the test boreholes. The lithologies, bottom-holedepth of 10.86 m was cored usingso-

fracturing,penetrationtimes,andoccurrencesof fluid dium-chloride-saturatedbrineto remove drillingcut-

were recorded on the core sample logs (see tingsbecauseformationbrinewas encounteredwhen

AppendixC, andSaulnieretal., 1991). The lithologies drillingthisinterval.A descriptionofthe coresamples

are referenced to the standardWIPP map unitslisted recovered from borehole C2H02 is presented in

inAppendix B. Descriptionsof the drillinglocations AppendixC.

and individualboreholes are presentedbelow.

BoreholeC2H03 was drilledto test a bed of relatively

5.1 Room C2 purehalitebetweenanhydrites"a"and"b" (Figure5-2).

Room C2 was excavatedin Marchand April1984 to Thehole wascoredhorizontally,2.1m abovethe floor,

nominaldimensionsof 5.5 m wide, 5.5 m high,and intothe west ribof Room C2 to a distanceof 9.14 m.

34.8 m long (Bechtel,1986). Figure5-2 showscross- Thedrillingwas performedon August22 and23, 1989

sectionandplansketchesoftheborehole arraydrilled (Calendar Days 234 and 235). A descriptionof the

forpermeabilitytestinginRoomC2. Boththeinitialand coresamplesrecoveredfromboreholeC2H03 ispre-

deepened configurationsfor borehole C2H01 are sentedinAppendix C.

shown. BoreholeC2H01 was drilledverticallydown-

ward to an initialdepth of 5.58 m below the floorof 5,2 North 1420 Drift

RoomC2onAugust4, 1988 (CalendarDay217). The The locationof borehole N4P50 in the North 1420

floorof Room C2 lieswithinmap unit7 (Figure2-2), Driftis showninFigure5-1. This portionof the North

andthe holebottomed in map unit 0. Thus, the hole 1420 Driftwas excavated in March 1983 to nominal

penetratedallofthe stratainwhichthewaste-disposal dimensionsof 6.1 m wide and 3.7 m high(Bechtel,

rooms are located(Figure2-3). The holewas deep- 1985). Borehole N4P50 was coredverticallydown-

ened to8.97 m onFebruary13and15,1989 (Calendar ward to a depth of 10.87 m below the floorof the drift

Days 44 and 46) to allowtestingof Marker Bed 139, (Figure5-3) on December15 and 16,1988 (Calendar
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Days 350 and 351). The borehole was drilled to 1985). BoreholeSOP01wasdrilledonJanuary11and

aliowtestingofanhydrite'c,'whichwasencountered 12, 1989 (Calendar Days 11 and 12) to investigate

from 10.13 to 10.24 m deep. A description of the MarkerBed 139 and the underlyinghalite,polyhalitic

core samples recovered from borehole N4P50 is harde,and c _ayD ina locationbetweentheexperimen-

presented in Appendix C. tal area and the waste-storagearea. The hole was

drilledverticallydownwardto a depthof 5.17 m below

5.3 Room L4 thefloorofthe drift(Figure5-5). Theholeencountered

Room L4 was excavated in February 1989 MarkerBed139 from1.80 to 2.76 m belowthe floorof

(Westinghouse,1990) andprovidedan opportunityto thedrift. Clay D wasencounteredatthe bottomofthe

ir,_all and test a boreholeshortly after a room had borehole, from 5.155 to 5.170 m (Figure 5-5). A

been excavated. The roomis nominally10.1 m wide, descriptionof the coresamplesrecoveredfrom bore-

3.7 m high,and 59.7 m long. Borehole L4P51 was hole SOP01is presented inAppendixC.

ddlied and cored verticallydownwardto a depth of

_,.75m below the floorof the room(Figure 5.4) from 5.5 Waste Panel 1, Room 7

October18to 19, 1989 (CalendarDays290 and291). Room 7 in Waste Panel 1 was excavated in March

The borehole wasdnlled to investigatethe properties 1988 to nominaldimensions of 10.1 m wide, 4.1 m

ofMarkerBed139andtheunderlyinghalite,polyhalitic high,and 91.4 m long (Westinghouse, 1989). Bore-

halite,and clay D. MarkerBed 139 (includingclay E) hole $1 P71 was drilledverticallydownward intothe

was encountered from 1.50 to 2.36 m belowthefloor floorof Room 7 (Figure5-6) on November 10, 1988

of the room,andclay Dwas encounteredfrom4.55 to (CalendarDay315) to a depthof 4.56 m. Thepurpose

4.57 m deep (Figure5-4). A descriptionof the core oftheholewasto allowtestingof MarkerBed 139and

samplesrecoveredfromboreholeL4P51 is presented underlyinghalite,polyhalitichalite, and clay D in the

inAppendixC. waste-storage area. Borehole $1P71 encountered

MarkerBed 139 and clay Efrom1.40 to 2.25 m below

5.4 South 1300 Drift the floor of Room 7 (Figure5-6). Clay D was encoun-

Figure5-1showstheIocationofboreholeSOP01inthe teredatthebottomoftheborehole. Adescriptionofthe

South 1300 Drift. This portionof the South 1300 Drift coresamplesrecoveredfromborehole$1 P71 during

was excavated in June and July 1984 to nominal ddllingis presented inAppendix C.

& dimensionsof 6.1 m wide and 3.7 m high (Bechtel, .
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6. INTERPRETATIONMETHODOLOGY

Interpretationof the permeability tests in the WIPP procedures and rationaleused for determining test-

undergroundfacilitywas performedwiththewell-test- zone compressibility. Section 6.6 discusses

simulationmodelGTFM(GraphIheoreticEieldModel; incorporationof the observed test- and guard-zone

Pickenset al., 1987). GTFM wasusedto simulatethe temperaturedata inthe simulations.

fluid-pressureresponsesobservedduringpermeabil-

itytestingoftheSaladoFormation.Differentcombina- 6.1 Well-Test-Simulation Model
tions of the most uncertain formation parameters, GTFM isa numericalmodelthatsimulatesthe hydrau-

hydraulicconductivityandpore pressure,wereusedin lic responseof a single-phase,one-dimensional,ra-

the simulations. Estimates of the actual values of dial-flowregimeto boundaryconditionsappliedat a

these parameters were determined by graphically borehole locatedat the center of the modeledflow

comparingthesimulatedand observedfluid-pressure system.The problemdomainisdiscretizedbydividing

responses.The parametercombinationsthat yielded the radial-flowsystemintoa seriesof concentricrings

the simulatedresponsesthat most closelymatched centeredonthe borehole,with each ringrepresented

the observed fluid-pressureresponseswere consid- by a node. A constant multiplicativefactor isusedto

ered to be representativeestimates of the actual increasethe spacingbetween nodes withincreasing

formationparameters.The simulationmodelwasalso distancefrom the origin(borehole). Forthe simula-

usedtoconductsensitivityanalysesofthe mostimpor- tionspresentedin thisreport, 250 radialnodeswere

tant model andformationparametersto quantifythe used. The model assumesthat the formationhas a

uncertaintiesof the formation-parameterestimates, constant thicknesswith verticallyhomogeneoushy-

draulicproperties.Formationsmaybesingleordouble

Thewell-test-interpretationmodelisdiscussedinSec- porosity,and may includea single radiallycentered

tion 6.1. Section6.2 summarizessomeof the salient heterogeneitytosimulatethepresenceofa"skin"zone

assumptionsunderlyingthe test interpretations.Sec- adjacent to the borehole. The skin zone may have

tion 6.3 discus,_esthe valuesof thetestedformations' propertiesdifferentfromthoseof the remainderof the

materialpropertiesthat were used inthe simulations formation.
and howthosevalueswere selected.

The GTFM modelcanbeusedwithassignedconditions

Theprimaryparametersusedbytheanalysismodelto of either fixed pressureor zero flow at the external

simulate the formation's fluid-pressureresponses boundaryof the model. Selection between the two

during pulse tests are the formation's hydraulic boundaryconditionsis madeon a test-specificbasis,

parameters,thetest-zone volume,and thetest-zone depending on whether or not the test data show

compressibility.The test-zonevolumeand test-zone boundaryeffects. If noboundaryeffectsare indicated

compressibilityare used to calculate the wellbore by the testdata, a fixed-pressureboundarycondition

boundaryconditions for the pulse-test simulations, is specifiedat a distancefrom the borehole such that

Section6.4presentsthe initialtest-zonevolumesused the type of boundary has no effect on the calculated

for each interpretedtest and the procedureused to fluid-pressureresponseintheborehole.Theadequacy

compensatethesimulationsforvariationsintest-zone of thespecifieddistanceisverifiedbyensuringthatthe

volume during testing. Section6.5 discusses the pressure in the portion of the simulated formation
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adjacent to the boundary does not change over the A completedescription of the methodology, appropri-

duration of the test-interpretation simulation. In cases ate boundary conditions, and governing equations of

where boundary effects are indicated, the type of, and the modelcan befound in Pickenset al. (1987). GTFM

distanceto,theboundaryareparametersselectedand was verified by comparing its results to analytical

fitted as part of the test interpretation, solutions for pulse tests, slug tests, constant-pressure

flow tests, and constant-flow-rate pumping tests

The model has wellbore boundary conditions which (Pickens et al., 1987). Application of GTFM to the

can be used to simulate pulse-injection/withdrawal simulation of pressure-pulsetesting in Iow-permeabil-

tests, specifiedborehole-pressureconditions,specified ityformations is described in Saulnier andAvis (1988).

formationflowrates,andslug-injection/withdrawaltests. Assumptions inherent in the formulation of GTFM and

The effects of consecutive tests are incorporated in the application of the model to the Salado permeability-

simulations. The modelcan also incorporatetest-zone testing program are described in Sectic_ 6.2 below.

pressurechangesresultingfromtemperature variations

in the test zone as well as test-equipment- and/or 6.2 Assumptions Used in Test
formation-inducedchanges in the test-zone volume. Analysis
The modeloutputconsistsof simulatedfluid-pressure The analysis of the Salado Formationpermeability

responses in the borehole and at selected radial tests assumeda one-dimensionalradial-flowregime

distances from the borehole. The model can also on the scale of testing. Forthe majorityof the tests

calculate formation flow-rate data and cumulative- discussedinthis report, the boreholeswere vertical,

productiondata based on the formation'sestimated andthereforeradialflow was the same as horizontal

hydraulicproperties, flow. Radialflowwas alsoassumedforthe analysisof
the tests inthe nonverticalholesC2H02 and C2H03.

For the interpretationspresentedin this report, the The implicationsof thisassumptionforthe nonvertical

individualtestingperiodsweresubdividedintodiscrete holesare discussedwith the relevanttest interpreta-

time intervals,called sequences. Sequenceswere tionsinSections7.1.4.1 (C2H02) and7.1.5.1 (C2H03).

differentiatedby the wellboreboundary conditionsin

effect duringthesetime periods. Historysequences The assumptionof one-dimensionalradial flow re-

were used to represent the test intervals' pretest quiresjustificationwith respectto the flow dimension

borehole-pressurehistoryduringthe open-borehole included(horizontal,orparallelto bedding)and tothe

period between drillingand initialshut-in of the test flowdimensionexcluded(vertical,or perpendicularto

zone, and alsoto representtime periodswhen non- bedding).Withrespecttothe horizontaldimension,an

ideal behavior characterized the fluid-pressurere- assumptionof radialflow impliesthat the formationis

sponses. During history sequences, the pressure homogeneousand isotropicin the horizontalplane

conditionsinthe isolatedtest intervalswere specified over the volumetested. Even though no medium is

directlyusingthe fluidpressuresrecordedbytheDAS. evertrulyhomogeneousor isotropicon a microscopic

Pulse sequenceswere used to simulate the fluid- scale, this is nevertheless a standard assumption

pressurebuildupsobserved after shuttinginthe test underlyingmostanalyticalmethodsforsingle-well-test

zonesandalsothe fluid-pressure-recoveryresponses analysis. The assumptionof horizontalhomogeneity

to individualpulse-injectionandpulse-withdrawaltests, meansthatthepermeabilityofthe volumebeingtested
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willnot change appreciably if the volumeis increased however,isprobably higherthan that of evaporites,in

or decreased slightly. The assumption of horizontal which case clays may still impart anisotropy to the
P

isotropy is acceptable in a horizontally anisotropic overall medium, at least onthe scale atwhich the clays

medium ifthe interpretedpermeability is recognized as form acontinuous interconnected layer. Giventhe lack

being an effective permeability (i.e., the square root of of quantitative information on anisotropy inevaporites,

the product of the minimum and maximum permeabil- the potentialeffects of vertical flow were excludedfrom

ity [Hantush, 1966]). the preliminary analyses presented in this report. In

general, ignoring potential vertical flow, which contrib-

With respect to a potential vertical flow direction, an utes to observed pressure-recovery rates, should re-

assumption of one-dimensional radialflow implies that suit inoverestimates of horizontal permeability. Sen-

vertical flow is either nonexistent or is of such low sitivity analyses will be performed at a later date to

magnitude that it has no appreciable effect on the evaluate the potential errors associated with this ex-

radial flow field. For either of these conditions to exist, clusion as a function of the magnitude of anisotropy.

the vertical permeabilities of the strata above and

below the test interval must be much less than the Another model assumption is that the hydraulic head

horizontal permeability within the test interval, to pre- in the test horizon is static (constant with time), and

vent (or minimize) vertical flow from above and below radially and longitudinally (parallel to the borehole

intothe test interval. Mostof the tests discussed in this axis) invariant before drilling begins. Preliminary evi-

report were performed over intervals with arbitrarily dencefroma limited number of holes indicates thatthe

defined tops and bottoms which did not coincide with pressures under the floor of a room are less than the

lithologic discontinuities but were instead defined by pressures under the ribs (walls). The resulting pres-

the physical dimensions of the test tools. Thus, the sure gradients may reflect dilatation of the rock be-

potential for vertical flow is limited solely by the anisot- neath rooms as a result of the excavation of the rooms

ropy in permeability of the host rock between the (see Section 7.3.1) or flow to the rooms. These

horizontal and vertical directions. Unfortunately, no gradients appear to persist over longer time scales

information is available on the presence or absence of than those of the permeability tests. Thus, the pres-

horizontal-to-verticalpermeabilityanisotropyinevapor- sure responsesto the permeability tests maybe super-

ites. In most sedimentary porous media, this type of imposed on a relatively static pressure field. In any

anisotropy is imparted to the rock by the stratification case, lacking reliable two-dimensional definition of the

of clastic material. For example, when tabular clay pressure distribution over timewithin a tested horizon,

minerals are oriented with their long axes parallel to our initial assumption in modeling will be that a single

bedding and their shortaxes perpendicularto bedding, constant pressure exists throughout a tested horizon

the resulting arrangement of overlapping plates tends when testing begins. As more data on pressure

to reduce permeability in the directionperpendicularto distributions become available, two-dimensional mod-

bedding (Freeze and Cherry, 1979). Whether or not a eling will be performed to evaluate the influence of this

similar mechanism is effective at producing anisotropy assumption on the test interpretations.

inevaporites is unclear, however, because the perme-

abUityof the evaporites may alreadybe as lowor lower Considering the proximity of excavations at atmo-

than the permeability of clays perpendicular to bed- spheric pressure to the test intervals, longitudinal

ding. The permeability of clays parallel to bedding, pressure gradients through the test intervals toward
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the excavationsshouldbe present. The fluidpres- 6.3.1 FORMATION POROSITY. A reviewofthe SNL

sures observed during testing, therefore, probably testing of samplesfrom the formationsat the WIPP
Q

representthe average pore pressures(heads) over site,as presentedinTouloukianetal. (1981), Powers

the entire tested intervals. Treating these average et al. (1978), Black et al. (1983), and Skokan et al.

pressuresasiftheywereuniformlydistributedoverthe (1989), indicatesthat a porosityof 0.01 is representa-

tested 1-to 2-mthicknessesis notexpectedto leadto tive of the Salado Formation halite and anhydrite

significanterrorsduringtest interpretation, interbeds. Porosities presented in the references

listed above range from 0.001 to 0.03. Although

Cther assumptionsspecific to the interpretationof fracturingand/ordiageneticchangesmayhavelocally

individualtestsarediscussedinSection 7.1underthe added secondaryporositytoanhydriteinterbedssuch

headingsof the individualtests, as Marker Bed 139, this added secondary porosity

probablydoes not alterthe range of porosities pre-

6.3 Material Properties Used in sentedabove.
Test Simulations

To simulate permeability tests using GTFM, a number 6.3.2 FORMATION ELASTICMODULI. Elasticmoduli

of material properties must be specified. These of thehaliteandanhydritelithologiestestedhavebeen

propertiesincludethe porosity, elastic moduli, and reportedbyWawersikandHannum(1980), Pfeifleand

permeability(hydraulicconductivitty)ofthelithology(ies)Senseny (1981), Teufel (1981), Gevantman (1981),

being tested; the compressibilityand densityof the "Krieg (1984), and Desai and Varadarajan (1987).

formationbrine;andthethermaloexpansioncoefficientThese moduli are summarized in Table 6-1. No

of the test-zonebrine. Porosity,elasticmoduli,and Salado-specificdata onthe elasticmoduliofclaystone

brinecompressibilityanddensityareusedtocalculate are available. The claystone moduli presented in

the specific storage of the formation. The thermal- Table 6-1 are reported by Pfeifle et al. (1983) for

expansioncoefficientisused toincorporatetheeffects mudstonesfromthe Palo Duro Basin inTexas. The

of variations intest-zonetemperatureson test-zone valuespresentedbyKrieg(1984) andthe averagesof

pressures, the values from Pfeifle et al. (1983) were taken as

base-casevalues,withtheothersourcesorindividual

Mostofthe valuesofthese materialpropertiescan be values providingthe rangesof values to be used in

reliablyestimatedto within an order of magnitudeor sensitivityanalyses(see Section7.2.4).

less. Permeabilityisthe mostuncertainof theparam-

etersand,therefore,permeabilityisusedasoneofthe 6.3.3 BRINECOMPRESSIBILITY. Thecompressibil-

primary fitting parametersduring the model simula, ity of brine depends on pressure,temperature,fluid

tions. Other, more certain, parameters are simply composition, and gas saturation. In general, fluid

specifiedas constants. The valuesused inthe simu- compressibility decreases with increased pressure

lationsfor the different materia_propertiesare pre- anddissolved-solidsconcentration,andincreaseswith

sentedbelow alongwithdiscussionsof the methods temperatureandthe amount of dissolvedgas.
usedto determineotto estimatethosevalues. Sensi-

tivity calculationsperformed to evaluate the signifi- Two brineswere used as the test-zone fluidfor the

cance of uncertaintiesinboththe specifiedand fitted testinginthe WIPP undergroundfacility. Brineforthe

parametersare presentedinSection 7.2. testing in C2H01-A, C2H01-B, and SIP71-A was
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obtained from RowlandTrucking of Carlsbad,who use Gas present in the Salado Formation is largely nitro-

Carlsbad city water to dissolve Salado halite to as gen, rather than methane (U.S. DOE, 1983). How-

close to saturation as possible. The total-dissolved- ever, Cygan (1991) showed that nitrogen solubility in

solids (TDS) concentration of this brine is approxi- brine is slightly Iower thanthatof methane. Therefore,

mately 320,000 rng/L (Data supplied by B&E, Inc., the effect of dissolved nitrogen on brine compressibil-

Carlsbad). The brine used in ali other test boreholes ity should be slightly less than the effect of dissolved

was supplied by the WIPP Brine Sampling and Evalu- methane. Based on these data, we estimate that the

ation Program (BSEP). Brine for testing in S0P01, amount of gas potentially in solution at the pressures

C2H01-C, C2H02, C2H03, and N4P50 was obtained observedduring the permeability tests might increase

from borehole DHP-402Ain Room 7, Waste Panel 1. the compressibility of the gas-brine solution by a

The brine used in testing in borehole L4P51-A was maximum of about ten percent.

obtained from boreholes drilled in the entryway of the

underground core library. The dissolved-solids con- After consideration of the foregoing information, a

centration of brine supplied by the BSEP was about single formation-fluid-compressibility value of 3.1 x

380,000 mg/L (Deal et al., 1989). 10-1°Pa-1was selected for use in ali test interpreta-

tions presented in this report. This value was consid-

Thecompressibili{y of saturated sodium-chloride bdne ered to be representative of actual in situ formation

with dissolved-solids concentrations approximately brine given the limited range of variability of the

equal to those collected under the BSEP was esti- density anddissolved-solids concentration of forma-

mated using Figure D.19 in Earlougher (1977), which tion brine and the lack of quantitative data regarding

plotsfluidcompressibilityversustemperatureforbrines solution-gas constituents.

containing 300,000 parts per million (ppm) NaCI dis-

solved in distilled water at various pressures and 6.3.4 FORMATION BRINE DENSITY. Salado

assuming no solution gas. Forthe limitedtemperature brine densities reported by the WIPP BSEP range

range of 26° to 29°C observed during the under- from 1.215to 1.224 kg/L (Deal et al., 1987). For this

ground-permeability-testing program at WIPP, thefor- study, formation brine density was approximated as

mation-brine compressibility can be assumed to be 1.22 kg/L.

essentially invariant and insensitive to temperature.

For the pressure ranges observedduring testing, fluid 6.3.5 ESTIMATION OF SPECIFIC STORAGE.

compressibilityat 27°C interpolatedfrom the curves Specificstorage is defined as the volumeof water

shownon the figure rangesfrom 2.75 x 101° Pa-1at released from storage by a unit volume of aquifer

9.8 MPa to 3.1 x 10-l° Pa-1at 2.5 MPa. becauseofexpansionofwaterand compressionofthe

aquiferundera unitdeclineinhydraulichead(Hantush,

ThefluidcompressibilityderivedfromEarlougher(1977) 1964). The expression for specific storage most

assumes brine with no dissolvedgas. Earlougher commonlyusedingroundwaterhydrologyisas given

(1977) further showsthatthe compressibilityof water by Domenico(1972):
saturated with methane at 25°C is about 5 to 12

percent higher over a pressure range from 2.5 to 9.8 Ss = pfg((z+ (l)8) (6-1)
MPa than that of the same water with nodissolved gas.
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where: Few data are availableon the bulk modulusof halite

Pt = fluiddensity solids,andthosedatathatareavailablearenotspecific

g - accelerationof gravity to Salado halite. Carmichael(1984) lists 15 values,

(x = verticalformationcompressibility rangingfrom22.8 to24.0 GPa, forthe bulkmodulusof

= formationporosity halitesolids.Thesevaluesareonlyslightlyhigherthan

8 = fluidcompressibility the valuesforthe drainedbulk modulus(K) of Salado

halitegiveninTable6-1 (15.0to21.7 GPa)oThus,ifthe

Implicit in this equation is an assumptionthat the data fromCarmichael(1984)are alsorepresentative

compressibilityof the rock solids is a negligible of Saladohalite, K/K, ;_0,and the specific storageof

component of the bulk formation compressibility SaladohaliteisprobablybetterrepresentedbyEq.6-2

comparedto the compressibilityof the pores. This thanby Eq. 6-1.

assumptionis validfor mostaquifer materials,which

have porositieson the orderof a few tens of percent UsingEq.6-1 andthebase-casemechanicalproperties

and low-compressibilitysolids. Thisassumptionmay ofhalitegiveninTable6-1,thespecificstorageofhalite

notbe validfor halite, however, witha porosityof one percentis about3.6 x 10.7m1.

Usingthe same parameter'_in Eq. 6-2, alongwith a

GreenandWang (1990)presenta rigorousexpression bulkmodulusofhalitesolids(K=)of23.4 GPa, produces

for specific storage that includesthe bulk modulus a specific-storageestimate of about 9.5 x 10-s m1.

(inverseof compressibility)of the rocksolids: Thus,the specific storagecalculatedusingEq. 6-2 is

abouta factoroffoursmallerthanthe specificstorage

[I-1 _ss/I1 4G(1-K/Ks)/ 1_I.K!3. 111 calculatedusingEq. 6-1.= 1- K+4G/3 KsSs Pig K- +

(6-2) Nodatawereavailableonthebulkmodulusofanhydrite

where: solids.Consequently,thespecif...... 3- ofanhydrite

pf = fluid density was evaluated using Eq. 6-1 and the base-case

g = accelerationof gravity mechanicalpropertiespresented in Table 6-1. The

K = drainedbulk modulusof rock specificstorage of anhydritewith a porosity of one

K, = unjacketedbulk modulusof rock(grainor percentis about 1.4 x 10z m4.

solidsmodulus)

G = drainedshear modulusof rock Palciauskas and Domenico (1989) note that pore

$ = porosity compressibilityaccountsfor 95 to 100 percentof the

Kt = bulkmodulusof fluid bulkcompressibilityofmudstoneandclay.Accordingly,

the specificstorageof claystonewas evaluatedusing

When the K, term in Eq. 6-2 ismuchgreater than the Eq.6-1 andthebase-caseelasticmodulipresentedin

Kterm (K/K = 0), Eq. 6-2 reducesto Eq. 6-1 (Green Table 6-1. The specific storage of claystonewith a

and Wang, 1990) with: porosityof 30 percentwas thereby calculatedto be

about2.8 x 10-6m-I.

c¢ = 1/(K + 4G/3) (6-3)
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In cases where the tested intervalincluded several andChilton,1973). Thesedata were usedtocalculate

lithologicalintervalshavingdifferentelasticmoduli,a thethermal-expansioncoefficientofwater for a range

length-weightedaveragewasusedforspecificstorage, of temperaturesand solutionconcentrations.Forthe

Table 6-2 liststhe estimatedspecific-storagevalues brinesused andthe rangeof temperaturesobserved

for the formationstested and shows the weighting during the brine-permeabilitytesting program, the

used to arriveat thoseestimates, coefficientof thermal expansion(CT)was estimatedto

be 4.6 x 10.4°C-1. This value of CTwas also used by

6.3.6 THERMAL-EXPANSION COEFFICIENT OF Nowak et al. (1988) in modelingbrine inflowto the

TEST-ZONE BRINE. The thermal-expansion WIPP undergroundfacility.
coefficientof the test-zonebrinewas estimatedfrom

data showingthedensityof purewaterasa functionof 6.4 Test-Zone Volume
temperature (Weast, 1983) and data showing the Accurateknowledgeof the volumeof fluidcontained

relationshipof sodium-chloridesolutiondensityas a withina test zone isimportantin the interpretationof

functionof saltconcentrationandtemperature(Perry permeability tests in packer-isolatedtest intervals.

Table 6-2

Specific Storage Values Used in Test Interpretations

LithologiesandLengths (cm)
Test-Zone Average

Test lD Length (cm) Halite Anhydrite Clay Specific Storage (ml) •

C2H01-A 349 349 0 0 9.5 x 10.8
C2H01-B 108 108 0 0 9.5 x 10.8
C21i01-B-GZ 110 110 0 0 9.5x 10.8
C2H01-C 234 138 96 0 1.4 x 10.7b
C2H02 139 51 88 0 1.4 x 10.7b
C2H03 138 138 0 0 9.5 x 10-8
L4P51-A 142 140 0 2 1.3 x 10.7
SOP01 143 142 0 1 1.1 x 10.7
SOP01GZ 105 15 90 0 1.4 x 10.7b
$1 P71-A 144 141 0 3 1.5 x 10.7

•Average specificstorage
bHalitesectionsignored
Average is length-weighted average based on lithology, except as noted:

Specific Storage
Lithology (m-1)

Halite 9.5 x 10.8
Anhydrite 1.4 x 10.7
Clay seams (claystone) 2.8 x 10-e
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Together with the test-zone compressibility ali testzones were consideredto be one cm longer,

(Section6.5),thetest-zonevolumecontrolstheamount and ali guard zones were consideredto be two cm

of fluidthat mustflow intoor out of the test zone to longer, than the lengths indicatedon the test-tool-

createa givenfluid-pressurechange. The techniques configurationdiagrams. Second, the slidingendof a

usedto estimatethe test-zonevolumeat the startof packerwasobservedto move5.7 cmduringinflation

eachtest and the changesin test-zonevolumesthat in slottedsteelcasing. On multipackertest tool #1,

occurreddudngthe tests are discussedbelow, usedfortheC2H01-A andC2H01-Btesting,thesliding

endofthetest-zonepackerisinthe testzone,whilethe

6.4.1 INITIAL TEST-ZONEVOLUME. The initialtest- slidingend of the guard-zone packer is on the side

zonevolume,V,z(0), referstothe volumeof fluidinthe away fromthe guard zone. Thus, the test zone for

testzonewhen the testzonewas isolatedat the start multipackertest tool #1 is about six cm longer after

ofthe initialfluid-pressurebuild-upperiodafterpacker packerinflation,whiletheguard-zonelengthdoes not

inflation.V=(0)plusz_Vtz(t), thevolume-compensation change. For multipackertest tools#2-5, used for ali
factordiscussedinSection6.4.2, areusedtocalculate othertesting,the slidingendofthe test-zonepackeris

V,z(t). Vtz(t)andtest-zonecompressibilityareused to in the guardzone. Thus, the guardzones for these
calculatethewellboreboundaryconditionappliedduring othertesttoolslengthenbyaboutsixcmduringpacker

the simulationof pulsetests, inflation,whilethetest-zonelengthsremainunchanged.

The test-zone volumeused for each simulationwas Initialborehole-radius values were calculated from

• estimatedby subtractingthe test-toolvolumefromthe the data derived from the radial LVDTs when the

volumeof the isolatedlengthof the borehole: boreholetest intervalswere firstshutin. (The initial
shut-invalues of the radialLVDTs were assumedto

V=(0) = Vho,.(0) - V,oo,(0) (6-4) reflectthe actualborehole radiusbecausetheywere

obtained before fluid-pressure buildup in the test

where: intervalscouldcompressthe O-rings of the LVDTs,

V=(0) = initialtest-zonevolume as described in Section D.2 of Appendix D). The

Vh=o(0) = initialboreholevolume radii calculated from the radiaI-LVDT data range

V_,o_(0) = initialtest-toolvolume from 5.119 to 5.225 cm, which are larger than the

5.08-cm nominal radiiof the core bitsused indrilling

Tocalculatean initialtest-zonevolume,thelengthand the testboreholes. The apparenten!argementof the

radiusof the testzone mustbe known. The test-tool- boreholesis probablydue to the impact of the drill

configurationdiagramspresentedinChapter5 indicate rods on the borehole walls after the core bits had

the lengthsof the test andguardzones after the test exposedthe relatively softevaporite minerals inthe

toolshave been installedinthe boreholes,but before boreholes. For the C2H01-A and C2H01-B tests,

thepackershavebeen inflated.Twocorrectionsmust wherenoradialLVDT datawere available,a borehole

be made to these lengthsto represent actual test radiusof 5.2 cm was used in ali calculations.

conditions. First,basedon a cast madeof the endof

a packer when it was inflated in steel casing, The test-tool volumes were estimated from data

approximatelyonecmattheendofthepackerelements obtainedbyimmersingmultipackertesttool#3 inwater

doesnotsealagainstthewallofthecasing.Accordingly, in a lengthof sealed and volumetricallycalibrated
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transparentcasing. The volumesof muWpackertest Fluid-pressurechanges in the test zone can cause:

tools#2, #4, and#5 wereestimatedusingthevolume- 1) changes in the volumes of the non-packer

displacementdata from multipackertest tool#3, and components of the test-tool; 2) borehole-radius

compensatingfor differentlengthsof the varioustool changes; and 3) test-zone volume changes due to

componentsof thedifferenttools, axialtest-toolmovement.The neteffectof thesethree

changes can be combinedto givethe totalchange in

Table 6-3 presentscalculatedboreholevolumes,test- test-zonevolume(AV=)as follows:
toolvolumes,andinitialtest-zonevolumesusedinthe

permeability-testsimulationspresented inthisreport. AV=(t) = AVt=_(t) + AV_(t) + AV,=(t) (6-5)
Thecalculatedboreholevolumes,and thereforetest-

zonevolumes,mustbeconsidereduncertainbecause where:

we haveassumedperfectlycylindricalholes withradii _V_(t) = test-tool-volumechangeattime t

exactly as indicated by the radial LVDTs. This z_V,,=(t)= borehole-radius-volumechange at

uncertaintyisunimportantbecausethe_of test= time t

zone volume and test-zone compressibility(which A V,=(t) = test-tool-volumechangedueto axial
includestest-zone volume in the denominator;see test-toolmovementat timet

Eq. 6-9)affectspressureresponsesinatest zone,and

the volumeterms cancel as the productis taken. AsdiscussedinSectionD-1 of AppendixD, thethree

termsof Eq. 6-5 can be expressedas:
6.4.2 COMPENSATION FOR CHANGES IN TEST-

ZONE VOLUME. Thevolumeof a testzonedoes not AV=_(t) = C,=_P(t) (6-6)

remain constant throughout a permeability-testing z_V,,=(t) = C,= P(t) (6-7)

sequence. Creep closureof a boreholecouldcause AV=,(t) = C,=[L,=(t)- L=,(0)] (6-8)
the test-zone volume todecrease. The radialLVDTs

onthe test toolswere designedto measureborehole where:

closuredirectly.Unfortunately,forthetests discussed C_ = test-toolvolumeconstant

in this report, the data from the radial LVDTs are C_ = borehole-radiusvolumeconstant

consideredunreliable(seeSectionD.2ofAppendix D). C= = axial test-tool-movement
The potential closure of a typical borehole was volumeconstant

calculatedand foundto havean insignificanteffecton P(t) = test-zone pressureat time t

test-zonevolume on the time scale of the tests (see L=,(0) = initialaxial LVDT measurement

SectionD.6of AppendixD). Accordingly,creepclosure L,=(t) = axialLVDT measurementat time t
was not included in the test-zone volume

compensationsusedforthetestsimulationspresented The volume constant C=, includesthe test-zoneand

in th_ report. As reliableradial-LVDT data become test-tool-specificconstants for borehole radius,test-

available for future tests, however, the measured zone-packer end-sub radius, and the radius of the

borehole-radiuschanges willbe incorporateddirectly axiaI-LVDT actuator rod. The borehole radius is

intothe test-zone-volumecompensations, assumedtobe constantfor thecalculationof C,.. The

minor changes in radius determined from Eq. D-9

Thevolumeofa testzonecarlalsochangeinresponse were determinedto have negligibleinfluenceon the

to changes in the fluid pressurewithinthe test zone. calculatedvolumechange AV.
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Eqs. 6-5 through6-8 were applied to the test-zone- between test-zone compressibility and interpreted

pressure and axiaI-LVDT data recorded during the hydraulic conductivity. Hsieh et al. (1983) also report

tests. Fortestswhereaxiat-LVDTdatawereunavailable test-zone compressibilities higher by a factor of five

or unreliable, the &V,=(t)term was not included. The than water compressibility and relate the higher

AVtz-Versus-timedata were then used to determine a compre_sibilities to test-tool compliance.
functional representation of the data which was

incorporated directly into the test-interpretation Six factors were identifiedthat could be contributing to

simulations. The methods used to incorporate these high test-zone compressibilities in the Salado

data inthe simulationsincludeboththe effect of test- permeability-testingprogram:

zone volume on the pulse-testboundarycondition,

and the effectof inducedflow ratesdueto changesin 1) non-packertest-tool-comD<_nentcompressibility-

test-zonevolumeversustime. The volumesofthe variousmetal componentsof

the test tool, specificallythe transducercarders,

mandrels,andtransducerand vent lines, vary in

6.5 Test-Zone Compressibility response to changesintest-zone fluid pressure.

Test-zone compressibilityis an important factor in

permeabilitytestingperformedundershut-inconditions2) boreholecornoressibility- The radiusof the bore-

because,giventhevolumeofatestzone,thetest-zone holevariesin responseto, ,_pliedtest-zonefluid

compressibilitygovemsthe amountof fluidthat must pressure.

flow into or out of the test zone to create a given

pressurechange. Inan idealsystem,characterizedby 3) axialtest-toolmovement- Thetesttooln'_ovesinto

apressure-invarianttest-zonevolumecompletelyfilled and out of the test boreholes in response to

witha homogeneousfluid,thetest-zonecompressibility appliedtest-zonefluidpressure. Themovementis

wouldbe equaltothatof the test-zonefluid.However, particularlynoticeableduring pulse withdrawals

the fluid-pressureresponsesobserved duringpulse andwas observedduringalitestsconductedwith

withdrawalsindicatethatthetest-zonecompressibilities test toolsequippedwith axialLVDTso

inthepermeability-testingprogramwereconsiderably

greaterthan thecompressibilityof thetest-zonebrine 4) test-zone-packerdeformation - Both long-term

alone, and short-termvariationsinthe test-zone-packer

inflationpressure were observed in ali of the

Neuzil (1982) observedtest-zonecompressibilitiesa permeabilitytests. Assumingthatthe packerand

factor of sixlarger than water compressibilityduring theassociatedpacker-inflationtubingformaclosed

pressure-pulsetestingofthePierreShale.Heevaluated systemand thatpressurechangesare not dueto

the possiblefactorsthat could be responsibleforthe fluid leakage,thenthechanges inpacker-inflation

apparently high test-zone compressibilities, and pressureimplya concomitantchangeinthe inter-

concludedthat test-toolcompliance andairentrapment nalvolumeof the packer system. The assumption

were probably most important. He also emphasized can then be made that the external volume of the

the importanceof measuring test-zone compressibility packer system is varying, which in turn implies a

rather than simply assuming that it would be equal to time-varying impact on the test-zone volume.

fluid compressibility, because of the proportionality
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5) entrapped/created_aasinthetest-zone- Gaswas respectto pressure. However,thebulkeffectofthese

observedduringthe ventingof the test zonesfor twofactors over specificpressureranges, as well as

someofthepulse-withdrawaltests. Fourpotential any other unaddressed factors, can be estimated

gassourceshavebeenidentified:airentrappedin usingthe compressibilityequationand data collected

the test zone during test-tool installation;gas when ventingthe testzonesto startpulse-withdrawal
createdas a resultof the reactionofthe metaltool tests.

componentswiththe test-zonebrine;gasexsolved

fromthe formationfluid;and gas createdthrough Zone-compressibilityvalues for some individualtest

anaerobicbacterialdegradationof hydrocarbons analyses were calculatedusing the brine volumes

that mightbe contaminatingthe test zone. removed from the test or guard zones during pulse

withdrawalsand the test- or guard-zonefluid pres-

Thetest-zonegas maybe eitherfullydissolvedin suresobserved immediatelybeforeand immediately

the test-zone fluid,exsolvingduring the sudden after the withdrawals. In the case of the tests in

pressuredropcausedbyzone venting,orthegas boreholeSOP01,volumesof gasthat were produced

may occuras a separate phase at testing pres- alongwithbrineduringthepulsewithdrawalswerenot

sures. A substantial increase intest-zonecom- measured, and were not, therefore, included in the

pressibilitywould be expected if the gas were test-zone-compressibilitycalculations. Volume com-

presentas a separatephase, pensationas descrbed inSection 6.4.2 was included

in these calculations. The test-zone compressibility

6) creedclosureof the borehole- Halite andargilla- wascalculatedusingthefollowingform oftheequation

ceoushaliteundergoplasticsteady-statecreepin for fluid compressibility:

underground openings (Krieg, 1984; Van

Sambeek,1987). Therefore, the potentialexists

1 V,,-V¢ (6-9)
for boreholevolumeto change due to creepclo- C= = V= (0) P_-Pf
sure of the boreholesduring permeabilitytesting.

AppendixD presentsa thoroughdiscussionof these where:

sixfactors,and,wherepossible,quantifiestheirpoten- C= = test-zone compressibility

tiaiimpactsontheobservedfluid-pressureresponses. V=(0) = initialtest-zonevolume

Ali of these factors except for the last one, creep V,, = volume of brinewithdrawn
V¢ = compensatedvolume

closure,couldhave a significantpotentialimpacton Pi = test-zone pressurebefore the pulse
test-zone compressibility.Creep closure occurstoo withdrawal

slowlyto affect test-zonecompressibility. Pf = test-zonepressureafter the pulsewithdrawal

The effects of the first three factors listed aboveare The compensatedvolumeterm inEq. 6-9 is required

incorporatedinthe modelsimulationsas discussedin toaccountforchangesinthetest-zonevolumecaused

Section 6.4.2. The impact of factors4) and 5), test- by the pressure change during the pulse. These

zone-packerdeformation and test-zone gas, are im- changeswouldnototherwisebe includedinthe simu-

possibletoquantifyseparatelyatthistime. Theeffects lationsbecause theactualpulse isa discontinuitythat

of both factors are expected to be nonlinearwith isnot simulated.Vofor eachpulsewithdrawal wasthe
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difference in test-zone volumes (VE(t)) immediately (Table 6-3). In addition, packer-inflation pressures

before and afterthe pulse, calculated using Eq. 6-5 as were more stable after implementing these proce-

described in Section 6.4.2. dures (Saulnier et al., 1991).

Equation 6-9 does not take into account variation in When more than one test-zone-compressibility value

test-zone compressibility as a function of pressure, was calculated for a sequence of tests, as in tests in

However, the equation canbe viewed as representing borehole $1P71-A, a log-average value of CEwas

theaverage test-zone compressibility over the particu- used in the interpretations. The calculated Ctzvalues

larpressure range used inthe calculation,which isalso used in the test interpretations do not incorporate

the pressure range of interest in the test interpreta- potentialnon-linearitiesandtime-varyingbehaviorthat

tions. Use of this equation to calculate test-zone may have occurred.

compressibility should not, therefore, result in signifi-

cant error in the test interpretations. The CE values 6.6 Thermal Effects
used in the test interpretations presented in this report Analysis of permeability tests in low-permeability me-

can be found in Table 6-3 along with the measured dia have shownthat the thermal expansion or contrac-

fluid volumes removed during pulse withdrawals, the tion of the test-zone fluid can produce significant fluid-

observed pressures, and the volume compensations pressure responses in isolated test zones (Pickens et

used. The calculated volume compensations were al., 1987). Changes in test-zone-fluid temperature

insignificant in the calculation of test-zone compress- must be included in test analysis to account for fluid-

ibilities, being less than 0.2% of the test-zone volume pressure changes due to the thermal expansion of the

inallcases. The calculatedtest-zone compressibilities test-zone fluid. GTFM accounts for the influence of

ranged from 7.01 x 101° Pa-1to 5.31 x 10.8 Pa-1,as test-zone temperature changes in test analyses. Ob-

compared to the compressibility of the test-zone fluid, served fluctuations in test-zone and packer-inflation

which was approximately 3.1 x 101° Pa1. These high pressureswere apparently due in part to the tempera-

values of test-zone compressibility reflect the impor- ture changes. Assuming that the in situ formation

tance of the factors that could not be independently temperature is constant, the source of the observed

quantified, packer deformation and test-zone gas. temperature variations appears to be changes in the

ambient airtemperature in the rooms anddrifts, which

As mentioned in Appendix D, a number of modifica- were communicated to the boreholes through the

tions have been made to the multipacker test tools, metallic cores of the test tools.

test-tool materials, and test-tool installation proce-

dures to help minimize the impact of packer deforma- Thermocouples were used to monitor test-zone and

tion and entrapped gas on test-zone compressibility, guard-zone temperatures during permeability testing.

Thetest-zone compressibilities calculated from pulse- The analysis model was used to create a functional

withdrawaltests inL4P51,whichwere performed after representation of the temperature-versus-time data,

modifyingtestproceduresandtest-toolmaterials,were which was then incorporated directly into the test-

one-half order of magnitude lower than those calcu- interpretation simulations as a wellbore flux equal to

lated from the pulse-withdrawal tests performed in the calculated fluid expansion or contraction.

other boreholes before these changes were enacted
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7. ESTIMATIONOF HYDRAULIC PROPERTIES

This chapter presents individual interpretations of the a portion of map unit 0 (argillaceous halite). Map unit

pressure-pulse tests conducted in the boreholes dis- 2 was not recognizable in C2H01.

cussed in Chapter 5. The interpretations given in

Section 7.1 include GTFM simulations of the tests and The C2H01-A testing consisted of a shut-in period

estimates of the hydraulic parameters of the tested followed by two pulse-injection tests. The fluid-pres-

intervals. Section 7.2 presents sensitivity analyses of sure responses to the pulse injections were so rapid

the interpretedresults and addresses the quantitative _hatthe test periodwas terminated earlier than normal

effects of hydraulic- and material-property uncertain- sothatthetesttoolcouldberemovedfromtheholeand

ties on the interpreted hydraulic parameters. Section tested for leaks. Leak testing revealed no problems

7.3 summarizes the overall uncertainties in the test with the tool and, therefore, the fluid-pressure re-

interpretations, sponses observed during testing are believed to be

representative of the formation tested. The fluid-

7.1 Individual Test Interpretations pressure datafrom thetest andguard zones during the

The tests performed in the individual boreholes are C2H01-A testing are shown in Figure 7-2.

discussed and interpreted below. The fluid-pressure

responses observed in the guard zones during the 7.1.1.1 Test Zone. As described in Saulnier

testinginthetestzonesarealsoexaminedtoseeifany et al. (1991), the C2H01-A testing period was pre-

conclusions can be drawn about the hydraulic proper- ceded by a 21-day period during which the borehole

ties of the guard-zone intervals. A summary of the was at or near atmospheric pressure. The multipacker

interpreted results is presented in Table 7-1. test tool was first installed immediately after drilling

with a length of 10.16-cm (4-inch) O.D. seamless pipe
7.1.1 C2H01-A. Borehole C2H01 was the first bore- fixedtothe end of the tool to reduce the fluid volume of

hole drilled for the Salado permeability-testing pro- the test zone. Because of a leak in the volume-

gram (see Section 5.1). AsdescribedinChapter3,the reduction device, no fluid-pressure buildup was ob-

C2H01-A testing was performed with the multipacker served in the test zone after the test zone was shut in.

test tool used in the waste-handling shaft, which has This pedod, which included attempts to increase the

neither radial nor axial LVDTs (see Figure 3-1). Fig- test- and guard-zone pressures by injection, was in-

ure 7-1 shows the configuration of the test tool in cluded in the test analysis as a specified-pressure

C2H01 for the C2H01-A testing, and indicates the borehole-history sequence.

lengths and stratigraphic locations of the guard and

test zones. The guard zone for the C2H01-A testing The multipacker test tool was removed from the hole

extended from about 0.50 to 1.64 m below the floor of and reinstalled without the volume-reduction device

Room C2 and included the lower part of map unit 7 on August 24, 1988 (Calendar Day 237). The test and

(argillaceous halite) and most of map unit 6 (halite). guard zones were shut inon August 25 (Calendar Day

The test zone extended from about 2.09 to 5.58 m 238), and testing began later that same day. The

below the floor of the room and included most of map testing consisted of two pulse-injection tests. The first

unit 5 (argillaceous halite), ali of map units 4 (argilla- test lasted about five days, and the second test lasted

ceous halite), 3 (halite), and 1 (polyhalitic halite), and about two days (Figure 7-2).
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Figure 7-1. Configuration of Multipacker Test Tool #1 in Borehole C2H01 for C2H01-A Testing.
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Figure 7-2. Test- and Guard-Zone Fluid-Pressure Data from C2H01-A Testing.

Figure 7-2 shows that the test-zone fluid pressure it is not considered to reflect the properties of the

respondedvery rapidly immediatelyafter the pulse formationoutsideof thehypothesizedskin.Therefore,

injectionswere shut in, recoveringfrom a significant thepost-pulseearly-timepressureresponsesobserved

fractionof each inducedpulse ina periodof minutes duringalitestingdiscussedinthisreportwere treated

whilethe remainderof the recovery occurredover a as periodsof specifiedpressure in the simulations.

periodof days. Thisearly-timeresponseistoorapidto Theeffectsofthistreatmenton interpretationof forma-

be representative of the true formation response, tion propertiesare discussedin Section7.1.2.1.

Similarrapid partialrecoveriesfrom pulse injections

and withdrawals have also been observed during Figure7-3 showsthebest-fit modelsimulationof the

compliancetesting in steel casing (Saulnier et al., C2H01-A pulse-injectiontests along with the ob-

1991) and during the other tests discussedin this servedfluid-pressuredata fromthe test zone. Com-

report. These rapidrecoveriesarethereforebelieved pared to ali othertests, much larger percentagesof

tobeprimarily relatedtotool-complianceeffects.Some the C2H01 -A post-pulse pressure responses had to

portionoftheearly-timeresponse mightalso reflectthe be included as specified-pressure history periods to

presence of a damaged zone, or skin, around the obtain anyreasonableagreementbetweenthesimu-

borehole with permeability and porosity increased lations and the observed data. Even so, the match

relative to that of the undamaged formation. This between the simulation and the observed data is not

damagecouldbecausedbydilationofthe rockaround as good as might be hoped, particularly forthe first

the borehole immediately after drilling. Whether the pulse test. Ali modifications made to the fitted

early-time response observed during testing is related parameters to improve the fit to the first pulse test,

to tool compliance, askinaroundtheborehole, orboth, however, had the effect of degrading the fit to the

5O



• • • • ! , • . • ! • • , • | • • • • | .... ! • • ,

3.5 - Simulation

Test C2H01-A, Room C2 History -
2.5 Test Zone 2.09 - 5.58 m, VerticallyDown Historyrt ArgillaceousHalite, Map Units0, 1,2, 3, 4, and 5

..-z i
cn 1.5

m K = 5.2x10 "12m/s(k=7x10 "19m2) - ..
L_

n Ss = 9.5x10 "8m "1
p* = 0.48 MPa

0.5 Ctz = 1.21x10 "gPa"1 _ _10

v ,,,,.-w_ .a.uF.--------v ---

History _ Simulation

-0.5 , n , , I , , , , I , , , . I i , , , n , , . , I ....
0 5 10 15 20 25 30

to-19_217.5,=_ Time Since Hole Cored (days)
TRI-6344-562-0

Figure 7-3. Best-Fit Model Simulation of the Test-Zone Fluid-Pressure Response Du_rlngC2H01-A
Testing.

second pulsetest. The specified parameters for the The well-test-analysis model was used to examine

simulation were a formation thickness of 3.49 m, a the radius of influence of the C2H01-A testing.

specific storage of 9.5 x 10-s m1, and a test-zone Figure 7-4 shows the simulated pressure response

compressibility of 1.21 x 10.9 Pa-1. The test-zone at different radial distances from the borehole

compressibility value used was determined during throughout the entire C2H01-A testing period. The

the C2H01-B testing (see Section 7.1.2.1) because longest duration, highest magnitude response was

no data were provided by the C2H01-A testing that caused by the initial 21-day period during which the

would allow calculation of that parameter. The fitted hole was depressurized. The simulated effects of

parameters for the simulation shown in Figure 7-3 this depressurization had propagated to a distance

were a hydraulic conductivity of 5.2 x 10-12m/s of more than 15 m from the hole by the end of the

(permeability of 7 x 1019 m2) and a formation pore monitoring period. Theeffectsoftheindividualpulse

pressure of 0.48 MPa. Additional simulations show- tests can be seen to a distance of about 6 m from the

ing the sensitivity of the best-fit model to slight hole. That is, the slopes of the pressure curves out

changes in hydraulic conductivity, formation pore to 6-m distance change visibly after each pressure

pressure, specific storage, and test-zone compress- pulse in the test zone. In the case of the 6-m

ibility, as well as to the presence or absence of test- pressure curve, these changes in slope occur about

zone-volume compensations, are presented in Sec- one day after the pulses.
tion 7.2.
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Figure 7-4. Simulated Formation Pore Pressures at Selected Radial Distances from the Test Zone
During C2H01-A Testing.

Duringthe C2H01-B tests, whichfollowedthe C2H01- obtained. The simulationmatches the observed data

A tests, mostof the C2H01-Atest zone was contained nobetterthan did the simulation usingthefull test-zone

ineitherthe C2H01-B guard zoneortest zone. Exclud- thickness (Figure 7-3). The specified parameters for

ing the interval covered by the C2H01-B test-zone the simulation were a formation thickness of 0.83 m, a

packer, onlytheportionoftheC2H01-Atestzonefrom specific storage of 9.5 x 10"8m-1,and a test-zone

2.09 to 2.92 m below the floor of Room C2 was not compressibility of 1.21 x 10.9Pa1. The fitted param-

included in eitherthe C2H01-B guard ortest zone. The eters were a hydraulic conductivity of 2.0 x 10"" nYs

responses observed in the C2H01-B test and guard (permeability of 3 x 1018 ms) and a formation pore

zones during testing were qualitatively different from pressure of 0.50 MPa. Using these properties, the

the responses observed during the C2H01-A testing, radius of influence of the entire testing period was

with lower interpreted hydraulic conductivities and about 35 m, while the effects of each pulse could be

higher interpreted formation porepressures (see Sec- observedto a distance of about 10mfmmthe borehole

tion7.1.2). The behaviorobservedduring theC2H01-A (Figure 7-6).

testing may, therefore, largely reflect the hydraulic

properhesof only the upper 0.83 m (or less) of the test In summary, the interpretation of the C2H01-A tests

zone. is uncertain. The portion of the test zone that

actually contributed to the observed responses can-

TheC2H01-Atestswereresimulatedassumingatest- not be determined, and none of the simulations

zone thickness of 0.83 m. Figure7-5 shows the match matched the observed data satisfactorily. However,

between the observed data and the best simulation later testing in both borehole C2H01 and other
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Figure 7-5. Best-Fit Model Simulation of the Test-Zone Fluid-Pressure Response During C2HO1-A
Testing, Assuming a Simulation Thickness of 0.83 m.
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Figure 7-6. Simulated Formation Pore Pressures at Selected Radial Distances from the Test Zone
During C2H01-A Testing, Assuming a Simulation Thickness of 0.83 m.

53



holes, discussed below, has provided additional a pulse injectionto increasethe test-zonepressureand

insight into the C2H01-A test responses. Further bdngitclosertotheforrnationporet_ressure,andtwo pulse-

discussion of the C2H01-A tests is deferred, there- withdrawaltests in thetest zo._ (Figure7-8). Interpreta-

fore, to Section 7.3.1. tionsofthetestsperforTnedinthetestzone,aswellasofthe

fluid-pressureresponsesobservedinthe guardzone,are

7.1.1.2 Guard Zone. No pressure buildup discussedbelow.

was observed intheguard zone during the C2H01-A

testing (Figure 7-2). The guard zone may have been 7.1.2.1 Test Zone. The multipacker te,_ttool

connected to the atmospheric pressure in Room C2 was reinstalled in borehole C2H01 on September 1,

through fractures in the rock near the excavation. 1988(CalendarDay245)fortheC2H01-Btesting. The

Borns and Stormont (1988) report the development of test and guard zones were shut in the next day. The

a disturbed rock zone (DRZ) within one to two meters fluid-pressure buildup in the test zone was monitored

of the WIPP excavations. This DRZ is characterized until September 28 (Calendar Day272). The test zone

by fracturing and an increase in permeability (see for the C2H01-B testing was subjected to the entire

Section 7.3.1). Considering that Room C2 was more borehole-pressure history leading up to and including

than four years old at the time of the C2H01-A testing, the C2H01-A testing. Therefore, the fluid-pressure

some fracturing in the floor was to be expected, data collected by the DAS from the time the hole was

drilled until the end of the C2H01-B buildup period

7.1.2 C2H01..B. After the C2H01-A testing was wereusedtospecifythetest-zonepressureduringthe

completed, the multipacker test tool was removed period preceding the pulse tests.

from the hole, tested for leaks, and reinstalled at a

greater depth in the hole for the C2H01-B testing. Figure 7-8 shows that the fluid-pressure buildup

The configuration of the test tool in the borehole for after shut in for the C2H01-B testing on Calendar

the C2H01-B testing is shown in Figure 7-7. The test Day 246 was not characteristic of a typical shut-in

zone extended from 4.50 to 5.58 m below the floor of buildup as shown on Figure 4-6. The ideal buildup

Room C2, and was contained entirely within map response shown on Figure 4-6 is representative of

unit 0 (argillaceous halite). The guard zone ex- anincompressibletestintervalcontainingaconstant-

tended from 2.92 to 4.02 m below the floor of the compressibility fluid recovering from an episode of

room, and included ali of map units 3 (halite) and 1 depressurization. The slope of the buildup curve

(polyhalitic halite), and portions of map units 4 (argil- continually decreases as the pressure differential

laceoushalite) and 0 (argillaceous halite). Thus, the between the test interval and the surrounding

test and guard zones for the C2H01-B testing iso- formation decreases. In contrast, Figure 7-8 shows

lated different portions of what had been the test a buildup curve whose slope increases with time.

zone for the C2H01-A testing (compare Figures 7-1 This type of response could be caused by a test-

and 7-7). zone compressibility that decreased with increasing

pressure. As long as the test-zone compressibility

Figure 7-8 is a plot of the test- and guard-zone fluid- was decreasing faster than the pressure differential

pressuredatacollectedby the DAS during theC2H01-A between the test interval and the surrounding

andC2H01-B monitoringperiods. The C2H01-Btesting formation, the slope of the pressure-buildup curve

sequenceconsistedofaninitialbuildupperiod,followedby could increase. As discussed in Section 6.5, the
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C2HO1-B BOREHOLE: C2HO1

TEST-TOOL CONFIGURATION TOOL: #1
DATE: 09/01/88
DEPTH OF HOLE: 5.575 m.
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--.,---- 3 665 X X
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×
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Figure 7-7. Configuration of Multipacker Test Tool #1 in Borehole 02H01 for C2H01-B Testing.
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Figure 7-8. Test- and Guard-Zone Fluid-Pressure Data from C2H01-B Testing.

combination of test-tool compliance, packer absence of test-zone-volume compensations, are

deformation,and/orgas inthe testzone couldcause presented in Section 7.2.

thecompressibilityofthetestzoneto havea nonlinear

dependence on pressure. Figure 7-8 shows that the t_. *-zone fluid pressure

responded very rapidly immedia, '_ _.fferthe pulse

Figure7-9 showsthebest-fitmodel simulationof the injection and two pulse withdrawalswe,,. '-'_t in,

C2H01 -B testing period compared to the observed recoveringfroma signircantfractionof eachinduced

fluid-pressuredata. As noted on the figure,the time pulseina periodof minuteswhiletheremainderofthe

fromthe drillingof thetestzone to the pulseinjection recoverytookweek_;.AsdiscussedinSection7.1.1.1,

was included as specified-pressure history. The theseeady-timeresponsesarebelievedtobeprimarily

specified parameters used in the simulationof the relatedto tool-complianceeffects. Thus, a portionof

pulse-iniectionandtwo pulse-withdrawaltestswere the early-timeresponseobservedduringtestingwas

a formationthicknessof 1.08 m, a specificstorage treated as a specified-pressure history in the

of 9.5 x 10+ m-1,and a test-zone compressibilityof simulations.Figures7-10 through7-12 showthedata

1.21 x 10-_ Pa-'. The fitted parameters were a fromthe three C2H01-B pulsetestswith simulations

hydraulicconductivityof3.9 x 10-1"rrVs(permeability performed includingand no¢includingan early-time

of 5 x 10-21nF) and a formation pore pressure of specified-pressure history, using the hydraulic

3.15 MPa. Additionalsimulationsshowingthe sen- parametersdefinedforthebest-fitsimulationshownin

sitivity of the best-fit model to slight changes in Figure 7-9. In ali cases, the sirr,ulat=or,includingan

hyd ity ........rauiicconductiv , lot cfiaiioi i Wr u p, =_u, =, c=,,d ., .... _=:^._..... v,;=.+..,., +;tc ,ho .-,_rnnl,=to a_=t=_CI, I I_ Ot,,._---_lllGU-_,*el GO_._li,Jl _h,_i II,,,.I'LV, 3 ,,L.,._ t,.._,_ ,i,.*v,, • _ ........

- specific storage, as well as to the presence or set better than the simulationwith no history. The
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Figure 7-9. Best-Fit Model Simulation of the Test-Zone Fluid-Pressure Response During C2H01-B
Testing.
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Figure 7-10. Best-Fit Model Simulation of Pulse-Injection#1 During C2H01-B Testing SIx)wing the
Effectofan InitlalFluld-PressureHlstoryPeriod.
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Figure 7-11. Best-Fit Model Simulation of Pulse-Withdrawal #1 During C2H01-B Testing Showing
the Effect of an Initial Fluid-Pressure History Period.
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simulation lacking anearly specified-pressure history Figure 7-14 shows the best-fit model simulation of the

invariably shows an early-time recovery less rapid C2H01-B guard-zone response compared to the ob-

than that actually observed, in keeping with the time servedfluid-pressure data. As notedon the figure, the

scales of actual formation responses. Significantly, time from the drilling of the guard zone to the first pulse

however, the pairs ofsimulations become increasingly withdrawal in the test zone was included as specified-

similar with time, showing the overriding influence of pressure history. Brief specified-pressure history seg-

the formation-parameter estimates on the late-time merits were also used at the start of each pulse

pressure behavior. Thus, questions about the exact recovery. Because the pressure pulses in the guard

delineation of the period that should appropriately be zone were created by tool responses to pressure

included as history are moot. changes inthe test zone,the pressurebuildupsfollow-

ing the pulses were probably also caused, in part, by

The well-test-analysis model was used to examine tool compliance. Specifically, recovery to the pre-

the radius of influence of the C2H01-B testing, pulsepressurecouldbedueentirelytotoolcompliance

Figure 7-13 shows the simulated formation-fluid if the test-zone pressure were recovering to its pre-

pressures at different radial distances from the bore- pulse value over the same time period. Increases in

hole throughout the entire C2H01-B testing period, the guard-zone pressure beyond the pre-pulse pres-

The longest duration, highest magnitude response sure, particularly if the test-zone pressure was still

was caused by the initial 55-day period during which below its pre-pulse value, must reflect formation re-

the hole was either completely depressurized or at sponse. Thus, the response observed in the guard

relatively low pressure (< 1 MPa). The effects of this zone during the first'_ulse test" shown on Figure 7-14

depressurization had propagated to a distance of probably includes a greater component of formation

about 6 m from the hole by the end of the monitoring response than does the response during the second

period. The effects of the individual pulse tests can "pulse test." This conclusion appears to be borne out

be seen to a distance of about 2 m from the hole. bythesimulationshownonFigure7-14,whichmatches

That is, the slopes of the simulated pressure curves the observed data well during the first pulse test, but

out to 2-m distance change visibly after each pres- falls below the observed data during the second pulse

sure pulse in the test zone. In the case of the 2-m test.

pressure curve, these changes in slope occur 10 to

15 days after the pulses. The specified parameters used to create the simula-

tion of the two pulse-withdrawal tests shown on Fig-

7.1.2.2 GuardZone. Although no testing was ure 7-14 were a formation thickness of 1.10 m, a

specifically performed in the guard zone during the specific storage of 9.5 x 10.8m1, and a guard-zone

C2H01-B testing, tool compliance transmitted a por- compressibility. Lacking any independent estimate of

tion of each test-zone pulse to the guard zone (Fig- the guard-zone compressibility, the calculated com-e.
ure 7-8). The two pulse withdrawals in the test zone, pressibility of the test zone (1.21 x 10.9Pa1) was also

in particular, produced responses in the guard zone used to approximate the guard-zone compressibility.

that could be used to estimate formation hydraulic The fitted parameters were a hydraulic conductivity of

parameters. 1.4 x 101_ rn/s (permeability of 2 x 1021 rrF) and a
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Figure 7-13. Simulated Formation Pore Pressures at Selected Radial Distances from the Test Zone
During C2H01-B Testing.
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Figure 7-14. Best-Fit Model Simulation of the Guard-Zone Fluid-Pressure Response During
C2H01-B Testing.
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formation pore pressure of 4.12 MPa. Additional deepened to allow testingof Marker Bed 139 in a

simulationsshowingthesensitivityofthebest-fitmodel locationwhere thisunitwasdeeper than1to 2 m below

to slightchanges in hydraulicconductivity,formation anexcavation.Figure7-16 showstheconfigurationof

pore pressure,andspecificstorage,as wellas to the thetesttoolinC2H01 duringtheC2H01-C testing,and

presenceorabsenceof guard-zone-volumecompen- indicatesthe lengthsandstratigraphiclocationsofthe

sations,are presentedin Section7.2. guardand testzones. The testzone includedMarker

Bed 139 and halite and polyhalitichalite above and

The radiusof influenceof the C2H01-B guard-zone below the marker bed, whilethe guardzone included

'lesting"wasinvestigatedbyusingthemodeltocalcu- argillaceoushalite of map unit 0.

latepressurehistoriesatdifferentradialdistancesfrom

theborehole.Figure7-15 showsthatdepressurization Figure7-17 is a plotofthe test- andguard-zonefluid-

effectsextendedto a distanceof about4 m duringthe pressuredatacollectedduringthe testingperiod.The

testing period. The effectsof theindividualpulsetests testing sequence consisted of an initial pressure-

can beseento a distanceof about 1 mfromthe hole. buildupperiod and two pulse-withdrawaltests inthe

testzone. TheC2H01-C testingperiodwaspreceded

7.1.3 C2H01-C. C2H01-C isthe designationapplied byan initial5-day buildupperiod as shown on Figure

to the testing in the deepened segmentof borehole 7-17. The multipackertesttoolwas removedfromthe

C2H01. BoreholeC2H01 wasdeepenedfrom5.58 to holeafterthisshortbuildupperiodandreconfiguredto

8.97 m belowthe floorof RoomC2 onFebruary10 and shortenthe lengthof the test zone. On February24,

11, 1989 (Calendar Days 41 and42). The hole was 1989 (Calendar Day 55), the test zonewas shutin to
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Figure 7-15. Simulated Formation Pore Pressures at Selected Radial Distances from the Guard
Zone During C2H01-B Testing.
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C2H01 -C BOREHOLE' C2H01
TEST-TOOL CONFIGURATION TEST TOOL: #,.5

DATE: 02,/2,3/89
DEPTH OF HOLE: 8.966 m.
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Figure 7-16. Configuration of Multipacker Test Tool #5 in Borehole C2H01 for C2H01-C Testing.
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Figure 7-17. Test- and Guard-Zone Fluid-Pressure Data from C2H01-C Testing.

startthe secondbuildupperiod,which continued until observedfluid-pressuredata fromthe testzone. The

the test-zone-fluidpressurereached relativestability data fromthe time of penetrationof the centerof the

at 7.65 MPa in mid-March1989. testzone bydrillingto the firstpulsewithdrawalwere

includedas specified-pressurehistory,as were the

7.1.3.1 Test Zone. The pressure-buildup data collected duringthe first minutes followingthe

period in C2H01-C produced a non-characteristic pulsewithdrawals.The specifiedparametersusedto

buildupcurve(FigureT-17)similartothatdescribedfor simulate the two pulse-withdrawal tests were a

the C2H01-B testzone inSection7.1.2.1. The same formationthicknessof 0.96 m (correspondingonlyto

factorsthat could have led to a pressure-dependent the Marker Bed 139 portion of the test interval), a

comDressibilityin that case might also have been specificstorage of 1.4 x 10.7 m1, and a test-zone

operative inthiscase. The test-zonecompressibilities compressibilityof3.02 x 10.9Pa1. Thefittedparameters

calculated for the two C2H01-C pulse withdrawals, were a hydraulic conductivity of 7.0 x 1012 m/s

2.50 x 10.9 and 3.64 x 10.9 PaI (Table 6-3), are, (permeability of 1 x 10la m2) and a formation pore

however, higher than the test-zone compressibility pressure of 8.05 MPa. Additional simulations showing

calculated for C2H01-B, perhaps indicating a greater the sensitivity of the best-fit model to slight changes in

amount of gas in the C2H01-C test zone. A one- hydraulicconductivity,formationporepressure,specific

second burst of gas from the test-zone vent line was in storage, and test-zone compressibility, as well as to

fact observed duringthe second C2H01-C pulsewith- the presence or absence of test-zone-volume

drawal (Saulnier et al., 1991). compensations, are presented in Section 7.2.

Figure 7-18 shows the best-fit model simulation of the The well-test-analysis model was used to examine

C2H01-C pulse-withdrawal tests along with the the radius of influence of the C2H01-C testing.
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Figure 7-18. Best-Fit Model Simulation of the Test-Zone Fluid-Pressure Response During C2H01-C
Testing.

Figure 7-19 shows the simulated formation-fluid over the full 96-cm thicknessof Marker Bed 139. In

pressuresat differentradialdistancesfromthe bore- addition,the radiusof influenceof thetestswouldbe

hole throughoutthe entire C2H01-C testingperiod, greaterthan isindicatedbyFigure7-19, because the

The longestduration, highest magnituderesponse fractureswould have less storagecapacity than the

was caused by the initial open-hole and buildup full thicknessused inthe simulations.

periods. The simulatedeffects ofthisdepressuriza-

tion hadpropagatedto adistance ofabout 35 mfrom 7.1.3.2 Guard Zone. The guard zone

the hole by the end of the monitoringperiod. The duringthe C2H01-C testingincludedvery nearlythe

effects of the individualpulsetests can be seen as same stratigraphicinterval as the test zone during

minorchanges in the slopesof the pressurecurves the C2H01-B testing (compare Figures 7-7 and

to a distanceof about 5 m fromthe hole. Inthe case 7-16). Thus, we expected to observe a buildupin

of the 5-m pressure curve, these changes in slope pressure towards the 3.35 MPa indicated by the

occur a few days after the pulses. C2H01-B test interpretationas the formation pore

pressure for that interval. A very slow increase in

This analysis assumes that Marker Bed 139 be- pressurewas observed between the time the guard

haves hydraulically as a porous, rather than frac- zone was shut in on February 24, 1989 (Calendar

tured, medium. Borns(1985) reportedthat Marker Day 55) and late March (approximately Calendar

Bed 139 istypicallyfractured, if Marker Bed 139 is Day 90), afterwhichtime the pressure rose consido
infact fractured at boreholeC2H01, and ifbrineflow erably more rapidly(Figure 7-17). The reasonsfor

is confinedto the fractures, then the hydrauliccon- the originallyslow rateof pressure buildupand later

ductivityof the fractures mustbe greater than 7.0 x increase are unknown. Failureto achieve complete

1012m/s,which istheaverage hydraulicconductivity shut in until approximatelyCalendar Day 90 could
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Figure 7-19. Simulated Formation Pore Pressures at Selected Radial Distances from the Test Zone
During C2H01-C Testing.

accountfor the observed response,but how or why was abortedafter the valves on the zone vent lines

thiscouldhave occurredis unknown. At the endof were accidentallyopened,a pulseinjectionto acceler-

the monitoringperiod,the guard-zonepressurewas ate theequilibrationbetweentheboreholeandforma-

2.22 MPa and increasing, tion pore pressures,and two pulse-withdrawaltests

(Figure7-21). Followingthesecondsuccessfulpulse-

7.1.4 C2H02. Borehole C2H02 was drilled at a withdrawal test, the pressure in the test zone was

downwardangleof 45"to allowtestingof MarkerBed decreasedduringa gas-samplingexercise.A second

139 beneath the west rib of Room C2 (Figure 5-2). gas samplewas collectedsixdays later, afterwhich

Figure7-20 showsthe configurationof thetest toolin monitoringwas discontinued(Saulnieret al., 1991).

C2H02, and indicatesthe lengths and stratigraphic Interpretationsof thetestsperformedinthe testzone,

locationsof the guardand testzones. The testzone as wellasofthe fluid-pressureresponsesobserved in

includedalibutthe upper27 cm of MarkerBed 139, as the guardzone, are discussedbelow.

wellas 18cm oftheunderlyinghalite.Theguardzone

includedthe lowerpart of map unit0 (halite)and the 7.1A.1 Test Zone. The model used in the

upper part of the polyhalitic halite overlyingMarker analysisof the pulse-withdrawaltests assumesradial

Bed 139. flow in the horizontalplane as describedin Sections

6.1 and 6.2. Cincoetal. (1975) showedthat standard

Figure7-21 isa plotof the test- andguard-zonefluid- radial-flowsolutiontechniquescould beappliedtothe

pressuredatacollectedbythe DASduringthemonitor- interpretationof tests performed in slantedwells by

ingperiod.The testingsequenceconsistedofan initial consideringthe vertical,ratherthan slanted,penetra-

buildupperiod,followedbya pulse-withdrawaltestthat tion distanceof the well as the productionthickness.
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Figure 7-21. Test- and Guard-Zone Fluid-Pressure Data from C2H02 Testing.

Because C2H02 was drilledat a downwardangle of compressibilityofbrine.Thetest-zonecompressibilities

45" and included most of the essentiallyhorizontal calculatedfromthe data collectedduringthe second

Marker Bed 139 inthe test zone, tests ofthis interval andthirdpulsewithdrawalswere 1.05 x 10.8and9.28

wereanalyzedusingan idealizedtest-zonegeometry, x10.9Pa1,respectively(Table6-3). Thebrineproduced

Flowfrom Marker Bed 139 to the boreholewas as- duringthe pulsewithdrawalsdegassed visiblyinthe

sumedto be horizontalonly, and the test zone was collectionvessel. At the conclusionof the C2H02

modeled as a verticalcylindricalboreholewith a cir- testing,samplesof the gas from the test zone were

cumferenceequivalentto thatofthe ellipseformedby collectedand analyzed. Asreportedin Saulnieret al.

the intersectionof the 45"boreholeandthehorizontal (1991), thegas wasdeterminedto be 91% hydrogen,

marker bed, and with a heightequal to the vertical 6.5%nitrogen,andminoramountsofoxygen,methane,

thicknessof that portionof the marker bedcontained argon,andcarbondioxide.Thealuminumcomponents

withinthe test interval(Figure7-22). The test-interval of the test tool were foundto be severelycorroded

volumewas maintainedat itsactualvaluebyaddingan when the tool was removed from the hole. The

appropriate"deadvolume"to the test-intervalvolume hydrogengas was apparently generated duringthe

calculatedby the model from the specifiedidealized corrosionof the tool.

dimensions.This proceduralstepsatisfiesthe model

test-interval-compressibility boundary condition. Figure 7-23 showsthebest-fit modelsimulationofthe

C2H02 pulse-withdrawaltests assumingporous, rather

Duringeachpulsewithdrawal, morefluidwas removed than fracture, flow. The observed fluid-pressure data

from the test zone to produce a given pressure reduc- from the test zone are also presented on the figure.

tion than the amount predicted based on the The data from the time of penetration of the centerof
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Figure 7-22. Schematic Illustration of the Actual and Idea.zed Test-Zone Geometry Used for the
Analysis of the C2H02 Tests.
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Figure 7-23. Best-Fit Model Simulation of the Test-Zone Fluid-Pressure Response During C2H02
Testing.
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the test zone by drillingthrough the first minutes tubingfrom the controlpanelto the guard zone was

followingthepulseinjectionwereincludedasspecified, replacedon May 17 (CalendarDay 137),buttheguard

pressurehistory,aswere thedata collectedduringthe zonestilldidnotpressurizeas expected. On June22

first minutes followingeach pulse withdrawal. The (CalendarDay 173), the guardzonewas vented and

specified parameters used to simulate the last two theguard-zonepackerwasdeflated. Brinewascircu-

pulse-withdrawaltestswere a formationthicknessof latedthroughtheguard-zonevent and injectionlines,

0.86 m (correspondingtothe verticalthicknessofonly and the packerwas reinflated. Afterthe guardzone

the markerbed portionof the test interval),a specific was shut inon June23 (Calendar Day 174), a typical

storageofl.4xl0Tm_,andatest-zonecompressibility pressurebuildupwas observed. An increase inthe

of 9.87 x 10.9 Pa1. The fitted parameters were a guard-zone-packerpressureon August 3 (Calendar

hydraulicconductivityof5.7 x 10_3m/s(permeabilityof Day 215)causeda slightincrease inthefluidpressure

8 x 10_ m=)anda formationporepressureof9.30 MPa. inthe guardzone, and the pulsewithdrawalfromthe

Additionalsimulationsshowingthe sensitivityof the testzoneonAugust18(CalendarDay230)causedthe

best-fitmodeltoslightchangesinhydraulicconductivity, guard-zonepressuretodecreaseslightly.Three days

formationpore pressure, specificstorage, and test- later,the test- and guard-zone ventvalves of the test

zone compressibility,as well as to the presence or toolwere inadvertentlyopenedduringpreparationsfor

absence of test-zone-volume compensations, are thedrillingofboreholeC2H03, causingtheguard-zone

presentedin Section7.2. pressureto decrease. Afterthe valves were closed,

theguard-zonepressurebeganto riseagain,butat a

Thewell-test-analysismodelwas used.toexaminethe lowerratethanthat observedafterthe June23 shut-in.

radiusof influenceoftheC2H02 testing,againassum- The guard-zonefluidpressurecontinuedto riseat a

ing porous flow. Figure 7-24 shows the simulated relativelyconstant rateforthe remainderof the moni-

pressuresat differentradialdistancesfrom the bore- toringperiod.

holethroughouttheentiretestingpedod. The longest

duration,highestmagnituderesponsewascausedby The relativelyconstant rate at which the guard-zone

the initialopen-holeand buildupperiods. The simu- fluid pressure increased between August 22, 1989

latedeffectsof thisdepressurizationhad propagated (Calendar Day 234) and December 12, 1989 (Calen-

to a distanceof about20 m fromthe holebythe endof dar Day 346) is anomalous(Figure7-21). A steadily

the monitoringperiod. The effects of the individual decreasingrateof pressurerise,suchasthatobserved

pulsetestscanbeseenasminorchangesintheslopes aftertheshut-inon June23 (CalendarDay 174), isthe

ofthepressurecurvestoadistanceofatleast5mfrom expected responsefollowinga shut-in(Figure 4-6).

the hole. Inthe caseofthe 5-m pressurecurve,these Sometype of equipment ;ailure,perhaps a leakfrom

changesinslopeoccura fewdaysafter thepulses. As the guard-zonepacker (Figure D-8), may have been

discussedwith respect to the testingof Marker Bed responsiblefortheobservedbehavior.Noquantitative

139 inC2H01-C (Section7.1.3.1), the radiusof influ- interpretationcan be made from the fluid-pressure

ence of the C2H02 tests woulo be greater if flow responsesobserved in the guard zone during the

throughMarker Bed 139 is confinedto fractures. C2H02 testing. The formationpore pressureof the

guard-zone interval,however,mustbe greaterthan 3

7.1.4.2 Guard Zone. After firstbeingshutin MPa, the highestpressureobservedduringthernoni-

on April24, 1989 (CalendarDay 114), theguardzone toringperiod.

failed to pressurizeas expected (Figure7-21). The
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Figure 7-24. Simulated Formatio_- Pore,.Pressures at Selected Radial Distances from the Test Zone
During C_H02 Testing.

7.1.5 C2H03. BoreholeC2H03 is a horizontalbore- The elevationhead between the hole and the trans-

holedrilled2.1 m abovethefloorof RoomC2between ducers was calculated to be only about 0.01 MPa,

anhydrttes"a" and "b" on August 22 and 23, 1989 however. The differencebetweenthe observedand

(CalendarDays234 and235). Figure7-25 showsthe calcuiatedvalues probably reflects the difficultyin

configurationofthe test tool inC2H03 as installedon achievingaccuratetransducerreadingsnearthe lower

AuG_JSt24 and25, 1989 (CalendarDays236and237). limitof a transducer'srange rather than actualpres-

The testzone inC2H03 extended from7.76 to 9.14 m suresor pressuredifferences. As the intervalswere

fromthe ribof theroom,whiletheguardzoneextended shutin, thetest-andguard-zonepressuresincreased

from5.90 to 6.92 m. C2H03 wasdrilledentirelyinmap to0.067 and0.101 MPa, respectively,asthefluidinthe

unit 9, which consists of pure halitewith only trace zoneswascompressedslightly.Aftershutin,the test-

quantitiesof clay andpolyhalite (AppendixC). and gu_'d-zone pressures were monitored for 30

days. "ine zones' fluid pressures decreased slightly

F@ure7-26 is a plot of the test- and guard-zone fluid- during the shut-in period. Because of the lack of any

pressure data collected by the DAS during the 30-day pressure buildup during the shut-in period, testing was

monitoring period following the shut in of the test and ended and the test tool was removed from C2H03 on

guard zones on August 29, 1989 (Calendar Day 241). September 29, 1989 (Calendar Day 272).

Before the test andguard zoneswere shut in,their fluid

pressures were 0.054 and 0.056 MPa, respectively. 7.1.5.1 Test Zone. Asshownon Figure7-26,

These vaiiJeS were i-,3,t...... "_"- _"..... i......... thQ {h,;,.I pr.-.c_,,r,_ _ th_ (_.91-1_'_,t_._ ;,one. did not

- the hole was higl-_r than the transducers, which were increase during the 30-day shut-in period, but instead

rnountedoutsidethe hoteon the instrurne_tationtrailer, decreased by about 0.01 MPa. Testingof multipacker
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Figure7-25. Conflg=Irationof MultipackerTestTool#5 for PermeabilityTestingin BoreholeC2H03.
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Figure 7-26. Test- and Guard-Zone Fluid-Pressure Data from C2H03 Testing.

test tool #5 before and after the C2H03 testing re- a muchlongermonitoringperiodandperhapsa differ-

vealeclnoproblemsthatcouldhavecausedthetoolto ent type of testingwouldbe requiredto establishthe

failto holdpressureduringthe testing. Therefore,the completeabsenceof pern'|eability.The secondpossi-

observedbehavior is thoughtto be representativeof bilitycanbeevaluated,at leastqualitatively,byconsid-

the formationresponseto the testingconditions, eringthe pressureresponsesthatwouldbeexpected

to occurgivena rangeof permeability(hydrauliccon-

Forthe shut-inpressureto decrease,a combinationof ductivity)values.

events would have to occur. First, the test-zone

volumewould have to increase slightly. This could Before simulationscan be performedshowingwhat

occur in response to packer readjustmentor hole the formationresponsemightbe givendifferentvalues

elongation. Second, littleor noinflowfromthe forma- of hydraulicconductivity,a value for test-zonecom-

tionwould also be required,implyingvery lowforma- pressibilitymustbe specified. No pulsewithdrawals

tionpermeability. Two possibleconditionscouldex- were performedinC2H03 that would have provided

plaina lackofinflowtotheborehole.First,therelatively data withwhichto evaluatetest-zonecompressibility,

pure halite of map unit 9 may not have continuous so a value must be estimated. Air may have been

interconnectedporositythatwouldleadto permeabil- entrapped in C2H03 duringtest-tool installationbe-

ity. Second,mapunit9 mayhavecontinuousintercon- cause of the hole's orientation. Different procedures

nected porosity,but the permeabilitymay be so low were followedto installthe test tool inthe horizontal

thatno observablepressureresponsecouldoccuron C2H03 boreholethanthose used indownward-angled

the time scale of the monitoring period. The first holes.Thetoolwasinstalledintheemptyboreholeand

possibilitycannotbeevaluatedwiththeavailabledata; the guard-zonepacker was inflated. The hole was
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then evacuatedwith a vacuumpump, after which the the absence of excavation-relateddepressurization.

holewasfilledwithbrineandthetest-zonepackerwas Presumably,ifthe permeabilityof map unit9 isso low

inflated. Brinewasthen circulatedthroughthe guard as to preclude any observable pressure response

and testzones usingthe vent and transducerlinesto duringthe C2H03 testing,thenthat same lowperme-

try to remove residualtrapped air. Recent testingin ability shouldhave preventedsignificantdepressur-

transparentLexan casing has shownthese proce- izationat the test-zonedepthfrom the excavationof

dures to be inadequate in removingentrapped air. Room C2. Specificstoragefor the simulationswas

After followingthese procedures,approximatelyone assumedtobe9.5 x 10-8m-1,The simulationsassume

percentof the test-zonevolumeandthree percentof radial flowto the borehole,which in the case of the

the guard-zone volumemay stillbe occupied byair. horizontalboreholeC2H03, may be a questionable

The presence of this amount of air wouldmake the assumption.Giventhe lackof anobservedpressure-

compressibilityof the test zone considerablyhigher buildupresponse, however, use of a more complex

thanthatofbrinealone. The actualvalueof test-zone model designed specifically for tests in horizontal

compressibilityfor the C2H03 testing,however,can- holesappearsunwarrantedat this time.
notbe evaluatedwiththe availabledata.

Figure7-27 showstheresultsofthese simulations.At

Anupperboundon the compressibility of thetest zone a hydraulicconductivity< 10_4m/s, lessthan0.01 MPa

can be approximated by considering thecompressibil- pressure buildup would have occurred during the

ity of an ideal gas. The compressibility of an ideal gas monitoring period. At a hydraulic conductivity of 10-13

is given by the inverse of the absolute pressure of the m/s, a few hundredths of an MPa pressure increase

gas (Craft and Hawkins, 1959). At the start of the shut- would have been observed, while at a hydraulic con-

in period, the test-zone pressure in C2H03 was 0.067 ductivity of 10-_2m/s, the pressure would have in-

MPa (0.167 MPa absolute pressure). The theoretical creased by a few tenths of an MPa. If the test-zone

maximum compressibility of the test zone, therefore, compressibility was less than the value assumed for

was6.0x 10-6Pa_. Thisvaluewasusedtoevaluatethe these simulations, then the simulations shown in Fig-

fluid-pressure responses that might have been ob- ure 7-27 would be representative of proportionally

served during the C2H03 testing given a range of lower hydraulic conductivities. Considering that no

hydraulic-conductivity values, pressure buildup at ali was observed, we might con-

clude that the hydraulic conductivity of the relatively

A suite of simulationswas performed showing the pure halite aroundC2H03 is lessthan 1014rn/s. This

responses that would have been expected during the may be a conservatively high upper bound on the

C2H03 testing, given the test-zone compressibility hydraulic conductivity around C2H03, considedngthe

presented above and a range of hydraulicconductivity responses observed during testing of the C2H01-B

values and other formation parameters. These simu- guard zone, which had an interpreted hydraulic con-

lations were obtained by assuming that the formation ductivity of 1.4 x 10-14m/s (Figure 7-14).

pore pressure was 11 MPa. This pressure was se-

lected because it is approximately the highest pres- Finley (personal communication) has attempted to

sure yet observed during this testing pregram and measure brine inflow to 10-cre-diameter holes drilled

may, if the Salado is truly a porous medium with horizontally into map unit 9 from Room D (see Figure

continuously _ntufuul._u_t_--u-'p,,.,,vo,,y,:...........,,,_,oo_,,,' ,h,_,,,,..,_:-t,_._t'_,e,'..... _=..rn_._n_.ofi..r_period___ of more than three

pressure to be expected at the WIPP facility horizon in years, no observable brine inflow to the holes hasbeen
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Figure 7-27. Simulated Test-Zone Fluid-Pressure Response in Borehole C2H03 Using a Formation
Pore Pressure of 11 MPa, a Test-Zone Compressibility of 6 x 106 Pa-1,and Varying
Hydraulic Conductivity.

detected,providingfurther indicationof small or non- evaluation of the test-zone response presented in

existentpermeabilityinthe purehalite of map unit9. Section7.1.5.1 appliesequallywell to theguard-zone

response.

The simulationsdiscussedaboveare highlyspecula-

tive and are only presentedin an attemptto give an 7.1.6 N4P50. BoreholeN4P50 wasdrilledintheNorth

upperbound onthe hydraulicconductivityofrelatively 1420 drift in December 1988. One test tool was

pure halite,based on an underlyingassumptionthat installedinDecember, butwas removed18 dayslater

map unit9 hassomepermeabilityandpore pressure, because of suspectedproblemswith electricalcon-

When similar hydraulicbehavior is encountered in nections.A second test toolwas installedonJanuary

futuretestholes,additionaltestingwillbeperformedto 6, 1989, andthetest and guardzoneswereshutinon

try to address questions about the presence or ab- January12, 1989. The test zone forboth installations

senceofporepressureandpermeabilitymore directly, includedanhydrite"c"andclay B (Figure7-28). The
second tool had to be removed from the hole on

7.1.5.2 Guard Zone. Figure7-26 showsthat February 6, 1989 because of construction activity

the fluid pressure in the guard zone of C2H03 de- nearby. Dueto the lengthof the constructionperiod,

creased from0.101 MPa to 0.092 MPa duringthe first boreholeN4P50 was laterabandoned.

15 daysof the shut-inperiod,and was thenstablefor

the next15 days. The absenceof a buildupresponse Figure 7-29 shows the fluid-pressurebuildupsob-

precludes any quantitative evaluation of formation servedinthetestandguardzones inN4P50. The test-

hydraulicproperties. The discussionand qualitative zone data give onlyan indicationof a relativelyrapid
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Figure 7-28. Configuration of Multipacker Test Tools #3 and #4 for Permeability Testing in
Borehole N4P50.
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Figure 7-29. Test- and Guard-Zone Fluid-Pressure Data from N4P50 Testing.

fluid-pressurebuildupfollowingshut-in; no pressure two pulse-withdrawaltests. A constant-pressureflow

stabilizationwas achieved. The guard-zone data test was conducted in the guard zone beginning

show a slowerrate of"pressure rise. No pulsetests March 1,1990 (1989 CalendarDay425). Thattestwill

were conducted in N4P50. The availablefluid-pres- be discussedand interpretedin a subsequentreport.

suredata are not sufficientto allowquantitativeinter- Interpretationsofthepulse-withdrawaltestsinthetest

pretationof formationparameters, zone, and discussionof the fluidpressuresobserved
in the guard zone dudngthosetests, are presented

7.1.7 L4P51-A. BoreholeL4P51 wasdrilledver,ically below.

downwardintothefloorof Room L4 in October1989

(Section5.3). Becausetheholewas laterdeepenedto 7.1.7.1 Test Zone. The initial pressure

allow testing of anhydrite"c,"the testingperformed buildup in L4P51-A produced a non-characteristic

with the originalhole configurationis given an "A" buildupcurve (Figure7-31)similarto thosedescribed

suffix. The test-tool configurationfor the L4P51-A for the C2H01-B, C2H,01-C,and C2H02 test zonesin

testing allowedmonitoringof Marker Bed 139 inthe Sections 7.1.2.1, 7.1.3.1, and 7.1.4.1. The same

guardzone, and underlyinghalite, polyhalitichalite, factorsthat could have causedthe compressibilityof

and clay D inthe testzone (Figure7-30). the test zone to be dependenton pressure inthose
casesmightalsohavebeenoperativeinthiscase,with

Figure 7-31 showsa plot of the fluid-pressuredata theexceptionthataliofthealuminumtest-toolcompo-

from the test and guard zones collectedduring the nentsused duringearliertestinghad been replaced

L4P51-A testing. The testing sequence in the test with stainlesssteel components for the L4P51-A

zoneconsistedof an initialbuildupperiodfollowedby testing, thereby eliminatingthe pcte,ntial for gas
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Figure 7-30. Configuration of Multipacker Test Tool #3 in Borehole L4P51 for L4P51-A Testing.

ii



generation through aluminum corrosion. The test- The apparent depletion response observed during the

zone compressibilities calculated for the two pulse L4P51-A testing is puzzling. No reason is known for

withdrawals, 7.01 x 10-_°and 7.31 x 101° Pa_ (Table 6- permeability to disappear over a distance of a few

3),are onlyslightly higherthan the estimatedcompress- meters. Therefore, other factors in addition to a zero-

ibilityof thetest-zone brine,3.1 x 101°Pa-1.Nofree gas flow boundary that could cause an apparent depletion

was observed during the pulse withdrawals, although response during hydraulic testing should also be con-

the brine withdrawn degassed visibly in the collection sidered.

vessel (Saulnier et al., 1991).

The rocksurrounding the WIPP excavations should be

DuringtheL4P51-Atesting, eachsuccessivepressure continually losing pressure to the excavations. In

buildup appeared to be trending towards a lower addition, open boreholes throughout the WIPPunder-

pressure than the previous buildup (Figure7-31). This ground facility should be causing depressurization of

pattern of response is typically observed duringdeple- ali strata they penetrate. Depressurization from either

tion of a finite reservoir. Therefore, a zero-flow condi- of these sources could, at least locally, be observable

tion was used for the external boundary of the model on the time scale of our testing. A continuous depres-

for the L4P51-A simulations. The distance to this surization superimposed on the formation response to

boundary was one of the parameters fitted during test the testing couldhaveproduced a composite response

interpretation, similar to that observed.

Figure 7-32 shows the best-fit model simulation of the In this particular case, the test zone was less than one

L4P51-A pulse-withdrawal tests along with the ob- meter below Marker Bed 139. The guard-zone-pres-

served fluid-pressure data from the test zone. The sure monitoring during the L4P51-A testing showed

data from the time of penetration of the center of the that the pressure in Marker Bed 139 was only 0.2 to

test zone by drilling to the first pulse withdrawal were 0.3 MPa (Figure 7-31). Thus, a significant pressure

included as specified-pressure history, as were the gradient was present between the test zone and

data collected during the first minutes following each MarkerBed 139. Flowfromtheintervalspannedbythe

pulse withdrawal. The specified parameters used to test zone to Marker Bed 139 could have resulted in a

simulate the two pulse-withdrawal tests were a forma- loss of pressure from the test-zone interval. If this

tion thickness of 1.42 m, a specific storage of 1.3 x 10 process were in fact operative, however, we would

7 m._,and a test-zone compressibility of 7.16 x 101° expect to see a continual decline in the test-zone

Pa1. The fitted parameters were a hydraulic conduc- pressure with time as the depressurization continued.

tivity of 4.5 x 10-_4m/s (permeability of 6 x 10-21rn2),a Continued monitoring of the test-zone pressure for a

formation pore pressure of 2.75 MPa, and a distance periodof three monthsduring testing in the guard zone

to the zero-flow boundary of 2.0 m. Additional simula- showed littleor no net depressurization (Figure7-31).

tions showing the sensitivity of the best-fit model to After recovering from the second pulse-withdrawal

slight changes in hydraulic conductivity, formation test to a peak pressure of 2.24 MPa, the test-zone

pore pressure, specific storage, test-zone com- pressure did decline slightly, to 2.18 MPa, over a

presssibility, and distance to the zero-flow boundary, period of approximately 40 days. However, the simu-

as well as to the presence or absence of test-zone- lation indicates that the pressure decreased from

volume and temperature compensations, are present- 2.75 MPa when the borehole was first drilled to
ed in Section 7.2.
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Figure 7-31. Test- and Guard-Zone Fluid-Pressure Data from L4P51-A Testing.
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2.24 MPa about 130 days later, when the pressure of lower (or nonexistent) permeability is correct, we

peaked following the second pulse withdrawal. If this should be able to obtain at least temporary pressure

depressurization hadcontinued linearly for the next 40 stabilization at successively higher levels by perform-

days, the pressure would have dropped to about ing a series of pulse injections on the interval. This

2.08 MPa, not2.18 MPa. Moreover, overthefollowing procedure will be attempted at the next opportunity.

60 days, the test-zone pressure did notdrop at all, but

rose to approximately 2.21 MPa. Continuous loss of The rise in the test-zone fluid pressure observed over

pressure from thetest-zone interval to Marker Bed 139 the last 50 to 60 days of monitoring could have been

does not, therefore, appear to be a plausible explana- caused by either or both of two factors. First, the

tion for the pressure depletion observed during the pressure rise could have been caused by borehole

L4P51-A testing, closure compressing the fluid in the test zone. Prob-

lems with O-ring compression (see Section D.2 of

The nearest open borehole to L4P51 is N4P50, 20 m Appendix D) rendered the radial LVDT data from

away (Figure 5-1). The potential for depressurization L4P51-A unreliable in evaluating borehole d'eforma-

of a test interval by leakage into a hole 20 m away tionearly in thetestingperiod, but thelate-timeclosure
should be much less than the potential for leakage into indicated by the LVDTs (Figure D-2) is believed to be

a relatively underpressurized stratum only one meter at least qualitatively reliable. Second, the fluid pres-

above the test interval. Leakage into N4P50 should sure could have increased due to slow recharge of the

also have resulted in a continuing depressurization at depleted volume of rock from surrounding lower per-

L4P51,which was notobserved. Thus, depressuriza- meability material.

tion by leakage into borehole N4P50 also does not

appear to be a plausible explanation for the apparent 7.1.7.2 Guard Zone. The guardzone during

pressuredepletionofthe L4P51-A test interval, the L4P51-AtestingincludedMarkerBed 139, clay E,
and a few centimeters of halite above and below

If no external pressure sink caused the pressure (Figure 7-30). After the guard zone was shut in on

depletion, the cause may lie in the rock itself. The October 27, 1989 (Calendar Day 300), the fluid pres-

apparent zero-permeability boundary could be ex- sure stabilized quickly at about 0.28 MPa. The guard-

plained if most of the brine in communication with the zone pressure decreased slowly during the testing in

hole was contained within discontinuous clay string- the test zone, reaching about 0.20 MPa on March 1,

ers. The brine in these stringers could be depleted 1990 (1989 Calendar Day 425). On that date, a

relatively rapidly, and recharged slowly (if at all) by constant-pressure flow test was initiated in the guard

brine contained within halite or by brine contained zone. That test will be discussed and interpreted in a

w,,nin other clay stringers with low-permeability con- subsequent report.

nections to those depleted. Alternatively, stress

changes around a borehole could create a ring of Fluidpressures of up to 10 MPa have been observed

increased permeability, surrounded by lower p,erme- inMarker Bed 139at other locations where the marker
ability material. In this case, the high-permeability ring bed is farther removed from the excavations than in

could depressurize faster than the surrounding mate- RoomL4(boreholes C2H01 andC2H02, and Peterson

rial could recharge it. If the basic concept of a finite et ai. [1987]). The low observed pressure in L4P51 of

inner permeableregionsurroundedbyanouterregion only 0.28 MPa and subsequent decrease may be
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relatedto a general and on-going depressurizationof end of testing. Thus, as was the case in C2H02

Marker Bed 139 under the room, possibly through (Section 7.1.4.1), hydrogen gas was probably gener-

fracturesdevelopingin the DRZ aroundthe room. ated as the corrosionoccurred.

7.1.8 SOP01. BoreholeSOP01was drilled vertically Figure7-35 showsthe best-fitmodelsimulationof the

downwardinthe floorof theSouth1300 ddft. Figure7- SOP01test response. Onlythe data fromthe time of

33 showsthe configurationof the test tool in SOP01 drillingto the initialshut-innine dayslater, as wellas

andindicatesthelengthsandstratigraphiclocationsof thedata collectedduringthe firstminutesfollowingthe

theguardandtestzones. Thetestzoneincludedhalite pulsewithdrawals,were includedas specified-pres-

and polyhalitichaliteunderlyingMarkerBed 139and surehistory.Because the initialbuildupoccurredata

clayD. At thislocation,clay Disapproximatelyonecm continuallydecreasingrate similarto the idealbehav-

thick(Al:)pendixC). Theguardzoneincludedallbutthe ior shown on Figure 4-6, both the buildupand the

upper few centimetersof MarkerBed 139, and a few recovedesfromthepulsewithdrawalsweresimulated.

centimetersof the underlyinghalite. The simulationmatches the observeddata from the

initialbuildupperiod and fromthe second pulse-with-

Figure7-34 isa plotof the test- andguard-zonefluid- drawaltest reasonablyweil,but deviatesfromthe first

pressuredatacollectedbytheDASduringthernonitor- pulse-withdrawaltest data. During the first pulse-

ing period. The testing sequence in the test zone withdrawaltest, a typicaldecreasing-slopecurvature

consisted of an initial buildup period f_:iowed by two wasobservedforapproximatelythefirst29daysofthe

pulse-withdrawal tests. Following *;,e second pulse- test, followed by a relatively abrupt increase in slope.

withdrawal test, the pressure ir, the test-zone was The reason for this change in behavior is unknown.

decreased during a gas-sampling exercise (Saulnier Little weight was given, therefore, to the match be-

et al., 1991). Monitoring wasterminated 11 days later, tween the data and the simulation of the first pulse-

A pulse-withdrawal test was also attempted in the withdrawal test when determining the best-fit param-

guard zone. Interpretations of the tests performed in eters.

SOP01are presented below.

The specified parameters for the simulation were a

7.1.8.1 Test Zone. During both SOP01pulse formation thickness of 1.43 m, a specific storage of

withdrawals, unknown quantities of gas were pro- 1.1 x 10.7 m-1,and a test-zone compressibility of

duced along with brine. Test-zone compressibilities 1.70 x 104 Pa1. The fitted parameters were a

were calculated only on the basis of the volumes of hydraulic conductivity of 6.1 x 1014m/s (permeabi!i*v

brine removed. The test-zone compressibilitiescalcu- of 8 x 10=1 m2) and a formation pore pressure ot

lated from the first and second pulse-withdrawal data 4.45 MPa. Additional simulations showing the sen-

were 1.47 x 10-8and 1.96 x 10.8 Pa1, respectively sitivity of the best-fit model to slight changes in

(Table 6-3). These values are nearly two orders of hydraulicconductivity, formation pore pressure, spe-

magnitude higher than the compressibility of brine, cific storage, and test-zone compressibility, as well

probably reflecting the presence of gas in the tast as to the presence or absence of test-zone-volume

zone. The test tool used in SOP01 had aluminum compensations and temperature compensations,

components, which were found to be severely cor- are presented in Section 7.2.

roded when the tool was removedfrom the hole at the
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Figure 7-33. Configuration of Multlpacker Test T¢ol #3 for Permeability Testing in Borehole SOP01.
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Thewell-test-analysismodelwasusedtoexaminethe observedmay have been largely hydrogen,as was

radiusof influenceof the SOP01testing. Figure7-36 observedinC2H02 (Section7.1.4.1).

shows simulated pressures at different radial dis-

tancesfromthe boreholethroughouttheentiretesting Dataarenotava_iableto allowcalculationoftheguard-

period. The longestduration, highestmagnitudere- zone compressibilityat the time of the pulse with-

sponsewascausedbytheinitialopen-holeandbuildup drawal. The guard-zone compressibilityalso likely

periods.The simulatedeffectsofthisdepressurization changedduringthetestingperiod,asgas was gener-

hadpropagatedtoadistanceofmorethan8mfromthe ated by corrosionof aluminum. As a result of this

hole bytheend of the monitoringperiod. The effects uncertaintyin the guard-zonecompressibility,node-

of the individualpulse tests can be seen as minor finitiveinterpretationcan be made of the test data.

changes in the slopesof the pressure curves to a Simulationsof the test can be performed,however,

distanceofat least2 m fromthehole. Inthecaseofthe using a theoretical maximum value of guard-zone

2-mpressurecurve, thesechangesinslopeoccur5 to compressibility.The hydraulicconductivityestimated

10 daysafter the pulses, from these simulationsshould represent an upper
bound onthe actualvalue. The theoreticalmaximum

7.1.8.2 Guard Zone. The fluidpressures compressibilityof the SOP01guard zone isthe com-

measuredintheguard zone (MarkerBed 139)during pressibilityofan idea_gasatthepressuremeasuredin

the SOP01testing are shownplottedin Figure 7-37. the guardzone. The compressibilityof an idealgas is

The initialbuildupperiod was followedby a pulse- givenbytheinverseoftheabsolutepressureofthegas

withdrawaltest. The behaviorshownis anomalousin (Craftand Hawkins, 1959). At the end of the pulse

the sense that the pressure-recoverycurves exhibit withdrawal, the guard-zone pressurein SOP01was

relativelyabruptdecreasesinslope,causingflattening 0.23 MPa (0.33MPa absolutepressure). Thetheoreti-

ofthecurves. Duringtheinitialbuildupperiod,thefluid calmaximumcompressibilityoftheguardzone,there-

pressureappearedto stabilizeat about0.49 MPa, and fore,was 3.0 x 106 Pa1.

then dropped to about 0.46 MPa for an unknown

reason. Following the pulse withdrawal, the fluid Figure7-37 showsa simulationofthe SOP01guard-

pressurerose and stabilizedat about0.44 MPa for zonetestresponseusing the guard-zonecompress-

severalw_-,eksbefore startingto rise again, ibilityvalue determined above. The data from the

timeof penetrationof the midpointofthe guardzone

The pulse-withdrawalperiod for the SOP01 guard- by drillingthrough the first minutes of the buildup

zonetest lasted about seven minutes(Saulnieret al., period were includedas specified-pressure history,

1991). Duringthe firsttwo minutes,7.3 cn? of brine as were the data collected when the pressure de-

werewithdrawn,but littleorno pressuredecreasewas creased for an unknown reason near the end ofthe

noted. During the next five minutes, only an buildup period. The data collected during the first

unmeasured amount of gas was produced,and the 15 hrafter thepulse withdrawal, whf_nlittlepressure

pressuredropped from 0.46 to 0.23 MPa. When the buildupwas observed,were also includedas speci-

test tool was removedfrom the hole at the end of fied-pressurehistory inthe simulations. In addition

testing,the aluminummandrelwithinthe guard zone tothe specifiedguard-zonecompressibility,the simu-

was found to be severely corroded. Thus, the gas lationused specifiedvalues of 0.90 m for formation
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thicknessand 1.4 x 10.7m-1forspecificstorage. The was consideredto be too speculativein lightof the

fitted parameters were a hydraulicconductivity of uncertaintiesassociatedwiththe tests.

4.2 x 10"1_m/s (permeabilityof 6 x 10"_8n'F)and a

formation pore pressureof 0.52 MPa. 7.1.9 S1P71-A. Borehole$1 P71wasdrilledvertically
downwardintothefloorofRoom7 inWaste PanelI t_

Asdiscussedabove, the compressibilityof the guard a depth of 4.55 m in November 1988 (Section5.5).

zone probablyincreasedduringthe SOP01testingas Becausethe hole was laterdeepened to allowaddi-

hydrogengaswasgeneratedbycorrosion.Othergas tionaltesting, the testingperformedwith the o.-_jinal

may have exsolvedfromthe formationbrine or been hole configurationis given an =A"suffix. Figure 7-38

suppliedfrom the formationas an already separate showstheconfigurationofthetesttoolinSIP71 during

phaseduringthe testing. Thus, the assumptionthat the SIP71-A testing and indicates the lengthsand

the guard-zonecompressibilitycould be represented stratigraphiclocationsof the guard and test zones.

by the compressibilityof an idealgas may have be- The guardzoneencompassedMarkerBed 139and a

come increasinglyvalidasthetestdurationincreased, few centimetersof the overlyinghalite,while the test

However,thesimulationshowninFigure7-37 matches zoneincludedhaliteandpolyhalitichalitebelowMarker

the observed data better during the initial shut-in Bed 139, as well as clay D.

buildupperiodthanafterthepulsewithdrawal.Follow-

ingthe pulsewithdrawal,thefluidpressureinthegua_'d Figure7-39 is a plotof thetest- and guard-zonefluid-

zone recoveredrelativelyslowlycomparedtothe rate pressuredata collectedduringthe monitoringperiod.

at which it recoveredfollowingthe initialshutin. The After achievinga successfulpressure-tighttest-tool

initial recovery followingthe pulse withdrawalwas installationon the thirdtry (Saulnieret al., 1991), the

particularlyslow,as littleor nopressure increasewas testing sequence consisted of an initial pressure-
observedfor 15to 20 hr. Evenafterincorporatingthe buildupperiodfollowedbytwo pulse-withdrawaltests

first 15 hr after the pulse withdrawal as specified- inthetestzone. Nopressurebuildupwasobsewed in

pressurehistory,thesimulationstillpredictsarecovery the guardzone during the entire monitoringperiod.
fasterthanthat observed. The curvatureof theplotof Twopulse-injectiontestswere attemptedintheguard

the observed recoverydata also differs from that zone, but in bothcases the induced pressure dissi-

predictedby the simulation,indicatingthat the model pated completely as soon as the guard zone was

does not incorporateali of the processes actually shutin.

acting on the guardzone.
7.1.9.1 Test Zone. During the SIP71-A

Insummary, the simulationofthe SOP01guard-zone testing, each successivepressurebuildupappeared

test response was not completely successful. The to be trending towards a lower pressure than the

interpretedhydraulicconductivity,4.2 x 10-" m/s,may previousbuildup(Figure7-39), similarto the behavior

be reliableas anupperboundon the actual hydraulic observed at L4P51-A (see Section 7_1.7.1). There-

onductivity,but uncertainties remain aboutthe role fore, a zero-fiowcondition was used for the external

that gas generation and/orflow may have played in boundary of the model during the S1P71-A simula-

producingthe observedfluid-pressureresponse. No tions. The distance to thisboundary was one of the

interpretation was made of the possible radius of parametersfittedduringtest interpretation.

influenceof the SOP01guard-zonetestingbecause it
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Figure 7-38. Configuration of Multipacker Test Tool #2 in Borehole $1P71 for SIP71-A Testing.
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Figure 7-39. Test- and Guard-Zone Fluid-Pressure Data from SIP71-A Testing.

Even though the test-zone compressibilitiescalcu- of 1.5x 10.7m-1,anda test-zonecompressibilityof3.92

latedfromthefirstand secondpulse-withdrawaldata x 104 Pa1. The fitted parameterswere a hydraulic

werehigh(2.89x 104Pa"1and5.31 x 10.8Pa1,Table 6- conductivityof 4.0 x 1013m/s(permeabilityof 5 x 102°

3), the pressure buildupfoilowingthe initialshut in rh2),a formationpore pressureof 2.95 MPa, and a

displayedthe idealdecreasing.ratebehaviorshownin dista_t_thezero-(Iowboundaryof2.8m. Additional

Figure 4-6. Therefore, the initialbuildupperiodwas simulationsshowingthesensitivityofthebest-fitmodel

simulatedalongwiththepuls')-withdrawaltests,rather to slightchanges in hydraulicconductivity,formation

thanbeing includedas a periodof specified-pressure porepressure,specific storage,test-zonecompress-

history, ibility,anddistanceto thezero-flowboundary, aswell

as to the presence or absenceof test-zone-volume

Figure7-40 showsthebest-fitmodelsimulationof the compensations,are presentedin Section7.2.

$1 P71-A pulse-withdrawaltests _long with the ob-

served fluid-pressuredata from the test zone. The 7J.9.2 GuardZone. Nopressurebuildupwas

data fromthetimeofpenetrationofthe midpointofthe observcuintheSIP71-Aguardzonefollowingshut-in;the

testzone bydrillingto the shutinforthe initialbuildup zone remainedat atmosphericpressurethroughoutthe

periodwere includedas specified-pressurehistory,as testingperiodinthetestzone(Figure7-39). Pulse-injection

werethedata collectedduringthe firstminutesfollow- testswereattemptedinthe guardzonein$1P71 ontwo

ingthepulsewithdrawals. The buildupperiodandtwo separateoccasions.Thefirsttestwasa_tem_edonMay3,

pulse-withdrawaltests were simulatedusinga speci- 1989 (1988 CalendarDay489) at theendof the testing

fledformationthicknessof 1.44 m, a specificstorage periodinthetestzone.Thesecondtestwasattemptedon
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Figure 7-40. Best-Fit Model Simulation of the Test-Zone Fluid-Pressure Response Ourlng SIP71-A
Testing.

July6,1989(1988CalendarDay553)afterthetesttoolhadtivity,formationpore pressure, and, in some cases,

been removedfromthe borehole,leak tested,andrein- distanceto a zero-flowboundary)that combinedwith

stalledinthehole. Ineachcase, twolitersof brinewere the specifiedparametersto producethe modelsimu-

injectedintothe guardzone in an attemptto createa lationsthat mostcloselymatched the observeddata.

pressuredifferentialbetweenthe guard z_ne and the Our approach to this problem was to investig_e a

surroundingrock. Neitherof thesetestswassuccessful matrixof valuesforthe fittedparameterswhileholding

because the injectionpressurecissipatedimmediately the specifiedparametersfixed, and to selectthe com-

upontheguardzonebeingshutin(Saulnieretal.,1991). binationof fittedparametersthatsubjectivelyprovided

Storrnont(1990a) corckcled,basedon examinationof the best matchto the observed data.

extensorneter,ind_er, andgas-flowmeasurements,

thatverticalseparatior_almostalwaysoccurwithinMarkerOur secondobjectivewasto evaluatethesensitivityof

Bed139beneathroomsthesizeofRoom7inWastePanel the modelingresultstothevaluesselectedforboththe

1. These separationsresultin depressurizationof the fitted and specifiedparameters. This was accom-

markerbedandhi_permeabilities.Theoccurrenceofthis plishedbyindividuallyvaryingtheparametershydrau-

type of separationis consistentwith our observations licconductivity,formationporepressure,distancetoa

duringthe attemptedtestingof MarkerBed 139 inthe boundary (when relevant), specificstorage (which

$1P71-Aguardzone. includesformationporosityandcompressibilityas well

as brine density and compressibility),and test-zone

7.2 Sensitivity Analyses compressibilityto show the effectsthat these varia-

Our first objectivein test interpretationwas to define tionshadon the simulations. No sensitivityanalysis

the valuesof the fittedparameters(hydraulicconduc- was performedfor the specifiedparameter test-zone
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thickness,because thicknesswas alwaysknownto simulationsof 0.1-m changes in the distanceto the

withina fewpercent,anduncertaintyinthisparameter boundary. As mightbe expected,the simulationsare

resultsinalmostlinear,inverseuncertaintyinhydraulic fairlysensitiveto thisdistancebecause it isoneofthe

conductivity.Additionalsensitivityanalyseswereper- parameterscontrollingthe volumeof fluid contained

formedto evaluate the effects of, and need for, test- withinthe confinesof the zero-flowboundary.

zone-volumeandtemperaturecompensations.These

sensitivityanalyse_ providea measureof the uncer- 7.2.4 SPECIFIC STORAGE. To define appropriate

tainty inthe fitted parameters, rangesoverwhichto evaluatesensitivitiesto specific

storage,the estimateduncertaintiesinformationelas-

7.2.1 HYDRAULIC CONDUCTIVITY. The sensitivi- tic moduliand porosityand brine density and com-

ties of the best-fit simulationsto slightchanges in pressibilitywere used. The estimated uncertainty

hydraulic conductivity are shown in Figures 7-41 rangesfor the drainedbulk and shear moduliof the

through 7-48. Unit changes within the order of differentrocktypes tested are given in Table 6-1. A

magnitude of the best-fit value (e.g., changing2.5 x range of 22.8 to 24.0 GPa was used for the bulk

101+ m/s to 1.5 x 1014 m/s and 3.5 x 10"14m/s) modulusofhalitesolids(Carmichael,1984). Theother

generally resulted in noticeably poorer fits to the estimated uncertaintyrangeswere 0.001 to 0.03 for

observeddata, particularlyfor hydraulicconductivi- haliteandanhydriteporosity,0.20 to 0.40 forclaystone

tieslessthan 10+sm/s. Inthecasesofthe simulation porosity,1.20 to 1.25 kg/L forbrinedensity,and2.9 x

of the C2H01 -A testing(Figure 7-41) and the simu- 101° to 3.3 x 101° Pa1 for brine compressibility.

lation of the C2H01-C testing of Marker Bed 139

(Figure 7-44), which showed the highest hydraulic Theuncertaintyrangeforthe specificstorageof halite

conductivitiesof any test intervals discussedin this wascalculatedusingend-membervaluesoftheranges

report, changes in hydraulic conductivityof about presentedabove in Eq. 6-2. The minimumspecific

half an order of magnitude are needed to degrade storage calculatedwas about 2.8 x 10+ m1, and the
the matches between the simulations and the ob- maximumvaluewasabout3.6 x 10.7m1. Whilethese

served data noticeably, valuesmayreasonablyencompassthepossiblerange

forthe specificstorageof intact halite, they are prob-

7.2.2 FORMATION PORE PRESSURE. The ablytoo lowto be representativeof fracturedhalite.

sensitivitiesof the best-fit simulationsto 0.1-MPa

changesinthe formationpore pressureare shownin Walsh (1965) showedthatthe compressibilityof rock

Figures7-49 through7-56. Inali cases,thechanges increaseswhen cracking or microfracturingoccurs.

in formation pore pressure resulted in observably This effect can be quantifiedbycomparingcompres-

different simulations, showing formation pore sional-wavevelocities through intact and fractured

pressureto be a very sensitive parameter, rock. Compressional-wavevelocitiesdecreasewhen

rocks fracture. Compressional-wavevelocity is re-

7.2.3 DISTANCE TO A BOUNDARY. Forthe simu- latedtothefactor(xgiveninEqs.6-1 and6-3 by(Green

lations of the L4P51-A and SI P71-A tests, which andWang, 1990):

includedzero-flowboundaries,the sensitivitiesof the

resultsto thedistancesto theboundarieswere evalu- Vp = 1/_/(o_o) (7-1)
ated. Figures7-57 and 7-58 showthe effectson the

9O



3.5

t J_°''''" ..... J ArgillaceousHalite,MapUnits4 and5 I I _ I "
History

m° 1.5

0.5 i

_History' ....... "' _I.. Simul=ation,-----_'_
-0 5

0 5 10 15 20 25 30

_. 1_ 217.s4s4 Time Since Hole Cored (days)
TRI-8344-591-0

Figure 7-41. Simulation of the Test-Zone Fluid-Pressure Response During C2H01-A Testing
Showing the Simulation's Sensitivity to Hydraulic Conductivity.
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Figure 7-42. Simulation of the Test-Zone Fluid-Pressure Response During C2H01-B Testing
Showing the Simulation's Sensitivity to Hydraulic Conductivity.
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Figure 7-43. Simulation of the Guard-Zone Fluid-Preseure Response During C2H01-B Testing
Showing the Simulation's Sensitivity to Hydraulic Conductivity.
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Figure 7-44. Simulation of the Test-Zone Fluid-Pressure Response During C2H01-C Testing
Showing the Simulation's Sensitivity to Hydraulic Conductivity.
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Figure 7-45. Simulation of the Test-Zone Fluid-Pressure Response During C2H02 Testing Showing
the Simulatlon's Sensitivity to Hydraulic Conductivity.
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Figure 7-46. Simulation of the Test-Zone Fluld-Preseure Response During L4P51-A Testing
Showing the Simulation's Sensitivity to Hydraulic Conductivity.
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Figure 7-47. Simulation of the Test-Zone Fluid-Pressure Response During SOP01Testing Showing
the Simulation's Sensitivity to Hydraulic Conductivity,
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Figure 7-48, Simulation of the Test-Zone Fluid-Pressure Response During SIP71-A Testing
Showing the Simulation's Sensitivity to Hydraulic Conductivity.
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Figure 7-49. Simulation of the Test-Zone Fluid-Pressure Response During C2H01-A Testing
Showing the Simulation's Sensitivity to Formation Pore Pressure.
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Figure 7-50. Simulation of the Test-Zone Fluid-Pressure Response During C2H01-B Testing
Showing the Simulation's Sensitivity to Formation Pore Pressure.
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Fi_Jre 7-51. Slmulalion of the Guard-Zone Fluid-Pressure Response During C2H01-3 Testing
Showlng the Slmulatlon's Sensltlvlty to Fonnatlon Pore Pre,mum.
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Figure 7-52. Simulation of the Test-Zone Fluid-Pressure Response During C2H01-C Testing
Showing the Simulation's Sensitivity to Formation Pore Pressure.
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Figure 7-53. Simulation of the Test-Zone Fluid-PressureResponse Outing C2H02Testing Showing
the Simulation's Sensitivity to FormationPore Pressure.
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Figure7-54. Simulationof theTest-ZoneFluid-PressureResponseDudngL4P51-ATesting
Showingthe Simulation'sSensitivityto FormationPore Pressure.
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Figure 7-55. Simulation of the Test-Zone Fluid-Pressure Response During SOP01Testing Showing
the Simulation's Sensitivity to Formation Pore Pressure.
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Figure 7-56. Simulation of the Test-Zone Fluid-Pressure Response During SIP71-A Testing
Showing the Simulation's Sensitivity to Formation Pore Pressure.
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Figure 7-57. Simulation of the Test-Zone Fluid-Pressure Response During L4P51-A Testing
Showing the Slmulatlon's Sensitivity to Distance to the Zero-Flow Boundary.
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Figure 7-58. Simulation of the Test-Zone Fluid-Pressure Response During SIP71-A Testing
Showing the Simulation's Sensitivity to Distance to the Zero-Flow Boundary.
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where: of magnitudeof thebest-fitvalueof hydraulicconduc-

V, = compressionaFwavevelocity tivitypresentedinFigures7-41 through7-48,or tothe
e¢ = uniaxialcompressibilitygiven by Eq. 6-3 0.1-MPa changes in formation pore pressure pre-

p = rockdensity sentedin Figures7.49 through7-56. However,the

simulationsof the L4P51-A and $1 P71-A tests (Fig-

Brodsky(1990) reporteddecreasesincongressional- ures7-32 and 7-40, respectively),whichincludezero-

wave velocitiesinthe laboratoryof up to eleven per- flow boundaries,are highlysensitiveto specificstol'-

cent in Salado hal#e specimensat one perce_"axial age because that parameter governsthe amount of

strain. Ibrahimetal. (1989)reported insitudecre,_ses brine releasable from storage within the zero-flow

in compressional-wavevelocitiesof up to abou_50 boundary.

percentwithinabout 1.5m ofWIPP excavations.A 50_

percent decrease in Vp in Eq. 7-1 translates to a To evaluatewhicl_of the fittedparameterswas most
fourfold increase in oL Thus, specific storage might sensitive to the uncertainty in specific storage, the

also increase by about this factor as a result of L4P51-A and SIP71-A testswere resirnulatedto ob-

microfracturingaround the WIPP excavations. Ac- tain the best fit to the data using the end-member

cordingly,the maximumvalue of specific storage of values of specificstorage as specified parameters.

halite considered in the sensitivitycalculationswas The SOP01 tests were also resimulated using the

1.4 x 10-6m1. lowerend-membervalue of rd:>ecificstoragefor com-

padsonpurposes.

The uncertainty range for the specific storage of

anhydritewas calculatedusing end-member values Figures 7-67 and 7-68 show the simulations that

of the ranges presented above in Eq. 6-1. Specific best matchedthe L4P51-A test data when specific-

storage was calculated to range from a lowof about storage values of 1.5 x 104 m1 and 5.2 x 104 m_,

9.7 x 10-s m" to a high of about 2.5 x 10z m-'. To respectively,were specified. Comparedtothe simu-

account for the effects of fracturing on anhydrite lationwiththe base-case value of specificstorageof

compressibility,the maximumvalue of specificstor- 1.3 x 10z m_ (Figure 7-32), the estimatedhydraulic

age to be considered in sensitivitycalculationswas conductivity and _ormationpore pressure changed

increased to 1.0 x 10-em-'. only slightly. For the high-specific-storage case

(Figure7-67), hydraulicconductivitydecreased from

The uncertainty range for the specific storage of 4.5 x 1014 to 3.0 x 10"1_rn/s and formation pore

claystonewascaiculatedusingend-mernbervaluesof pressure increased from 2.75 to 2.85 MPa. Forthe

the ranges presented above in Eq. 6-1. Specific low-specific-storagecase (Figure 7-68), hydraulic

storagewascalculatedtorangefroma lowof about1.7 conductivitydecreased to 4.0 x 10-_4m/s andforma-

x 10-6m-_to a high of about5.6 x 10-em_. tionpore pressure increasedfrom2.75 to 2.88 MPa.

The parameter that proved to be most sensitive to

The sensitivitiesof the best-fitsimulationsto the esti- specificstorage was the distance to the zero-flow

mated uncertaintiesin specific storageare shownin boundary. For the high-specific-storagecase, the

Figures7-59 through7-66. Ingeneral,the simulations distance to the boundary decreased from 2.00 to

are about as sensitive to the uncertainty in specific 0.52 m, while far the low-specific-storage case, it

storageastheyaretotheunitchangeswithintheorder increased to 2.65 m.
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Figure 7-59. Simulation of the Test-Zone Fluid-Pressure Respon_ During C2H01-A TesUng
Showing the Simulation's Sensitivity to Specific Storage.
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Figure 7-60. Simulation of the Test-Zone Fluid-Pressure Response During C2H01-B Testing
Showing the Slmulation's 3ensitivity to Specific Storage,
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Figure 7-61. Simulation of the Guard-Zone Fluid-Pressure Response during C2H01-B Testing
Showing the Slmulation's Sensitivity to Specific Storage.
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Figure 7-62. Simulation of the Test-Zone Fluid-Pressure Response during C2H01-C Testing
Showing the Simulation's Sensitivity to Specific Storage.
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Figure 7-63. Simulation of the Test-Zone Fluid-Pressure Response During C2H02 Testing Showing
the Simulation's Sensitivity to Specific Storage.
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Figure 7-64. Simulation of the Test-Zone Fluid-Pressure Response During L4P51-A Testing
Showing the Simulation's Sensitivity to Specific Storage.
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Figure 7-65. Simulation of the Test-Zone Fluid-Pressure Response During SOP01Testing Showing
the Simulation's Sensitivity to Specific Storage.
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Figure 7-66. Simulation of the Test-Zone Fluid-Pressure Response During S1P71-A Testing
Showing the Simulation's Sensitivity to Specific Storage.
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Figure 7-67. Best-Fit Model Simulation of the Test-Zone Fluid-Pressure Response During L4P51-A
Testing Using the Maximum Estimated Value for Specific Storage.
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Figure 7-68. Best-Fit Model Simulation of the Test.Zone Fluid-Pressure Response During L4P51-A
Testing Using the Minimum Estimated Value for Specific Storage.
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Figure7-69 showsthe simulationthat best matched basecase value of specificstorageof 1.1 x 10.7m1

the S1P71-A test data when spec;ficstorage was (Figure7-35). As a result of increasingthe specific

decreasedfromitsbase-casevalue of 1.5 x 10.7m-1to storageby over two ordersof magnitude,the calcu-

6.3 x 104 m1. The estimatedhydraulicconductivity lated radius of influenceof the SOP01 testing de-

decreased slightlyfrom 4.0 x 1013to 3.1 x 1013m/s, creased significantly. Figure 7-73 shows that the

and formationpore pressure increased from 2.95 to radius of influenceof the entire SOP01 testing se-

3.50 MPa. The distance to the zero-flow boulclary quenceassuminghighspecifics_oragewasonlyabout

changed by a greater percentage, increasinghum 20 cm, or only about 15 cm past the wall of the

2.80 to 3.57 m. No simulationofthe $1 P71-Atestdata borehole,comparedto a radiusof influenceof over8

using a specific storage of 4.7 x 10.7 m1 is shown m usingthe base-casevalue of specificstorage(Fig-

because a simulationusingan even more extreme ure7-36). The effectsofthe individualpulsesareonly

value is presentedbelow, observedoutto a radialdistanceof about9 cm, about

4 cm past the wall of the borehole. This resultis not

Figure7-70 showsthe simulationthat best matched surprising,because the pressuredistributionin a po-

the SOP01 test data when specific storagewas de- rousmediumis controlledbythe hydraulicdiffusivity

creasedto 4.0 x 10-8m-1from itsbase-case value of (K/Ss). Between the base-case simulationand the

1.1 x 10.7m"1.Comparedtothe base-case simulation high-specific-storagesimulation,theSOP01 hydraulic

(Figure 7-35), hydraulicconductivity increasedfrom diffusivitydecreased from 5.5 x 107 m2/sto 1.5 ×

6.1 x 10"14to 6.6 x 10"14m/s, while formationpore 10l°nf/s.

pressurewas unchanged.Figure7-71 showsthat the

radiusof influenceofthe testing increasedas a result The best fit obt,_inedto the $1 P71-A data usingthe

of the decrease in specificstorage, when compared highspecific-storagevalue of4.1 x 10s m1 (Figure 7..

with the base-case radial pressures shown in 74) matched the data almost as well as the base-

Figure7-36. case simulation,whichuseda specificstorageof 1.5

x 10.7m1 (Figure 7-40). Relative to the base-case

McTigue et al. (1989) have suggested that the ef- simulation, hydraulic conductivity was decreased

fects of deformation and creep might result in an from 4.0 x 1013to 9.0 x 1014 m/s, formation pore

apparent specificstorageas muchasthree ordersof pressurewas increasedfrom2.95 to 3.50 MPa, and

magnitudegreaterthan a specificstoragecalculated thedistancetothezero-flowboundarywasdecreased

using Eqs. 6-1 or 6-2. Accordingly,attemptswere from 2.80 to 0.115 m for the high-specific-storage

madetofittheresponsesobservedduringtheSOP01 simulation. A distance of 0.115 m to the zero-flow

and $1 P71 -A testingusinga capacitance (Ss/ptg)of boundary impliesthatonlyanannulusof rock around

3.4 x 109 Pa-1 (McTigue, 1989), which produces a the borehole about 6 cm thick contributed to the

specific-storagevalue of about 4.1 x 10s m1. observed response.

A good matchwas obtainedto the SOP01 data (Fig- The physicalprocessesthat maycontributeto specific

ure 7-72) by decreasing the hydraulic conductivity storageinhaliteare uncertain.However,we candraw

from 6.1 x 10-14to 6.0 x 10is m/s, and increasingthe conclusionsfromthe SOP01simulationswith lowand

formationpore pressurefrom4.45 to 6.40 MPa, rela- highvaluesofspecificstorage(Figures7-70 and7-72,

tive to the best-fit simulation that employed the respectively)as to howuncertaintyinspecific storage
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Figure 7-69. Best-Fit Model Simulation of the Test-Zone Fluid.Pressure Response During SIP71-A
Testing Using the Minimum Estimated Value for Specific Storage.
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Figure 7-70. Best-Fit Model Simulation of the Test-Zone Fluid-Pressure Response During SOP01
Testing Using the Minimum Estimated Value for Specific Storage.
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Figure 7-71. Simulated Formation Pore Pressures at Selected Radial Distances from the Test Zone
During SOP01TesUng Using the Minimum Estimated Value for Specific Storage.
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Figure 7-72. Best-Fit Model Simulation of the Test-Zone Fluid-Pressure Response During SOP01
Testing Using a Specific Storage of 4.1 x 10-sM 1.
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Figure 7-73. Simulsted Formation Pore Pressures at Selected Radial Distances from the Test Zone
During SOP01Testing Using a Specific Storage of 4.1 x 104 M"1.
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Figure 7-74. Best-Fit Model Simulation of the Test-Zone Fluid-Pressure Response During SIP71-A
Testing UsSnga Specific Storage of 4.1 x I(Ts M 1.
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affectsestimatesofotherpararneters.Withrespectto test-zone compressibility were available for the

base-case valuesof specificstorage,which assume C2H01-A and C2H01-B-GZ sequences, sensitivity

poredeformationiscausedonlybychangesinvertical to test-zone compressibilityfor these sequences

effectivestress,the inclusionof othermechanismsof was evaluated usingthe same range of values as

pore deformationthat increase specificstoragewill was used for the C2H01-B testing sequence.

serveto decreaseestimatesof hydraulicconductivity

and increase estimatesof formation pore pressure. Changing test-zonecompressibilityby half an order

Inclusionof factorsthat decrease specificstoragewill of magnitude for the C2H01-A, C2H01-B, and

increase estimatesof hydraulicconductivityandde- C2H01-B-GZ simulations (Figures 7-75, 7-76, and

crease estimatesof forma!_onporepressure. In the 7-77, respectively)causesthe simulationsto change

case of the SOP01 simulations,varyingspecificstor- aboutas muchas iscaused bya changein hydraulic

a_e over three orders of magnitude caused best-fit conductivityofhalfanorderofmagnitude(Figures7-

hydraulic-cor_ductivityvalues to vary over only one 41,7-42, and7-43), as expected. The change inthe

orderof magnitude. In the case of simulationsinvolv- C2H01 -A simulation(Figure 7-75) was comparable

in_ zero-flow boundaries, however, the effects of to that caused by a 0.1-MPa change in formation

changes in specificstorage on hydraulicconductivity pore pressure ( "igure 7-49), while the changes in

and formation pore pressure are more difficultto the C2H01-B and C2H01-B-GZ simulations were

predictbecauseof the added influenceof thebound- greater than those caused by 0.1-MPa pressure

an/. In ali cases, estimates of radii of influenceor changes (Figures 7-50 and 7-51, respectively). In

distancesto zero-flowboundariesd_crease as spe- the case of C2H01-C (Figure7-78), the uncertainty

cificstorage increases,because the volumeof rock in test-zone compressibilityhas little effect on the

affectedby a test is roughlyinverselyproportionalto simulations (separate simulationlines are not re-

hydraulicdiffusivity, solvableon the figure) 0ecause of the inclusionof a

relativelyhighvalue of hydraulicconductiviIy. In th_

7.2.5 TEST-ZONE COMPRESSIBILITY. A value cases of C2H02 and L4P51-A (Figures 7-79 and

fortest-zone compres_;ibilitywas calculatedtor each 7-80, respectively), the ranges in calculated test-

pulse withdrawalexcept for the first one duringthe zone compressibilities are small, and the simula-

C2H01-Btesti,_ (Table 6-3). The base-case value tions employing the different values differ corre-

used in the simulationsof a particular testing se- spondinglylittle. The uncertaintyin test-zone com-

quence was the log-average of ali available values pressibilitytor SOP01 changes the simulation (Fig-

from that testing sequence. Figures 7-75 through ure 7-81) about as much as does a unit change

7-82 showthe sensitivitiesof thebest-fit simulations withinthe order of magnitudeof the best-fitvalue of

to tpe values oftest-zone compress=oilitycalculated hydraulicconductivity(Figure7-47), anda littlemore

from the individual pulse-withdrawal data. When than does a 0.1-MPa change in formation pore

only one value of test-zone compressibility was pressure(Figure7-55). The uncertainty_ntest-zone

available for a particular testing sequence, as for compressibilityforSIP71-A changes the simulation

C2H01-B,thesensitivitycalculationswereperformed (Fig,Jre 7-82) sligrrtlymore than do the standard

usingvalues of test-zone compressibilityabout half changes in hydraulicconductivity(Figure 7-48), tor-

an order of magnitude higher and lower than the mationpore pressure (Figure7-56), and distance to

singlecalculated value. Also, because no valuesof the zero-flow boundary (Figure 7-58).

B
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Figure 7-75. Simulation of the Test-Zone Fluid-Pressure Response During C2H01-A Testing
Showing the Simulation's Sensitivity to Test-Zone Compressibility.
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Figure 7-76. Simulation of the Test-Zone Fluid-Pressure Response Dudng C2H01-B Testing
_ Showing the Simulation's Sensitivity to Test-Zone Compressibility.
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Figure 7-77. Simulation of the Guard-Zone Fluid-Pressure Response During C2H01-B Testing
Showing the Simulation's Sensitivity to Guard-Zone Compressibility.
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Figure 7-78. Simulation of the Test-Zone Fluid-Pressure Response During C2H01-C Testing
Showingthe Simulation's Sensitivity to Test-Zone Compressibility.
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Figure 7-79. Simulation of the Test-Zone Fluid-Pressure Response During C2H02 Testing Showing
the Simulation's Sensitivity to Test-Zone Compressibility.
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Figure 7-80. Simulation of the Test-Zone Fluid-Preseum Response During L4P51-A Testing
Showing the Simulation's Sensitivity to Test-Zone Compressibility.
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Figure 7-81, Simulation of the Test-Zone Fluid-Pressure Response During SOP01Testing Showing
the Simulation's Sensitivity to Test-Zone Compressibility,
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Figure 7-82, Simulation of the Test-Zone Fluid-Pressure Response During SIP71-A Testing
Showing the Simulation's Sensitivity to Test-Zone Compressibility.
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Test-zonecompressibilitywas amongthemostuncer- 7.2.7 TEMPERATURE COMPENSATIONS. The

fain of the specified parameters. As discussed in largest test-zone-temperaturefluctuationsobserved

Section6.5,theestimationoftest-zonecompressibility to date during the Salado permeability-testingpro-

did nottake intoconsiderationpotentialnon-linearities gram (about I"C) occurredduringthe L4P51-A and

andtime-varyingfactorssuchaschangesinthe brine/ SOP01testing(Saulnieretal., 1991). The sensitivities

gasratiointhetestzone, nordiditincludegasvolumes of the best-fit simulationsof these two tests to the

released duringpulse withdrawals. Accordingly,the presenceor absenceof temperaturecompensations

sensitivityanalyses discussedabove may not have are shownin Figures7-91 and 7-92. These figures

fullyexaminedthe true rangesof uncertaintyintest- compare the best-fit simulationsobtainedwith tem-

zonecompressibilityfor the differenttests, perature compensationswith simulationsobtained

usingexactlythesame values forthe fittedandspeci-

7.2.6 TEST-ZONE-VOLUME COMPENSATIONS. fled parameters,butwithouttemperaturecompensa-

The sensitivities of the best-fit simulations to the tions. Inboth cases, the effectsof temperaturecom-

inclusion or exclusion of time-varying test-zone- pensationsappear to be insignificant,even though

volume compensations are shownin Figures 7-83 test-zonecompressibilitiesinthe two casesdifferby

through 7-90. These figures compare the best-fit about 1.4 ordersof magnitude.
simulations obtained with test-zone-volume com-

pensationswith simulationsobtained usingexactly 7.2.8 SUMMARY OF SENSITIVITY ANALYSES.

the same values for the specified and fitted param- The following conclusions can be drawn from the

eters,butwithout test-zone-volumecompensations, sensitivityanalyses. The fittedparameters(hydraulic

In general, the presence or absence of test-zone- conductivity,formationporepressure,anddistanceto

volumecompensationsmakeslittledifference inthe azero-flowboundarywhereapplicable)canbechanged

simulations. The one notableexception is L4P51-A individuallyvery littlewithoutdegradingthe matches

(Figure7-88). Thetest-zone-volume compensation betweenthe simulationsandtheobserveddata. Iftwo

had a significant influence on the L4P51-A simula- ormoreparametersarechangedsimultaneously,how-

tion for two reasons: 1) the simulationincludes a ever, the ranges of values that produce acceptable

zero-flow boundary, so volume changes within the simulationswiden. Within the contextof the overall

borehole represent a larger fraction of the total model conceptualizationand subjectto the estima-

volume considered in the modelthan inthe simula- tions made of the possible ranges of values of the

tionswith noboundaries; and2) the calculated test- specilied parameters,the hydraulic-conductivityval-

zonecompressibilitywas lowerduringthe L4P51-A ues providedbythe modelingappear to be reliableto

tests than during any other tests, causing any vol- withinabout+_one-haftorderofmagnitude,and forma-

ume changesthat occurredto havea largereffect on tion pore pressure estimates appear to be fellable

pressure. In contrast, the other simulation that withinabout +_0.5MPa. These uncertaintiesmay be

includeda zero-flow boundary,that of the $1P71-A quantifiedmore accuratelyby futureanalyses. Esti-

tests (Figure 7-90), used the highest calculated mates of the distance to a zero-flow boundary are

test-zone compressibility of any test. This high highlysensitiveto the assumedvalueof specificstor-

compressibility apparently acted to minimize the age. Inmostcases,test-zone-volumecompensations

effects of volume changes on test-zone pressure, have negligibleeffect onthe interpretedparameters.
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Figure 7-83. Simulation of the Test-Zone Fluid-Pressure Response During C2H01-A Testing
Showing the Simulation's Sensitivity to Tsst-Zone-Volume Compensation.
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Figure 7-84. Simulation of the Test-Zone Fluid-Pressure Response During C2H01-B Testing
Showing the Simulation's Sensitivity to Test-Zone-Volume Compensation.
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Figure 7-85. Simulation of the Guard-Zone Fluid-Preseum Response During C2H01-B Testing
Showing the Slmulation's Sensitivity to Guard-Zone-Volume Compensetion.

=m
• " " I " ' " I " " " I " ' ' I " ' " !

7.5 __'""_"= - -- = =" : :" - " "

/
I . Simulation with Volume Compensation I "Simulationwith No Volume Compensation !

"_" 5.5 Test C2H01-C, RoomC2
Q.. . - "1 Test Zone 6.63 - 8.97 m, Ver0caJlyDown

.J"History SimulationThickness0.96 m, Marker Bed 139
K = 7.0 x 10"12 m/s (k = 1 x 10"18m2)

cn 3.5 Ss - 1.4 x 10.7 m"1
cn p" = 8.05 MPa

Ctz = 3.02 x 10"0Pa"113.

1.5 j_ History -. Simulal_n _
-0.5 • • • ' ' i i • i • _. I i , i I ' • •

0 20 40 60 80 100

.1=_ =.,A79 Time Since Hole Cored (days)
TR1-8344-836-O

Figure 7-86. Simulation of the Test-Zone Fluid-Pressure Response During C2H01-C Testing
Showing the Simulation's Sensitivity to Test-Zone-Volume Compensation.
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Figure 7-87. Simulation of the Test-Zone Fluid-Pressure Response During C2H02 Testing Showing
the Simulation's Sensitivity to Test-Zone-Volume Compensation.
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Figure 7-88. Simulation of the Test-Zone Fluid-Pressure Response During L4P51-A Testing
Showing the Simulation's Sensitivity to Test-Zone-Volume Compensation.
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Figure 7-89. Simulation of the Test-Zone Fluid-Pressure Response During S0P01 Testing Showing
the Simulation's Sensitivity to Test-Zone-Volume Compensation.
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Figure 7-90. Simulation of the Test-Zone Fluid-Pressure Response During S1P71-A Testing
Showing the Simulation's Sensitivity to Test-Zone-Volume Compensation.
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Figure 7-91. Simulation of the Test-Zone Fluid-Pressure Response During L4P51-A Testing
Showing the Slmulation's Sensitivity to Temperature Compensation.
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Figure 7-92. Simul_ion of the Test-Zone Fluid-Pressure Response Dudng SOP01 Testing Showing
the Slmulation's Sensitivity to Temperature Compensation.
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Temperature fluctuationsin the tested zones were stressesare lowerrelativeto thefar-fieldundisturbed

eitherof too lowmagnitudeor occurredtoo slowlyto stress,andtangentialstressesare higher. The differ-

affect the simulationssignificantly, ence between the radial stress and the tangential

stressdeterminesthe magnitudeofwhat is referredto

7,3 Discussion of Results asthe deviatoricstress. The largestamountofstress

Thenumberoftestsdiscussedinthisreportistoosmall redistribution,andhencethehighestdeviatoricstress,

to allowfirmconclusionsto be drawnabouttheoverall occurswithinone radiusof the opening. If several

hydraulicpropertiesand behavior of the Salado For- openingsliewithineachothers'radiiof influence,or if

marionon a repositoryorregionalscale. However,the the rock response is inelastic (plastic), stress-field

data can be examinedfor apparentrelationshipsbe- perturbationsmaygobeyondthedistanceoffivetimes

tween variousfactors,withthe expectationthatfuture the radiusof an individualopening. Wawersik and

testingwilleithersubstantiateorinvalidatethe hypoth- Stone (1989) reportedthat an isotropicstressfield in

esized relationships.Possiblerelationships,andother rock salt at the WIPP, representativeof conditions

general summaryobservationsaboutthe testing,are unaffected by the presence of an excavation,was

presentedbelow, encounteredonly atdistancesgreaterthan 50 m from

WIPP Rooms1 through4 (Figure5-1).
7.3.1 EFFECTS OFDISTURBED-ROCK ZONE. Cre-

ationof anundergroundopeningin rockcausesboth Deviatoricstress resultingfrom stress redistribution

immediateand long-termchanges inthe mechanical around an openinginduces shear strainin the rock

and hydraulicpropertiesofthe surroundingrock. Di- mass.Becauserocksaltexperiencestime-dependent

latation of the rock around an opening may occur deformation(creep)underdeviatoricstresses,strain-

immediatelyafterexcavation.Dilatationisthe resultof ing could theoreticallycontinue for as long as the

grain-boundary readjustment and intragranular openingexists. The resultingdifferentialmovement

microcracking,especiallycloseto theexcavationface, withinthe rockmass may leadto fracturingat various

which could increase permeabilityand porosity. In- scales. Permeabilitycan be relatedto the amount of

creases in porositywould increase specificstorage macro- and/or micro-fracturingpresentat any given

and, at leasttemporarily,decreasethe formationpore time. Inasmuchas strain and microfracturingmight

pressure,while increasesin permeabilitywoulden- accumulateforthelifetimeoftheopening,permeability

hance fluiddrainagetowardsthe low-pressureexca- mightincreasewithtime.

vation,againdecreasingthe formationpore pressure.

Holcomb (1988), Borns and Stormont (1988), and

A redistributionof stress also occurs around any others have studied the types and processes of

undergroundopening in rock because the opening deformation occurring around the WIPP excava-

creates a surface of decreased stress. Brady and tions. Borns and Stormont (1988) considered the

Brown(1985) statethat stressredistributionarounda followingprocesses to be of potential importance to

circularopeningin linearlyelasticrock in an isotropic the WIPP: Rectangular openings in rock are un-

stressfieldextendstoa distancefromthecenterofthe stable, and arcuate fracture systems, concave to-

openingof about fivetimes the radiusof the opening wardsthe openings,developaroundthe openingsto

(usinga stresschange of _+5% fromthe undisturbed convert the rectangular openings to more stable

value as acriterion).Withinthisfive-radiiregion,radial circular or elliptical forms. The fracture systems
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definethe externalboundary ofwhat can be consid- Possible effects of the DRZ on the observed test

ered to be the "active" opening (Mraz, 1980). The responsesare discussedbelow.

rock between the surface of the activeopening and

the actual excavation face can become decoupled 7.3.1.1 Comparison of Results from

from the host rock along a shear plane. Rock near L4P51-A, SOP01, and S1P71-A. The L4P51-A,

the excavation face can also experience brittlefail- SOP01, and S1P71-A tests involvedessentiallythe

ure because it is unconfined(and thereforefailsat a same stratawithinthe test and guard zones. Thus,

Iowerstrair=thanconfinedrock)and undergoeshigh differences in the hydraulic properties interpreted

rates of s_,rain.Shear may also occur alongplanes fromthesetests mightberelatedtodifferencesinthe

of weakr,essclose to the excavation,such as along DRZ at these locations. According to Borns and

clayseamsoranhydriteinterbeds(BradyandBrown, Stormont (1988) and Stormont (1990a), a wider

1985). Extensionfracturesmay developparallelto excavation tends to have a more developed DRZ

the excavationfaces, than a narrowerexcavationofthe same age, and an

older excavationtends to have a more developed

Becauseof the changes that can occur in the rock DRZ than a younger excavation of the same size.

aroundan excavation,the affectedvolumeof rock is Hydraulic properties within the DRZ may also vary

sometimesreferredtoasa disturbed-rockzone(DRZ). with positionover the widthof a singledrift or room

Bornsand Stormont (1988) and Stormont (1990b) (BornsandStormont, 1988;Stormont, 1990a). The

reportevidencefor measureablechangesinmechani- L4P51 and $1P71 boreholes are in rooms 10.1 m

cal and hydraulicproperties Jnthe rock aroundthe wide,while SOP01is ina driftthat isonly 6.1 mwide.

WIPP excavationsextending to distancesbetween However, SOP01 is in the $1300 drift, which was

oneandfivemetersfromtheexcavationface.Holcomb 4.5 yearsoldwhentestingbegan,whereasthe rooms

(1988) reported changes incompressional-waveat- containingL4P51 and $1 P71 were only about eight

tenuation,and to a I_.sserdegree velocity,which he monthsold when testingbegan at those locations.

attributedto an incre,_sein fracture porosity,to a As a result, the three tests do not provide ideal,

distanceof at least three metersfrom the face of a control;ed-experimentconditions inwhich only one

new;yexcavatedroom. variable is altered between experiments. We may

not, therefore, be able to separate the effects of

Aliofthetestingdiscussedinthisreportwasperformed excavationage and size.
in intervals where stress redistributionmust have

occurredas a resultof excavationof the WIPPfacility. Whetheror notthe hydraulicpropertiesat SOP01are

Furthermore,ali test intervals except for those of significantlyd_erent fromthoseatL4P51 and$1P71,

C2H01-C, C2H02, and C2H03 extendedno farther the hydraulicproperties at the latter two locations

than5.6 m froma roomordrift,andwerewithinabout mightbe expected to be similarbecause of similar

two roomradiiof the openings. Thus, the interpreted roomagesandsizes. However,theestimatedhydrau-

hydraulicpropertiespresentedinthis reportmay not licconductivitiesofthe test-zone intervalsof L4P51-A

be representativeof undisturbedrock,butmay reflect and $1P71-A differ by an order of magnitude(4.5 x

permeabilityand porosity enhancementand depres- 1014rn/svs.4.0x 1013m/s,respectively),whilethatfor

surizationwithin the DRZ around the WIPP facility. SOP01isintermediate(6.1 x 1014m/s). The estimated
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formation pore pressures, however, are similarfor drawnaboutthe relationshipbetweenanexcavation's

L4P51-A and S1P71-A (2.75 and 2.95 MPa, respec- age and size and the hydraulicpropertieswithinthe

tively), while that at SOP01 is considerablyhigher DRZ.

(4.45 MPa). L4P51-Aand$1P71-A arealsosimilarin

that both sets of tests showed apparent zero-flow 7.3.1.2 Comparlsonof ResultsfromC2H01-C

boundaries2 to 3 m from the borehole, while no and C2H02. AnotherIocationwheretheDRZ mayhave

boundaryeffectswere observed duringthe testingof hadsomeinfluenceonthehydraulicpropertiesobserved

SOP01. Marker Bed 139 was isolatedin the guard inMarkerBed 139 isin RoomC2. HoleC2H01,drilk_l

zones of these holes. The highestguard-zonepres- vedicallydownwardintotheflooroftheroom,isthoughtto

sure(0.52 MPa) wasobservedinSOP01. The guard- haveencounteredoneorrnorefracturesinMarkerBed139

zone pressure in L4P51-A decreased from 0,3 to thatcontdbutedtotherelativelyhighhydrauUcconductivity

0.2 MPa duringtesting,and no pressureaboveatmo- (7.0 x 10-12m/s)observedatthatlocation.The hydraulic

spheric was observed in the S1P71-A guard zone. conductMtyofMarkerBed139wasbwer(5.Tx10-13nYs)

Why thetest-zoneintervalof SIP71-A shouldhavea atholeC2H02,whichwasdrilledunderthedbofthe room

higherformationporepressurethanthat of L4P51-A, ata 45"angle.TheporepressureinMarkerBed 139was

whiletheopposite istrueoftheguard-zoneintervalsis higherat C2H02 (9.30MPa)thanat C2H01 (8.05MPa).
unknown. These observatbnsare consistentwithdisturbancedi-

rectlyundertheroomcreatingfracturesinMarkerBed139,

Insummary,the Iowertest-andguard-zonepressures orallowingexistingfracturestoopen,causingan increase

inL4P51-A and $1P71-A relativeto SOP01 mightbe inperrneabilityanddecreaseinporepressurecomparedto

relatedto increaseddisturbanceresultingfrom their the relativelyundisturbed,Jonditionsundertheribof the

being in a larger excavation, as might the higher room.TheseobservationsthereforesuggestthattheDRZ

hydraulicconductivityofthe $1P71-A test-zoneinter- beneathRoomC2 extendsat leastto a depthof7 m,the

val. If true, this would indicatethat the age of an depthofMarkerBed133.

excavationis lessimportantthanitssizeindetermining

thedegree ofdisturbanceinthe rock surroundingthe 7.3.1.3 Relationship Between Hydraulic

excavation. Stormont (19g0a) reached the same Conductivity and Distance from an Excavation. Ali

conclusionfrom examinationof extensometermea- otherthingsbeingequal,we wouldexpectto observe

surements,inclinometermeasurements,andgas-flow an inverserelationshipbetweenhydraulicconductivity
measurementsmade in boreholesdrilledfromdiffer- and distancefrom an excavationbecause of therela-

ent size rooms. The low hydraulicconductivityof the tionshipbetweendeviatodcstressandfracturing(Sec-

L4P51-A test-zoneinterval,however,is not inaccord tion7.3.1). Figure7-93 showsa plotof the interpreted

with this hypothesis. In addition,we have difficulty hydraulicconductivitiesof the differenttest intervals

reconcilingthe conceptof increaseddisturbancewith versusthe distancesfromthe centers of those inter-

the apparentzero-flowboundariesaroundL4P51and vals to the excavationsfrom whichthey were ddlled.

$1P71. If disturbance increases permeabilityand With respectto thetestsof haliteintervals,no consis-

allows pressureto escape, we would not expect to tent correlationis observed between hydrauliccon-

observe zero-flowboundaries. Additionaltestingwill ductivityand distance from an excavation. The test

berequiredbeforemoredefinitiveconclusionscanbe intervalclosestto anexcavation,thatof C2H01-A, had
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a hydraulicconductivitymore thananorder ofmagni- ditionsinthe DRZ closeto the excavations. Specifi-

tudehigherthanthatof anyotherhaliteinterval,butthe cally, flowwithinportionsofthe DRZ maybe nonradial

hydraulicconductivitiesof the other five intervalslie anddominatedby fracturesof limitedextent. W'dhin

withina two-order-of-magnituderangewith noappar- two orthree metersof anexcava,ion, therefore,exca-

ent relationshipto distancefroman excavation, vation effects may have created a DRZ in which

permeabilitiesare relativelyhigh and nonradialflow

The lack of an observed correlationbetween halite conditions may exist. Beyond three meters,

hydraulicconductivityand distancefrom an excava- permeabilitiesare lowerand radial-flowmodelscan

tionmay be dueto naturalheterogeneity,a statistically duplicatethe observedtest responses.

inadequateamountofdata, and/orotherfactorssuch

as excavationsize, excavationage, mineralogy,and 7.3.1.4 Relationship Between Formation

other sedimentologicaldifferences having a larger Pore Pressure and Distance from an Excavation.

influenceon hydraulic,t;onductivitythandistancefrom Ali other things being equal, we would expect to

an excavation. Alte,;_,_ively,the absence of a corre- observe h_her formationporepressuresas distance

lation between h/dtaulic conductivity and distance froman excavation increases. Figure7-94 showsa

fromanexcavationmayreflecttheexistenceofa time- plotofinterpretedformationporepressuresversusthe

varying inelastic deviatoricstress field in rock salt distancesfromthe centers of the correspondingtest

(Wawersikand Stone, 1989). That is,timevariationin intervals to the excavations from which they were

propertiesmay mask distance variationin properties, drilled. Consideringthedata from haliteintervalsand
MarkerBed 139 intervalstogether,a general trend of

W'dhrespecttothe testsof MarkerBed 139, hydraulic increasingformationporepressurewithdistance from

conductivitydoes appear to increasewith increasing an excavation is evident. However, ifonly the data

proximityto anexcavation (Figure7-93). This obser- from the haliteintervalsare considered(i.e., exclude

vation, however,is based on only three data points. SOP01-GZ, C2H01-C, and C2H02), thetrend is less

Additionaidatawillberequiredtoplacethisconclusion clear. This is probablydue in part to the sparsityof

on a firmerbasis, data, particularlyover a wide rangeof distancesfrom

theexcavations.Otherfactors,however,suchastime-

The two highest hydraulicconductivitiesindicatedon varying inelastic deviatoricstress fields, must also

Figure 1-93 are fromthetwoshallowesttest intervals, have an influence on the formation pore pressures

the SOP01 guardzone and the C2H01-A test zone. withinthe halite intervals,

The guard zone for the $1 P71-A testing was even

shallower(1.25 to 2.20 m deep;Figure7-38), andthe The two lowest formation pore pressures shown on

apparent hydraulicconductivityof MarkerBed 139 in Figure 7-94 are fromthe two shallowesttest intervals,

that interval was also relatively high (see Section the C2H01-A test zone (assuming the contributing

7.1.9.2). The simulationsofthe C2H01-Atestsandthe zonewas 2.09 to 2.92 m deep) andthe SOP01guard

SOP01guard-zonetestsproducedtheworst fitsto the zone. Two shallowerisolatedintervals,the C2H01-A

observed data of ali the tests (Figures7-3 and7-37, guard zone (0.50 to 1.64 m deep) andthe $1P71-A

respectively). The poor fits may be the result of guardzone (1.24to 2.27 m deep), were apparentlyat

discrepanciesbetweenthe modelassumptionofradial atmosphericpressureonly. Asdiscussedin Section
,la .... :_ _ I.. ..... .-.....-.. _ .-.-..._ .1:. .,,.. ,-.,.....I _..:..-_i _1.-_... _,_._ "J _ -ii '2 _li_-._.,,_ ;.,_.-_.-ile. m.-,•* t._,_ _.,_l-i;w_ _,4;_4_ ,_-_:l_,l .-p.._rlo¢,
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around their respective excavations in which No conclusionscan as yet be drawn concerningthe

permeabilitieshave increased and formation pore amount of clay that must be present to influence

pressureshave decreased. Observationsof atmo- hydraulicconductivitysignificantly.Thetest intervals

sphericpressureinthe guardzonesof C2H01-A and containingclay D, an areallypersistentclay seam or

$1P71-A probably reflect the extreme conditionof groupof claystringersup to 2 cm thick,hadhydraulic

directfractureconnectionbetweenthe isolatedinter- conductivitiesonly slightlyhigher than intervalscon-

vals and the overlying excavations. Beyond about taining less continuousclay impurities. Additional

three meters'depth,the rockappearstobesufficiently testing combined with quantitativedeterminationsof

intact to contain pressuresof several MPa. clay contentsare neededto evaluatethe influenceof

clayon hydraulicconductivity.

7.3.2 EFFECTS OF MINERALOGY ON HYDRAU-

LIC PROPERTIES. Keeping in mindpossibleinflu- 7.3.3 RADIUS OF INFLUENCE OF TESTING. The

ences of the DRZ, two conclusionscan be drawn radiusof influenceof a hydraulictest depends onthe

concemingmineralogyandhydraulicproperties.First, specific storage of the formation being tested: the

the anhydriteof Marker Bed139 (includingthe under- lower the specific storage, the greater the radiusof

lying clay E) appears to have an intrinsicallyhigher influence. Assuming base-case values of specific

hydraulicconductivitythanhalite. The hydrauliccon- storage (Table 6-2), the individual pulse tests dis-

ductivityof MarkerBed 139wasgreateratalilocations cussedinthisreporthadradiiof influencerangingfrom

where itwas tested than the hydraulicconductivityof about1to10 m (Table7-1). Thepressuredisturbances

alithe haliteintervalstested,withtheexceptionof the caused by hole drillingand entiretesting sequences

halite interval in C2H01-A. This halite interval,how- extended to distancesbetween 4 and 35 m fromthe

ever, is believed to be significantlydisturbedby its boreholes,except in the cases of the L4P51-A and

proximityto the excavation,and notat alirepresenta- $1 P71-A testingwhich appeared to encounterzero-

tiveof undisturbedhalite. Ingeneral,Marker Bed 139 flowboundaries2 to 3 mfromthe holes. Ingeneral,the

had a hydraulic conductivity one to two orders of individualtests of polyhaliticand argillaceoushalite

magnitudehigher thanthat of halite, hadradiiof influenceonthe orderof2 m. Thetests of
Marker Bed 139 in holes C2H01 and C2H02 had

Second, impure halite, containingtrace amountsof individualradiiof influenceof about5 m. Forboththe

clay and insomecasespolyhalite,appearsto be more halite and Marker Bed 139 intervals, these radiiare

permeablethan pure halite. This conclusionis less greatenoughtoprovideconfidencethatthetestresults

certain than the previous conclusion,because test are representative of formation properties beyond

data frompure haliteare availablefromonlyonehole, possible damaged zones associated with the bore-

C2H03. Nevertheless,thecompletelackofanobserv- holes. However, if the maximum specific-storage

able pressureresponse in C2H03, when contrasted values considered possible, which are thought to

with the unambiguousresponsesobserved inali ira- represent extreme conditions within the DRZ, are

pure-halite test intervals, indicatesthat the hydraulic applicable,theradiiofinfluenceofthetestscouldbeon

conductivity_f purehalite mustbe lowerthan that of the orderof 1 m or less. Attemptswillbe made inthe

impure halite. As the testing program continues, futureto measure specificstoragedirectlyto resolve

additionaldatawillbe collectedtosupportorrefutethis uncertaintiesaboutthe radiiof influenceof testing.
conclusion.
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As discussedinSection 6.2, the model usedfor test zone extendedfrom0.50 to 1.64 m deep andthe test

interpretationassumesno verticalflow in the forma- zone extendedfrom 2.09 to 5.58 m deep. As dis-

tion. Any vertical flow associatedwith these tests cussed in Section7.1.! .1,the responsesobserved in

wouldtend to decreasethe horizontalradiusof influ- the C2H01-A testzone are thoughtto representonly

enceofthe tests.Thus,theradiiof influencepresented the intervalfrom2.09 to (at most)2.92 m deep;that is,

inthisreportshouldbe consideredas maximumval- not the portions of the C2H01-A test interval later

ues. includedinthe C2H01-B test and guardzones,which

showedsignificantlydifferentresponses. Duringthe

7.3.4 EVALUATION OF POROUS-MEDIUM AS- C2H01-B tests,the guardzonewas from 2.92 to 4.02

SUMPTION. The interpretationspresented in this m deep and the test zone was from 4.50 to 5.58 m

report are predicated on an assumption that the deep. During the C2H01-C tests, the guard zone

Salado Formationis a porous medium. That is, we extendedfrom4.75to5.79mdeep, whilethetestzone

have assumed that the Salado contains a continu- extended from 6.63 to 8.97 m deep, and included

ous network of interconnectedpores that provides Marker Bed 139 from 6.80 to 7.76 m deep. As

for continuouspore-pressure gradientsand perme- discussedinSection7.1.3.2, no formation-pore-pres-

ability.Some of the testswe haveconductedcan be sureestimatewas obtainedfromthe C2H01-C guard-

easily interpreted under this assumption,whereas zonedata.

others cannot. The responses observed during

tests of Marker Bed 139where itshouldbe relatively Figure7-95 showsthe formationpore pressuresinter-

undisturbed by the excavations (C2H01-C and pretedforeachof the fiveintervalsinC2HOl ptottedas

C2H02) appearto be well representedby a porous- a functionof depth. Withthe exceptionof thepressure

medium model. The responses to the C2H01-B fromthe C2H01-B test-zone interval,the plot shows

(bothtestzone and guardzone) and SOP01tests of pressuresincreasingwithdepthbelowtheexcavation.

impurehaliteare alsowell representedby a porous- The pressurefromthe C2H01-B test-zone interval is

medium model. The L4P51-A and $1P71-A tests of anomalousin that it is lowerthan the pressuresboth

impure halite, however, provide indicationsof a aboveandbelow. Thisobservationcastsdoubtonthe

limitedinterconnectedpore volume,whiletheC2H03 existenceof a continuouspore-pressuregradientbe-

test of pure halite showed no apparent permeability low Room C2 and, by extension, on the concept of

or pore pressure at all. The responses observed continuousinterconnectedporosity.Aiternatively,time-

duringtheC2H01-A andSOP01-GZtestsarethought dependentdeformationprocessesandverticalhetero-

to be heavilyinfluencedbythe DRZ andgas genera- geneityinthe mechanicalpropertiesof the rockmight

tion, respectively, and provide little insightinto the combineto producetransientpressuregradientsthat

adequacy of a porous-medium model, appear anomalous. Even if porosity is not continu-

ouslyinterconnectedacrossbedding,however,itmay

The only locationat which the continuityof the pore- stillbe interconnectedwithina single bedormap unit.

pressuregradientcan be evaluatedat morethantwo Furtherinvestigationintothe existenceof continuous

points is borehole C2H01. The three sets of tests pore-pressuregradientsboth within individualbeds

performedinthat holeresultedinsixdifferentintervals and acrossbeddingisbeing carriedout as partofthe

being isolated. During the C2H01-A tests, the guard Room Q testsat the WIPP (Nowak et al., 1990).
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Thus,theinterpretedresultsoftheSaladopermeabil- metersfromtheboreholes.Moreover,whilethetests
itytestsconductedto dateare inconclusivewithre- oftheC2H01-Btestzoneandguardzoneshowedno

spectto thequestionof whetheror notcontinuous radial restrictionsto porosity(or permeability),the
interconnectedporosityexistswithintheSalado.No formationporepressuresinterpretedforthose inter-
evidencecontradictstheconceptofcontinuousinter- valsindicatethatporositymaybe limitedvertically
connectedporositywithinMarkerBed139. Within (acrossbedding)atthatlocation.Additionaltestingto

halite,however,twotestsprovideindicationsofporos- beperformedoverthenextseveralyearsshouldhelp
itybeinginterconnectedonlyonthescaleofabouttwo resolvequestionsabouttheporousnatureof bedded
to three meters, while others show continuous halite.

interconnectedporosityto distancesof at leastfour
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8. SUMMARY AND CONCLUSIONS

This report presents interpretations of hydraulic encounteredin the Salado on the scale of testing.

tests conducted in bedded evaporites of the Testsof fiveof the intervalshad interpretedradiiof

Salado Formationfrom 1988 through early 1990. influence ranging from about 4 to 35 m, with no
Tests were conducted on ten intervals in six indicationsof hydraulic boundaries. Tests of two

boreholes drilled from the underground WIPP intervalsshowedapparent zero-flowboundariesat

facility. A summaryof the test-interpretationresults distances of 2.0 and 2.8 m from the boreholes.

and conclusions about the hydraulic properties Two other tests, conducted in intervals 2 to 3 m

and behavior of the Salado Formation are from the excavations, showed hydraulicbehavior
presented below, not well represented by a radial-flowmodel. This

behavior may have been related to limited

8.1 Results of Testif_g fracturing within a disturbed-rockzone aroundthe

The first objective of the hydraulic tests was to excavations.

estimate the permeabilities of different strati-

graphic intervals in the Salado Formation around The fourthobjective was to define the distance(s)

the WIPP facility. Pressure-pulse tests were to which the presence of the WIPP facility has

successfully conducted in five stratigraphic affected hydraulic properties and format=onpore

intervals. Interpreted hydraulic conductivities pressures in the surrounding rock. Hydraulic

range from 1.4 x 10 -14 tO 2.0 X 10 -11 m/s for halite conductivityand pore pressure appear to be most
intervals,and from5.0 x 10-13to < 4 x 10-11 nVsfor affected within 2 to 3 m of the facility. The

anhydriteMarkerBed 139. Testingof an inte_al of interpreted hydraulic conductivity of a halite

relativelypure halitewas unsuccessfulbecause no interval within this zone was two orders of

pressure response was observed. Sensitivity magnitude higher than the hydraulicconductivity
analyses suggest our uncertainty in estimated of any other halite interval. The hydraulic

hydraulic-conductivityvalues is about + one-half conductivityof Marker Bed 139 also appears to be

order of magnitudein alicases, higherwithinseveral meters of an excavationthan
it is at greater distances. However, the distance

The second objective of the testing program was beyond which the hydraulic conductivity of either

to estimate formation pore pressures within halite or Marker Bed 139 is completelyunaffected

different stratigraphic intervals around the WIPP by the presence of the excavations cannot be

facility. No pressure above atmospheric was determined with the data currently available.
observed in isolatedintervalswithin two meters of Formation pore pressures within 3 m of the

the WIPP excavations. Estimatedpore pressures excavationsare low, rangingfrom atmosphericto

beyond two meters from the excavations ranged 0.5 MPa. Pore pressures beyond 3 m of the

from 0.5 to 9.3 MPa. The highestpore pressures, excavationsare variable, rangingfrom about 2.7 to
8.05 and 9.30 MPa, were estimated from tests 9.3 MPa. The observation that lower pore

performedin Marker Bed 139. Sensitivityanalyses pressuresare observed in haliteup to 6 m from the

show our uncertainty in estimatedformation pore excavationthan in Marker Bed 139 6.8 to 10.7 m

pressuresto be on the order of about _+0.5 MPa. from the excavation suggests that the halite has
been depressurized by flow towards the

The third objective of the tests was to determine excavationand/or by creation of new pore space

whether or not hydraulic boundaries would be by rockdeformation. No data are as yet availableto
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define formation pore pressures in the total (S1P73-B). Other tests are planned to examine

absence of excavationeffects, the hydraulicpropertiesof anhydrites"a," "b," and

"c,°'Marker Beds 138, 139, and 140, various clay

The databasefrom permeabilitytestsof the Salado seams/stringers, and other map units near the

is not currentlylarge enoughto allowusto achieve WIPP disposal horizon. However, efforts will be

our fifth objective, which was to differentiate made to perform these new tests at greater
between different mechanisms/models of brine distancesfrom the excavationsthan were the tests

flow through evaporites. One possibility is that discussed in this report. Testing at greater

continuous, albeit slow, flow occurs through distances from the excavations should provide

evaporites in response to continuous pore- informationon hydraulic properties and behavior

pressure gradients as it does through other beyondthe range of potentialexcavationeffects.

porous media. A second possibilityproposed by

McTigue et al. (1989)is that flow only occursafter The new tests will not consist solely of pulse-
initiallyisolatedpores are interconnectedby shear withdrawal tests, but will also include pulse-

deformationaround an opening. Once the pores injection tests, constant-pressure flow tests, and

are interconnected, brine in the pores that had cross-holeinterferencetests. The need for pulse-
been at a pressureapproachinglithostaticcan flow injection tests was shown by the tests of C2H03,

towards the pressure sink represented by the L4P51-A, and SI P71-Ao When conditionsof little

opening, with creep then closing the pores and or no pressurebuildupare observed, as they were

thereby helpingto maintainthe flow. The hydraulic at C2H03, pulse-injection tests will allow us to

behaviors observed during the Salado perrne- differentiatebetween simple depressurizationand

abilitytesting program to date cannot be uniquely extremely low (zero?) permeability. When ap-

ascribedto either mechanismof brineflow. This is parent zero-flow boundaries are encountered,

due, inpart, to uncertaintyasto whetheror not any pulse-injectiontests will be performed to attempt

of the tested intervalsdiscussedinthis reportwere to increase the pressure in the test interval and

sufficiently far from the excavations to be counteract the apparent depletion effects of the

unaffected by deviatoric stress resulting from the pulse withdrawals. The behavior we observe

excavations. The two possible mechanisms of should indicate whether or not we are truly dealing

brine flow discussed above are also not neces- with a small, finite volume of fluid.

sarily mutually exclusive. Deformation and creep

could act simply to enhance already-existing flow. Where preliminary pulse-test interpretation in-

I dicates hydraulic conductivities on the order of

8.2 Future Testing Plans and Con- 10-13 m/s or higher, constant-pressure flow tests

siderations will also be performed. Constant-pressure flow

While this report was beingprepared, tests of nine tests are insensitive to test-zone compressibi=ity
additionalintervals were initiated. These include andwill allowconfirmationof pulse-test interpreta-

tionsand evaluationof potential errorsin the pulse-tests of Marker Bed 139 (L4P51-A guard zone,

$1P72, SCP01 [Figure 5-1]), anhydrite "c" test analyses. Flow tests may also provide

(SIP71-B and L4P51-B), map unit 0 and/or the additionalinformationon the presence or absence

polyhalitichalite between map unit 0 and Marker of free gas at differenttestinglocations.

Bed 139 ($1P72 guard zone and SCP01 guard

zone), halite between clay D and anhydrite "c" The radiiof influenceobtainedfrom the interpreta-

(L4P51-B guard zone), and Marker Bed 138 tion of the tests of Marker Bed 139 in boreholes=1

_
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C2H01 and C2H02 indicate that cross-hole 8.3 Conclusions
interference testingbetween holes 5 to 10 m apart The tests discussed in this report have demon-

may be feasible in Marker Bed 139. Interference strated that the hydraulic properties of bedded

tests allow reliable determination of the value of evaporites can be determined from in situ

specific storage, whereas single-hole pressure- hydrogeologictesting. Hydraulic conductivitiesof

pulse tests, in practice, do not. An interference evaporites are low (10 -14 to 10-11 rn/s) when

test would probably take the form of a constant- compared to those of most other water-bearing

pressure flow test at one hole, while monitoring rock types, but they can be estimated using

the pressure response at one or more nearby techniques and equipment specifically designed

holes, for low-permeability media. Questions remain,

however, as to the nature and degree of inter-

Testing in horizontal holes will be avoided in the connected porosity and permeability naturally

future. The inability to remove ali entrapped air present in halite. Hydraulic conductivities were

from test zones in horizontal holes results in found to increase, and formation pore pressures

unacceptable uncertainty in the test-zone com- decrease, with increasingproximityto the under-

pressibility. Testsof the map unitswithin the waste- ground excavations. Whether or not any of the

disposalhorizonwill be performed in holes angled tests can be considered to be unaffected by rock

upward or downward enough to allow complete response to the excavations (deviatoric stress) is

fillingof the test zones with brine, as yet unknown. This questioncan probably only

be resolved by testing at greater distances from

Future test-interpretation efforts will include the the excavations to establish the distance beyond

use of other types of numerical modelsto address which hydraulic properties remain relatively

factorsnotconsideredinthisreport, such as partial- constant. A comparisonof the hydraulicbehaviors

penetration effects, the nature of the flow field observed withinand beyond the region influenced

around an inclinedborehole, pressure-dependent bydeviatoric stress shouldprovide insight intothe

test-zone compressibility, two-phase flow, and mechanisms affecting brine flow through

creep. Factors potentially affecting specific stor- evaporites.
age in halite will also be studied in greater depth.

Depending upon the results of these efforts,

some of the test interpretationspresented in this

report could be modified.
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APPENDIX A

SUMMARY OF SURFACE-BASED HYDRAULIC TESTING
OF THE SALADO FORMATION

From 1976 to 1985, a number of hydraulictests of the Salado Formationwere performed in boreholes

drilledfromthe surface. Mostof these testswere intendedas reconnaissancetests to try to find evidence

of high permeabilitiesand pressures, rather than as tests to measure the expected low permeabilityof
halite. As a result, little effort was expended trying to establish optimal conditionsfor testing of low-

permeabilitymedia. Drillstemtests (DSTs), air-injectiontests, and/or pressure-pulsetests were performed

in boreholesERDA-9, ERDA-10, AEC-7, AEC-8, Cabin Baby-l, DOE-2, and WIPP-12, but none provided

data that couldbe reliablyinterpretedto yieldformationpermeabilityand/or pressurevalues.

In 1976, ten DSTs were attemptedin borehole ERDA-9 of Salado intervalsranging inthicknessfrom 11.6

to 76.5 m (Griswold,1977). The purpose of the tests was to look for evidenceinthe Salado Formationof

geopressured brine flow such as had been observed in the Castile Formationat the ERDA-6 borehole

(Griswold, 1977). Accordingly, no effort was made to optimize conditions for testing of very low

permeability(< 10-15 m2;1 milliDarcy[mD]) media. Three of the DSTs were unsuccessful,as one or both

packersfailed to establish a pressure-tightseat in the borehole. HalliburtonServices, the company that

performed the DSTs, reported permeabilityvalues from five of the tests (Sigmon, 1976). One of these

five tests,and a sixthtest, were also interpretedby Sipes, Williams,and Aycock, Inc.,the contractorhired

to oversee the DSTs. The seventh test was considered uninterpretable because the buildup data

providedevidenceonly of afterflow (wellborestorage)(Sigmon, 1976; Griswold,1977).

The permeabilities interpreted from the six DSTs in ERDA-9 have since appeared in Griswold (1977),

Lambert and Mercer (1978), and Mercer (1987) withoutcriticalevaluation. Examinationof the interpreta-

tions presenteo by Sigmon (1976) reveals that no flows into the well occurred during the DST flow

periods. Nevertheless, the buildupdata were fitted to type curves, and the time matches between the

data and the type curves were used incorrectlyto estimate permeabilities. Standard DST buildupanalysis

(Earlougher,1977) requiresthat a flowrate be measuredduringa flow period. Thisflow rate is used along

with the Dressurematch between the data and a type curve to calculatepermeability. The time match is

only used with the permeability obtained from the pressure match to calculate the wellbore-storage

coefficient of the weil. The time match alone provides no information on permeability. Thus, the

permeabilityvalues presentedby Sigmon(1976) from the ERDA-9 DSTs are invalid. The DST interpreta-

tions of Sipes, Williams, and Aycock, Inc., also reliedon invalidtype-curve-matchingprocedures and on

invalidHorneranalysesbecause no flowswere observedduringthosetests. Withoutflow data, the ERDA-

9 DSTs simplycannotbe interpretedto provideestimatesof permeability.

Even though invalid interpretationsof the ERDA-9 DSTs were reported, the deficienciesof the tests were

recognized by the parties involved. Quoting Griswold (1977), "... we must conclude that the drill-stem test

did not adequately test the formation. This is not an operational fault of the technique we used, but rather

an indication that extremely long shut-in times (perhaps a month or more) will be required. Such times are

not realistic for conducting active drilling operations. Therefore, the only conclusion that can be drawn
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from the 10 drill-stem tests isthat no signiticant amount of fluid is present in the Salado. Definitivetests as

to what trace amounts are present and under what pressures must be determined by other means ..."

DSTs were attempted over two intervals of the Salado in borehole AEC-7 in 1979 (Sandia and

D'Appolonia, 1983a), over one interval of the Salado in borehole AEC-8 in 1976 (Sandia and D'Appolonia,

1983b), and over two Salado intervals in borehole ERDA-10 in 1977 (Sandia and D'Appolonia, 1983c),

but no interpretable results were obtained from any of these tests. Although pressure buildups were

usually observed when the intervals were shut in, no flows into the wells were observed dudng the DST

flow periods, which typically lasted one hour or less.

Air-injectiontests of two 30.5-m intervals of the Salado were attempted in June 1979 inborehole AEC-7

(Peterson et ai., 198i). Petersonet al. (1981) interpreted these tests by assumingthat the pores in the

Salado were dry, containing only gas at atmosphericpressure. This assumptionhas since been found to
be invalid,as the Salado pores appear, from testing performedinthe WIPP underground,to be saturated

withbrine at pressuresof upto 11 MPa. The fluid that had been inthe AEC-7 borehole since itwas drilled

was evacuated 28 days before the air-injection testing began, which may have resulted in partial

desaturationof the rock around the hole. The true saturation state and pressuredistributionaround the
AEC-7 borehole at the time of the air-injectiontests cannot now be determined, however, and hence the

testscannotbe reinterpretedto providereliable permeabilityvalues.

In 1983, DSTs and a slug test were attemptedon a 597.5-m intervalof the Saladoin borehole Cabin Baby-

1 (Beauheim et al., 1983). From a Homer analysis of the second DST buildupperiod, Beauheim et al.

(1983) reported a maximum average permeabilityof the interval of 9 x 10-21rR2(9 nD). This value was

reported as a maximum because it was derived from the final slope of a Homer buildupcurve that was

continuing to steepen at the end of the DST, and permeability is inversely proportional to the slope of
such a curve. Later observations of shut-in pressures at the Cabin Baby-1 wellhead revealed that

pressureshad indeed risen higherthan the value predicted from extrapolationof the final slope observed
dudng the DST, confirming that the permeabilityvalue reported was an overestimate. Beauheim et al.

(1983) also reported a Salado permeabilityvalue of 8 x 1@2orn2(80 nD) based on a poor fit between the

slug-testdata from Cabin Baby-1 and a type curve. This permeabilityvalue is also likelyan overestimate,

because the type-curve interpretation failed to take into account the transient pressure conditions

existing before the slug test began. The recovery response observed during the slug test actually
represented a superposition of recovery responses from the earlier DSTs and other wellbore conditions in

addition to the slug test itself, and therefore was more rapid, leading to a higher interpreted permeability,

than it would have been had the slug test been the only stress on the system. Thus, the testing at Cabin

Baby-1 provided only poorly defendable upper bounds on the permeability of the Salado.

In 1985, a DST and pressure-pulse tests were attem_ted over two Salado intervals in borehole DOE-2

(Beauheim, 1986). The DST was performed over a 34.7-m interval of the Salado that included Marker

Beds 138 and 139. The test-interval pressure was given nearly 21 hr to stabilize before testing began,

but this proved to be an inadequate period. The DST consisted of a 21-minute flow period followed by a
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maximum average permeability of the interval of 3 x 10-19m2 (300 nD). This value was reported as a
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maximum because the Homer buildup curve was continuing to steepen at the end of the monitoring

period. Two pressure-pulse tests were attempted over a 626.4-m interval of the Salado in DOE-2. The

tests were preceded by a 15-hr pressure-stabilizationperiod. Attempted type-curve interpretation of

these tests failed because the two data sets provided inconsistent estimates of the static formation

pressure and fit the type curves poorly. Therefore, no defendable estimates of permeability were

obtainedfrom the pulse tests. In summary, the testingat DOE-2 resultedonly in an overestimateof the

permeabilityof one interval. Boththe DST and pulsetests at DOE-2 providedqualitative indicationsthat

carefully controlledpermeabilitytests of the Saladowould require testingdurationson the order of weeks
to months.

DSTs were also performed over four Salado intervals in borehole WIPP-12 in 1985 (Beauheim, 1987).

The primarypurposeof the tests was to identify the source(s)of highpressuresobservedat the WIPP-12

wellhead, not to provide data for quantitative permeabilityanalysis. Thus, no attempt was made to allow

test-interval pressures to stabilize before beginningthe DSTs, and ali tests were terminated while the

buildup curves (on a Homer plot) were continuingto steepen. No attempt has been made to derive

permeability values fromth_se tests because the test data are unsuitablefor that purpose. However, the

responses observed during the WIPP-12 testing provided additional qualitative indications that a
permeabilitytest of the Salado wouldrequirea testingdurationon the order of weeks to months.

Followingthe DOE-2 and WIPP-12 testing, we concluded that the time periods required for successful

permeability testing of the Salado rendered surface-based testing in deep boreholes unfeasible.

Economic considerations involvingthe costs of deep drilling and maintaining necessary equipment at

remote surface sites for long periods of time, and technical difficultiesthat had been encountered, such

as a lack of goodpacker sea_sand numerousequipmentfailures, contributedto thisconclusion. Thus, ali

future hydraulictesting of the Salado was planned to be conducted in the underground WIPP facility,

where access to the formation at the facilityhorizon could be easily obtained, and where tests could be

started and conducted more economically with more control over the mechanics of testing and equip-
ment.
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APPENDIX B

STRATIGRAPHIC UNITS (MAP UNITS) NEAR THE WIPP
FACILITY HORIZON
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Figure B-1. Detailed Stratigraphy Near the WiPP Underground Facility.

142



Table B-1

Description of Generalized Stratigraphy*

Approxim_te
Distance From
Clay G (Meters) Stratigraphic Unit Description

16.8 to 17.5 Argillaceoushalite Clear to moderatebrown,mediumto coarselycrystalline. <1 to
3% brownclay. Intercrystallineand discontinuousbreaks. In
one core hole,consistsof a 2.54 centimeterthickclay seam.
Unitcan vary up to 1.2 meters inthickness. Contactwith lower
unit isgradational.

14.2 to 16.8 Halite Clearto moderatereddishorange and moderatebrown,
coarsely crystalline,some medium. <_1%brownclay, locally
argillaceous(claysM-1 andM-2). Scatteredanhydritestringers
locally.

13.0 to 14.2 Polyhalitic halite Clear to moderate reddish orange, some moderate brown,
coarsely crystalline. <I to 3% polyhalite. None to 1% brown
and some gray clay. Scattered anhydrite locally. Contactwith
unit below is fairly sharp.

11.6 to 13.0 Argillaceous halite Clear to moderate brown, medium to coarsely crystalline, some
fine. <1 to 5% brown clay. Locally contains 10% clay.
Intercrystalline and scattered breaks. Locally containspartings
and seams. Contact with lower unit is gradational based on
increased clay content. Average range of unitis 11.6 to 13.0
metersaboveclay G but does vary from 10.3 to 14.0 meters.

10.4 to 11.6 Halite Clear to moderatebrown,some moderate reddishbrown,
coarselycrystalline, somefine and medium. <_1%brownclay,
tracegray clay locally. Scattered breaks. Locallyargillaceous.
<1% polyhalite. Contact withunitbelow is gradationalbasedon
clay and polyhalitecontent.

9.2 to 10.4 Halite Clearto moderatereddishorange,coarselycrystalline. <1 to
3% polyhalite. Commonlypolyhalitic.Scattered anhydrite
stringerswithanhydritelayers up to 1.27 centimetersthick
locally. Scatteredbrownclay locally. Contact withMB-138
below is sharp.

9.0 to 9.2 Anhydrite(MB-138) Lightto mediumgray, microcrystalline.Partlylaminated.
Scatteredhalitegrowths. Clay seam Kfoundat base of unit.

7.6 to 9.0 Argillaceoushalite Clear to moderatebrown,some lightmoderatereddishorange.
Mediumto coarselycrystalline. <! to 3% brownclay, some
gray. Locallyupto 5% clay. Clay is intercrystallinewithscat-
tered breaksandpartingspresent. <1/2% dispersedpolyhalite.
Contactwith lowerunit isgradationalbasedon claycontent.
Uppercontact withclay K is sharp.

*From Geotechnical Field Data and Analysis Report, Vol. II, Westinghouse,1989.
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Table B-1

Description of Generalized Stratigraphy (Continued)

Approximate
Distance From
Clay G (Meters) Stratigraphlc Unit Description

7.0 to 7.6 Halite Clear, some lightmoderate brown,coarselycrystalline.<1/2%
brownclay. Contactwith clay J below variesfromsharpto
gradationaldependingifclay J is a distinctseam or merelyan
argillaceouszone.

6.4 to 7.0 Argillaceoushalite Usuallyconsistsof scatteredbreaksor argillaceouszone
(clayJ) containing<1 to 3% brownclay. In C&SH shaft,it is a 1.27

centimetersthickbrownclay seam.

5.1 to 6.4 Halite (map unit 15) Clear, coarselycrystalline,scatteredmedium. Upto 1% dis-
persedpolyhaliteand brownclay. Scattered anhydrite. Lower
contactis sharpwithclay I.

4.8 to 5.1 Halite (map unit 14) Clear tograyishorange-pink,coarselycrystalline,some medium.
<1/2% dispersedpolyhalite. Scattereddiscontinuousgrayclay
stringers. Clay I is alonguppercontact. Contactwithlowerunit
is diffuse.

3.5 to 4.8 Halite (mapunit 13) Clear to moderatereddishorange and moderatebrown,medium
to coarselycrystalline,some fine. _<1%brownclay, locallyupto
3%. Traceof grayclay. Scattereddiscontinuousbreaks. <1%
dispersedpolyhaliteand polyhaliteblebs. Contactwith unit
below isgradationalbasedon clay and polyhalitecontent.

2.3 to 3.5 Polyhalitichalite Clear to moderatereddishorange, coarselycrystalline. _<1to
(mapunit 12) 3% dispersedpolyhaliteandpolyhaliteblebs. Scatteredanhy-

dritestringers. Contact issharpwith unit below.

2.1 to 2.3 Anhydrite Lightto mediumgray, lightbrownishgray andsometimeslight
("a" - map unit 11) moderatereddishorange. Microcrystalline.Halite growths

within. Partlylaminated. Clear, coarselycrystallinehalitelayer
upto 5.1 centimeterswide,foundwithinexposuresinwaste
experimentalarea. Thingray clay seam H at baseof unit.

1.7 to 2.1 Halite (mapunit 10) Clear to moderatereddishorange/brown,fineto coarsely
crystalline.<_1%brownand/or grayclay and dispersed
polyhalite. Discontinuousclay stringerslocally. Contactwith
lowerunitisdiffu3ebased on crystal size andvaryingamounts
of clay and polyhalite.

0.1 to 1.7 Halite (map unit9) Clear to lightmoderatelyreddishorange, coarsely crystalline,
some medium. None to <1% polyh_,lite.Trace of gray clay
locally. Scatteredanhydritestringers. Contactwith unitbelow is
sharp.

144



Table B-1

Description of Generalized Stratigraphy (Continued)

Approxlmate
Dlstance From
Clay G (Meters) Stratlgraphlc Unlt Descrlptlon

0.0 to 0.1 Anhydrite Lightto medium gray,microcrystallineanhydrite. Scattered
("b"-map unit8) halitegrowths.Thingrayclayseam G atbase ofunit.

0.0to-0.7 Halite(map unit7) Cleantolight/mediumgray,some moderatereddishorange/
brown.Coarselycrystalline,some fineand medium.<1%
brownandgrayclay.Locallyupto2% clay.<1% dispersed
polyhalite.UppercontactissharpwithclayG. Contactwith
lowerunitisgradational.

-0.7to-2.1 Halite(map unit6) Clear,some moderatereddishorange,coarselycrystalline,
some finetomedium locally.<1/2%grayclayandpolyhalite.
Contactwithlowerunitgradationaland/ordiffuse.

-2.1to-2.7 Halite(mapunit5) Clear,coarselycrystalline.<112%grayclay.Contactwithlower
unitusuallysharpwithclayF.

-2.7to-3.5 Argillaceoushalite Cleartomoderatebrownand moderatereddishbrown,coarsely
(map unit4) crystalline.<1% polyhalite.<1 to5% argillaceousmaterial;

predominantlybrown,some gray,bcally.Intercrystallineand
discontinuousbreaksand partingscommon inupperpartofunit.
Decreasingargillaceouscontentdownward.Contactwithlower
unitisgradational.

-3.5 to -4.2 Halite (map unit3) Clear to moderate reddishorange,coarsely crystalline.-<1%
dispersedpolyhaliteandpolyhaliteblebs. Locallypolyhalitic.
Scattered grayclay locally. Contact with lowerunitis sharp.

-4.2 to -4.3 Argillaceoushalite Moderate reddishbrownto mediumgray, mediumto coarsely
(map unit2) crystalline. <1 to 3% argillaceousmaterial. Contactwithlower

unit is usuallysharp.

-4.3 to -4.4 Halite (mapunit 1) Lightreddishorangeto moderate reddishorange, mediumto
coarselycrystalline. _<1%dispersedpolyhalite. Contactwith
lowerunitis sharp.

-4.4 to -6.7 Halite (map unit0) Clear to moderate reddishorange/brown,moderatebrownand
grayishbrown. Mediumto coarsely crystalline. <1 to 5%
argillaceousmaterial. Predominantlybrown,some gray,
intercrystallineargillaceousmaterialand discontinuousbreaks
and partings. Upper0.6 metersof unit is argillaceoushalite
decreasinginargillaceousmaterialcontent downward. Noneto
<1% polyhalite. Contactwith lowerunit is gradationalbasedon
polyhalitecontent.
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Table B-1

Description of Generalized Stratigraphy (Continued)

Approxlmate
Dlstance From
Clay G (Meters) Stratlgraphlc Unlt Descrlptlon

-6.7 to -7.7 Polyhalitichalite Clear to moderate reddishorange. Coarsely crystalline,some
medium locally. <1 to 3% polyhalite. Scattered anhydrite.
Scattered gray clay locally. Contact with lower unit (MB-139) is
sharp, but commonly irregular and undulating. Trace of gray
locally present along this contact.

-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 Efound at base of unit. Upper contact is irregular,
undulating and sometimes contains <0.16 centimeters gray clay.

-8.6 to -9.5 Halite 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. <1 to
3% polyhalite. Contact with lower unit is usually sharp along
clay D.

-11.0 to -11.5 Halite 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 crystalline.
<1 to 3% polyhalite. Trace of clay locally. Scattered anhydrite
locally. Contact with lower unit is gradational, based on de-
creased polyhalite content.

-13.0 to 14.4 Halite Clear to moderate reddish orange, medium to coarsely crystal-
line. <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 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".

-16.2 to -16.3 Andydrite ("c") Light to medium gray, microcrystalline anhydrite. Scattered
halite growths. Faintly laminated locally. Clay seam B found at
ba_;eof unit.
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Table B-1

Description of Generalized Stratigraphy (Concluded)

Approximate
DIstance From
Clay G (Meters) Stratigraphic Unit Description

-16.3 to -20.0 Halite Clear to mediumgrayand moderatebrown. Mediumto coarsely
crystalline,somefine locally. ,:1% polyhalite,locally polyhalitic.
<1 to 3% clay,bothbrownand gray. Intercrystallineclay with
discontinuousbreaksandpartings. Zones of argillaceoushalite
foundwithinunit. Seams of clay mixedwith halitecrystals
presentlocally. Uppercontact of thisunit issharpwith clay B.

-11.5 to 13.0 Polyhalitichalite Clear to moderatereddishorange/brown,coarselycrystalline.
<1 to 3% polyhalite. Trace of clay locally. Scatteredanhydrite
locally. Contactwith lowerunit isgradational,based on de-
creasedpolyhalitecontent.

-13.0 to -14.4 Halite Clearto moderatereddishorange, mediumto coarselyCrystal-
line. <1% dispersedpolyhalite. <1% brownand/orgray clay.
Contactwithlowerunit is gradationaland/or diffuse.
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APPENDIX C

CORE LOGS

C2H01
C2H02
C2H03
N4P50
L4P51 -A
SOP01
SIP71-A
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|

BOREHOLE'. C?-_6"E. LOGGED BY: _S_i K_I_

LOCATION: _o_ _-?_ DATE:"7/zq //q_)
j, #

COORDINATES:N lll'_Z._,soie g$_.s_ DRILLINGDATE:q/l_-.,/_

ELEVATION" 16ob. s6ao _:t • DRILLING TIME-S._-_.iow

DIAMETER" L-l- ;nc._ DRILLER',. l_. Le_.,,s
i

DRILLING METHOD(S)" ._',c_G_c# DRILLING CO." LuipPi
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PROJECT: L_IPF ) BOREHOLE:._.C_._ZJ'I'.._3CORE LOGGED BY:___

F_ _ PsD
LOCATION:____oo.,C_7_ ELEVATION:_I}_I3_Jg_?,_f¢

i_111_5,.Mz_ DATE:.... -_. _
CO0 RDINATES:._L_%V_j_z_ DIAMETER:____'___

DRiLLINO TiME:_r5
ROOM: C_T.. COLLAR:

MINE :__&___i,oP CASING: DRiLLER:__._.._19(_rr;sl_
i

DRILLING METHOD(S):______C_'_r__-L.___r./.. DRILLING CO."I_iPP

APPARATUS:Lo._r_e_rDRILLING ....... ]_)__-___S_ c__-F__._O_Fo__.
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PROJECT:__±__P__BOREHOLE'._C_Z__#___CORELOGGEDBY:___
LOCATION:_o_o_ P--.Z ELEVATION=I__IS-IoZelfl -I_M-]_-I---P_D

",lr+G,.Nz'_ DATE:#LZ_..'_Z__-__Z.3_/_i
COORDINATES:_._.Z$'i'_.'/_z_DIAMETER:_ L/'"

DRILLING TIME:__k...r__.
ROOM: C7- COLLAR:......

M!NE:_LM/..PP CASING: DRILLER:_.[_.____r ;__
nlnn

DR_LL,NGMETHOD(S):__X__f___f...... DRILUNGCO.:__J£_P
DRILUNGAPPARATUS._Lo____L_.__3_-_5 _E_:#=_O_p__-
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PROJECT:__b__J.ID_P__BOREHOLE:_C_.2_H_#__3_CORE LOGGED BY"

LOCATION" _I_I O-_-'L ELEVATION:j___I3_.I_b_L_+._ .__M I_ t JDsD

NIII+I.,J"lz'l DATF :_ _#/_.?y_#_l--__#_
COOR DINATES: Eltyt_JZ_ DIAMETER: /-[ "

DRILLING TIM E:._____P!.
ROOM. C '2. COLLAR:

MINE:__b.L) PP CASING'. ....
illi lllll l •

DRILLING METHO'D(S):___;r roJr_£/ DRILLING Co.:_LE)_I_-D_P

DRILLINGAPPARATUS:_L_____C__"/_5 #_,#.p__ Q_<;
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PROJECT:L,pP BOREHOLE:_C_?__H__3_CORE LOGGED BY:___

LOCATION:__.o_,.,_CZ._ ELEVATION:I__L:__.!__Z__T_J_ _' psd
N III76.147.9 ___

COORDINATES:__J'I_*hZ_ DIAMETER: _/" DATE#___Z_ ZJ
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DRILLING METHOD(S):__j_P__.rD._.Z_ DRILLING CO.:J__/_._P__.

DRILLING APPARATUS :_L_ ____r____-__._5__ ______#_._.0_5 _
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PROJECT: _ I'P___ BOREHOLE:-LkLq-P-'S-e_LOGGEDBY:_I_._M.___£_P_.sD

L0 CATI0 N:../._7._Q_cLt;_214_ ELEVATI0 N:_.19_,_1k_. DATE:_i__0___zZJqL_N LI_4._ _ 19..1_ ff/t --

COORDINA'I'ES:_E___.'f/.z2 DIAMETER: _(" DRILLINGDATE:JZ_.,i6--__.#__
J_zOd,; r,_.

ROOM:_=_c__R,j_.-9' COLLAR:...... DRILLING TIME:_L.O_i_sr_L_
MINE:__L°_I_P_P_ CASING:.....
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PROJECT:_L,A,__j#.._ BOREHOLE:...N_.H_.P__.._LOGGED BY,',_MI_ _ Pf>D

Io z.'z C)
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R_,vM:_nc_.__=._smq COLLAR: DRILLING TIME: II,) I_r s
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ii

DRILLING METHOD(S):______-___.E_____ DRILLING CO.:
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PROJECT:__L_J__LP_____ BOREHOLE: IN_._P__£#LOGGED BY:___.._M____.___£_OI

L0 CATI0 N:_.1___Z__._..'_:I:.. ELEVATI0 N:±2_._5,__3..._1DATE:_tO.,_Z_..d._.q.._O..... //
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ILLNG APPARATUS:_I..Q.Lm___r__.[_.I--..,__ _._..£

III I I I _/ L - "T" " I

Z ._ _ rr. V'}

LU _" -r _. _- =)

=E _ _- o _ _- DESCRIPTION REMARKS
0 1., _j o _:
0 C} n.- _ rv"

5,0 ,_.Ir3 ...5.zl,,,,, _4o.l_.¢.,.,,_,r_,ss-o,,,.,,_, '"
, -_

- _ r,,y cli.y', i.....
_ll - i _°° , _._.- u.ss,,,

i o,, iz/,_/_,.-e_
oi'wi K oi".3o
_II:_$ " (''5"--- x_-_v;,,- .......

- _._s - #. l_,L

,_-lZ " i_o

_ ; -7 _-,," ......

165



Jl i, ,., ii

PAOEJ__ /_t_-._;/_I,,
0F__5__ CORE-LOG INVENTORY FORM1400
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PROJECT: _ tg_ BOREHOLE:__P___:_(_ LOGGED BY',..__r'I_R_,PsD

LOCATION:N I__/_.___r_;_ ELEVATION: IzctS._l,)._ nATr i_/'2.7. _,0N mu.ols'./ tZ.I_. Sft-_/ ,o
COORDINATES:E_E_..fftzz DIAMETER:__Z___ DRILLING DATE: __' I_,- _g
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MIN E:__LZJJ_#_ CASING:
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DRILLING METHOD(S)" ___,C _._n_.,-_.... DRILLING CO." L_iPP
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PROJECT:___LL-_. IPI 'D BOREHOLE: N"IPS@ LOGGED BY:.___P"I_I_...P_5_._

LOCATION:.J_LLZo_._.bL-[ ELEVATION:I'Z.q6.31,_.o DATE:__#_z__IOz._. _iO
,.'qJ_l_.c_"/ I2. _S "qi'_'-
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PROJECT: '_,3_"_ ::> BOREHOLE:_L%"_'\" ,J_ CORE LOGGED BY: "- '

LOC/_TiON:__ _ ELEVATION:_t_'¢_=t-z_°t _ -'--_'_'_ ___

CODRDINATES:_'_" _z_-z._¢= DIAMETER:_ DATE: ....
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Pa.De_ of _!__ CORE-LOG INVENTORY rolL' =,0o

PRCXJECT:_ _L_ BOREHOLE:.L,_'P3-1 - j_ CORE LOGGED BY: _3--__

LOCATION: I..._ ELEVATION:__Zct "k, z'_o_'f _"_ _ -_'_
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PRCUECT: _.__'_ IBOREHDLE:"_'_:=%--_,-_ CORE LOGGED IBY_

Locr,T_o_:_ ELEV,',TION:_,_'_',_-_ 7_'-_P'- '_°_'_°
COORD:NATE$:_ DIAMETER:_ /"/ _ tL3/It / _c_DATE: _ --

IRCX_;:, _% COLLOP,: _* DRILLIN3 TIME: \" _ -_ _

DRILLIN3 METHOD(S}: _r:,C '_c'lPo- DRILLIN3 COMPANY;..-------
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Pa;_e ..'_ of _._ CORE-LOG INVENI"ORY rolL, i 400

PRDOECT: _J3_ BOREHOLE:_-'_\ ""_- CORE LOGGED IB_

14_ _,"_."_._'_
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PROJECT: l_/¢1_1_ BOREHOLE: _::_ "F:'_.I, CORE LOGGED BY:"_-'e-_

LOCATION: ,_ I$OOcJr;,_+ ELEVATION: t?"_'_" G't"_A_ "_ _'m"_""-'P_'t_ '_"-_-.,l'_
!ge;:_:_t.'t:l_z-

COORDINATES: _ _sT=,_$3_, DIAMETER: ,, "_" DATE: ._1 2.(=_°_C_

ROOM: _ V'q_=m_ COLLAR: DRILLING TIME: "Z. 5 _r,_

M,NE: L,J I P p CASlN_ DRILLER: _=_ Le_,_.i s

DRILLING METHOD(S):.. _'_¢" _o-_-¢r_( DRILLING COMPANY:_

DRILLING APPARATUS: L¢____,_¢_,r _ (n _ , _ IpP E_p. 0_'_;.
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PROJECT:, _ BOREHOLE:__dp-Pc_ CORE LOGGED BY:__O---_z--\___.__

LOCATION:_ 5 13oo d,; -t-4 ELEVATION:_zS'_. _?..'E,_ I" _ _ -'_._----_ _
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PROJECT: _J,J_ BOREHOLE:__---__k LOGG.F.J_B__.-"_____

LOCATION:5_L__0c)___:;#r_ ELEVATION:_-'-'-_.--._-2-_-_t" DATE: ,'_.Lz_.E._oS_,_\._,_-Z .......

COORDINATES:E_,_rm DIAMETER:__L/'_'__DRILLINGDATE: %__Z1_

ROOM:S_/}_o__o_____;#. COLLAR:...... DRILLINGTIME: 2.5 Iv_

MINE:__LAJ_/_/P_]0_ CASING: ...... DRILLER: _or_ [.eL.,.,; 5
ii ii i i i

DRILLING METHOD(S): _;r _oJ_ly__ - DRILLING CO." LoI_P
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APPENDIX D

FACTORSAFFECTING TEST-ZONE COMPRESSIBILITY

Section 6.5 briefly describes a number of factorswhichpotentially affect test-zone compressibility(Ctz).

1) non-Dack_rte_t-tool-cornDorlentcomDressibility- The volumes of various metal components of the testtool
vary in response to changes in test-zone pressure.

2) borehole compressibility- The radius of the borehole varies in response to applied test-zone pressure.

3) axial test-tool movement - The test tool has a tendency to move into and out of the borehole in response
to applied test-zone pressure.

4) test-zone-Dackerdeformatiorl- The packer-inflation-pressure data indicate that the packer volume changes
during testing. These changes can be assumed to affect the test-zone volume also.

5) entraDDed/createdgas in th_ testzone - Gas was observed during the venting of some test zones during
pulse withdrawals. A separate gas phase in the test zone would affect (3=.

6) creed closureof the borehole- Halite and argillaceous halite are considered to undergo inelastic steady-
state creep in underground openings (Krieg, 1984" ",_anSambeek, 1987). Therefore, creep closure may
potentially cause borehole-volume changes.

Factors 1,2, and 3 above can be quantified in terms of changes in the test-zone volume and therefore can be
compensated for in the test analysis. Sections D.1, D.2, and D.3 discuss the mechanisms associated with
factors 1,2, and3, andpresent the equations used to calculate the volume changes associatedwith each factor.

Sections D.4 through D.6 discuss possible causes of factors 4, 5, and 6. Section D.6 shows that the impact of
creep closure is most likely insignificant.

D.1 Non-Packer-Related Tool Compressibility.
Alipartsof the multipackertesttoolincontactwiththe test-zonefluidcan undergopressure-relatedexpansion
and contraction. Figures3-1 and 3-2 show typical test-tool configurations,with Figure 3-2 showing the
multipackertesttoolequippedwithradialandaxialLVDTs. Thecomponentsofinterestare:the test-zone-packer
fixed-endsub,spacers,swivelmechanism,radiaI-LVDTcarder, transducer/vent-linefeed-throughcarrier,the
fixedand movingportionsof the axial LVDT, andthe transducerand test-zonevent lines.The totaltest-tool-
volumechange dueto these test-toolcomponents can be writtenas:

_,Vtool- AVtc , + AVtc 2 +...+AVtc n + AVtube (0-1)

where:

t_V,oo, = totalvolumechangedueto test-toolcomponents
AV_ = volumechange dueto toolcomponent n
AV,u= = volumechangeattributableto tubin£

With the exceptionof the transducer/ventlines,each of the test-toolcomponentsmentionedabove can be
assumedto behave as a thick-walledvessel under uniformexternal radialpressureand zero longitudinal
pressure(i.e., thevessel is freeto extendinthe axialdirection).Theapplicationof externalpressurewillcause
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the external radiusofthe vesseltodecrease andthe lengthofthe vesselto increase. Thecomponent'svolume
change attributable to an applied external pressure can be calculated as follows (Young, 1989):

Ar° = _ Pro [ ro2 +_2 _ vl (D-2)

and

AL=-PvLI 2r°2.] (D-3)
ELro_ J

where:

ro = external radius of vessel
,&ro = change in external radius
r_ = internal radius of vessel
P = applied external pressure
E = modulusof elasticity
v = Poisson'sratio
L = lengthof vessel
AL = change inlengthof vessel

Therefore,

AVtcn = _:[ro2L_ (ro + &ro)2(L + AL)] (D-4)

The expansionorcontractionof the transducer/venttubinglinescan becalculatedassumingthe linesare thick-
walledvesselsunderuniforminternalradialpressurewherean increaseinpressurecausesthe internalradius
of the tubingto increaseand the lengthto decrease. The appropriateformulae (Young, 1989) are as follows:

Ari= |r2_r2 +v (D-5)
and

PvLtUbeE[ 2ri2 ]ALtube= Lro2_r2 (D-6)

where:

AL.,= = change in tubing length
Ar_ = change in internal radius of tubing lines
Lt,=,' = total length of tubing

Therefore,

AVtube: =[(ri + Ari)2(Ltube+ ALtube)- ri2Ltube} (D-7)

Changes intest-tooland tubing volumewere calculatedforeach test-toolconfigurationused inthe permeability
testing by applying Equations D-2 through D-4 for each tool component, and Equations D-5through D-7 for ali
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tubing.Componentgeometrydata are foundon test-tool-installationdiagramsandfrom field measurements.
Valuesof E and v are found inYoung(1989) and are listedbelow alongwiththe associatedmaterials:

Modulusof
Material Elasticity(Pa) Poisson'sRatio

StainlessSteel 1.93 x 101_ 027
Aluminum 6.90 x 101° 0.30

Totaltest-teelvolumechangesweredeterminedbyapplyingthe equationsforeachteel componentandtubing
lengthandsummingthecumulativevolumechangefora rangeofappliedpressuresencompassingthepressure
variationencounteredduringtesting(0 to 15 MPa). Volume changeversus applied pressuredisplayedan
essentiallylinear relationshipforthispressurerange.

Therefore:

_Vt_ = C tootP (D-8)

where:

C_ = test-teelvolume-changeconstant

Th6 Ctoo,constantscalculatedforthe testsanalyzed inthisreportareas follows:

CI_, Test-Teel
Test Teel # VolumeConstant

C2H01-A MPT #1 0.25
C2H01-B MPT #1 0.25
C2H01-B(C-.-.-.-_) MPT #1 0.20
C2H01-C MPT #5 0.44
C2H02 MPT #4 0.09
C2H02(GZ) MPT #4 0.09
C2H03 MPT #5 0.08
N4P50 MPT #3, MPT #4 0.09
L4P51-A MPT #3 0.08
SOP01 MPT #3 0.08
SOP01(GZ) MPT #3 0.14
$1 P71-A MPT #2 0.08

Thetest-teel volume constants indicatethat volumechangesdue to the expansionandcontractionof thetest
teel and the injectior_Nithdrawaltubing result in a maximum of about 30% or less of the total volume
compensation. The fulleffect of ali volume-compensationfactors is illustratedinthe test-analysisfiguresin
Section7 that show modelsimulationswithandwithoutvolumecompensation.

D.2 Borehole Compressibility.
ThethreeradialLVDTsonthe multipackertesttoolsindicatedthat changesinradiusoccurredduringthetesting
periods. The radiaI-LVDTresponsesconsistentlyindicatedthat the apparent borehole radiusincreasedwith
increasedtest-zonepressure,anddecreasedduringthepressurereductionscaused bythe pulsewithdrawals.

Test-zonevolume-compensationdata were to be deriveddirectlyfromthe observed radiaI-LVDTresponses,
afteradjustingthe observe,3datafor the radialexpansion/compressionof the radiaI-LVDTtransducercarrier.
However,duringthe compliancetests conducted inthe steeland stainless-steelchambers(see Section4.1),
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discrepancieswerenotedbetweentheradiaI-LVDTdataandthecalculatedresponseofthesteelchamber. The
observedLVDT displacementwas 0.015 crn greaterthan the calculatedchamber-wallexpansionplus the
calculatedtest-toolcompression.FigureD-1showsthattheO-ringusedtosealpartofthe radiaI-LVDThousing
couldbesubjecttoa maximumof0.051-cm compressionwithincreasingexternalpressureonthetesttoolduring
shut-inandtest conditions.The relativemovementassociatedwithO-dngcompressionwouldproducea radial-
LVDT responseind'|catingboreholeexpansion. Unfortunately,the actualmagnitudeofthismovement during
testingcould notbe quantified. Asa result,the actualchangeinboreholeradiuscould not be determinedfrom
the radiaI-LVDTdata.

FigureD-2 is a plotofthetest-zone pressurein L4P51-Aalongwiththe radiuscalculatedfromthe radiaI-LVDT
data. F'KjureD-2 showsthat for _ximately the first90 days after boreholecodng, the radiuschanges
indicatedbythe LVDT data appeared to parallelchangesintest-zonepressure. Afterapproximately90 days,
however,when the radiaI-LVDTO-ringswere presumablyfullycompressed, the radiaI-LVDTdata indicated
borehole closurewhilethe test-zone pressureremainedrelativelyconstant.

Theprocedureusedto quantifyborehole-radiuschangesforvolumecompensationwas basedon the equation
usedto evaluatetheeffectof compressionofthe wallsofanunderground,pressurizedcylindricalopening. The
equationusedwasthatdevelopedfor a pressurizedboreholeinrockasgiven inJaeger(1979, Sec. 10.3.2) as
follows"

Arb = PCrrb(l+ v) (D-9)

where:

Arb = change inboreholeradiusdue to applied pressure
P = applied internalboreholepressure
C r -,,!- rock compmssibirdy
rb = initialborehole radius
v = Poisson'sratio

For a typicalboreholeradiusand a representative formationcompressibilityof 2.5 x 1011Pa1, the change in
borehole radiuswas approximately1.6 x 104 cm/MPa. Borehole-radiuschange yieldsa test-zone-volume
changeas follows:

AVrad: _[(rb + Arb)2_ r2]L= (D-10)

where:

AV,= = test-zone-volumechangedueto change inborehole radius
I_= = test-zonelength

The relationshipbetween volumechange and pressurecan be approximatedas:

AV_ = C,= P (D-11)
where:

C,= = test-specificborehole-radius-changevolumeconstant

Arockcompressibilityof2.5 x 10-11Pa-1,derivedfromdatainTouloukianetal. (1981)andKrieg(1984),wasused
to developC,= foreachtest.The valueofPoisson'sratiousedinthecalculationswas0.25,a value representative
of Salado Formationhalite (Krieg, 1984; Van Sambeek,1987). The values of Cr= developedfor each test
analyzed inthisreportam as follows:
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Figure D-2. Test-Zone Pressure and Borehole Radius During L4P51-A Testing.

C,=, Borehole
Test _ VolumeConstant

C2H01-A MPT #1 1.83
C2H01-B MPT #1 0.54
C2H01-B(GZ) MPT #1 0.55
C2H01-C MPT #5 1.25
C2H02 MPT #4 ! 0.78
C2H02(GZ) MPT #4 0.54
C2H03 MPT #5 0.75
N4P50 MPT #3, MPT #4 0.80
L4P51-A MPT #3 0.78
SOP01 MPT #3 0.75
SOP01(GZ) MPT #3 0.55
$1 P71-A MPT #2 0.77

These valuesofC_ represent,,averagevaluesforthe lithologiesinthe differenttestboreholes. The valuesof
C,= indicatethatthe changesinboreholevolumeinresponseto changesinfluidpressurearethe largestfactors
inthe totalvolume compensationused inthe simulationsof the individualtests. The fulleffectof ali volume
compensationfactorsisillustrated inthetest-analysisfiguresinSection7.2whichshowmodelsimulationswith
andwithoutvol_me compensation.

D.3 Axial Test-Tool Movement.
The multipacker test tools were retainedinthetestboreholosbyboltinga steel tie-downbar or a square-tube
steel crossacrossthetopof thetoolmandrels,orbybolting a flangeattachedtothe mandrelsto the 0.51-m long
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boreholecollarswhichwerecementedinpiaceforeverytestboreholeexceptC2H01 and$1P71-A. However,
whilethese fasteningprocedureswere adequateforsafety,theyreducedbutdidnoteliminatemovementofthe
test tool.

The axiaI-LVDTresponsesindicatedaxialtest-toolmovementduringalitests. This axial movementhadtwo
apparentcauses. First,the test toolsappearedto exhibitpiston-likebehaviorinresponseto pressurechanges
inthe boreholes. The test toolsmoved slowlyout of theboreholesduringbuildupperiods,andretractedinto
the boreholesat a muchquickerrateduringpulsewithdrawals(FigureD-3). Thisaxialmovementisthoughtto
be limitedtothe mandreland othersolidtest-toolcomponents.The packerelement isnotbelievedto actually
slide inthe hole, but to onlyflex slightlyas the solidtest-toolcomponentsmove up or down inthe hole. The
secondfactorthatcontributestothe apparentmovementofthetesttoolisclosureof rooms/drifts.As measured
bymultipointextensometersintheWIPP underground(e.g., Westinghouse,1990), the relativemotioncaused
bycreep closuredecreaseswith increasingdistance froman excavation,causingboreholesdrilledfromthe
excavationto elongate. W'4hthe toolanchoredtothe floorof the room/drift,roomclosuretendsto pullthe test
tool awayfromthebottomofthe borehole. Onthetimescaleofthetests discussedinthisreport,roomclosure
should cause hole elongationat relativelyconstant ratesof up to aboutone cm/yr (Westinghouse,1990).

Axialtest-toolmovement causeschanges inthe test-zonevolume. The totalvolumechange associatedwith
axial test-tool movement consists of packer intrusion/extrusionrelative to the test zone, test-tool-body
movement, and axiaI-LVDTactuator-rodmovement. The volumechangedue to axial test-toolmovement is
illustratedin Rgure D-4, and is givenbythe followingequation:

AV.== AV_=,...+ _.V=w-AV.=_=o. (D-12)

where:

AV= = volumechangedueto axialtest-toolmovement
AV_, = packerintrusion/extrusionvolumechange
AV_ = test-tool-bodyvolumechange
AV=,_o, = axiaI-LVDT actuator-rodvolumechange

Packerintrusionintothetestzone isdifficultto expressanalyticallywithoutsimplifyingassumptions.The surface
of the deformablepacker element isassumedto forma straightlinefromthe packerend-subto the borehole
wall. The packer elementat thewall isassumedtobe fixedatthispoint.Usingtheseassumptions,asillustrated
on Figure D-4, the change intest-toolvolume dueto packerintrusion/extrusionand test-tool-bodymovement
can be combined and expressedas:

where:

r, = packer end-sub radius
rb = boreholeradius
AL,= = change inaxial positionof the testtool

The final term inEquationD-12, ,_V,,=u=o,, is expressedas: o

AV,,===o,= AL,=_ r2a_,o, (D-14)

where:

r..,_=o, = radiusof axiaI-LVDi actuatorrod
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Figure D-3. Test-Zone-Pressure and AxlaI-LVDT Data During L4P51-A Testing.

If ali test-specificconstant values are substitutedinto EquationsD-13 and D-14, EquationD-12 can be
expressedas:

w

_V= = C,=AL=, (D-15)

where:

C= = test-specificaxialtest-tool-movementvolume constant

In EquationD-15, the boreholeradiusis consideredto be constant because the minor changes in radius
determinedfromEquationD-9weredeterminedto havea negligibleinfluenceonthecalculatedvolumechange
AV,.,.

D.4 Test-Zone-Packer Deformation.

The inflationpressuresof the test- and guard-zonepackersare monitoredand recorded bythe DAS during
permeabilitytesting. The data showthatthe packer-inflationpressuresdo not remainconstant throughoutthe
tests. FiguresD-5 throughD-13 show the packer-inflationpressuresduringeach test. Assumingthat the
packersare not leaking,these changes in packer-inflationpressureindicatethat the enclosedvolumeof the
packermustbechanging. Iftheinternalpackervolumeischanging,theextemalvolumeismostlikelychanging,
which can be expectedto affectthe test-zonevolume,and inturn,affectthe test-zonecompressibility.

The packer-inflation-pressureresponsesindicate bothtransientandlong-termbehavior. Intransientbehavior,
thepacker reactsquicklyto pressureevents inthetestzonesuchas pulsewithdrawalsandinjections.A pulse
injectioncauses an increase inpacker-inflationpressurewhilea withdrawalcauses a decrease. Followingan
event whichchanges the initialpacker-inflationpressure,the packer-inflationpressure immediatelychanges
toward the pre-event pressure. This type of behavior reflectsthe expected elastic propertiesof the packer
element.
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TEST-ZONE PACKER ELEMENT

Figure D-4. Test Zone and Axial LVDT Showing Elements Contributing to Volume Change.
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Figure D-13. Test- and Guard-Zone Packer-Inflation Pressures During SIP71-A Testing.

Long-termpacker-inflation-pressureresponsesare moredifficultto characterizeandexplain. In mostof the
permeabilitytests, packer-inflationpressurecontinuouslydecreasedduringthe majorityof the test pedods,
althoughata decreasingrateasthetestsprogressed.The decreaseinpacker-inflationpressureindicatesthat
the packervolumeiscontinuallyincreasing,perhapsasa resultofa creep-likebehaviorinthe packerelement.
This behaviorwas confirmed by observingpacker-pressureresponsesduring compliancetesting. During
compliancetests, 10 to 20% reductionsinpacker-inflationpressurestypicallyoccurredduringthefirst24 to 48
hoursafter inflation. After increasingthe packer-inflationpressuresto compensateforthese initialreductions,
the continuedreductionsin packer-inflationpressureswere significantlyless.

During some permeabilitytests, particularlyin C2H01-B and C2H02, the relativechanges inthe test-zone
packer-inflationpressurewere similarto thetest-zonefluid-pressureresponses,and thetwopressuresbegan
trackingeachotherasshownon FiguresD-14 (C2H01-C) andD-15 (C2H02). FigureD-14showsthatinC2H01-
C,thetest-zonepressureandthetest-zone-packer'sinflationpressuresynchronouslyincreasedanddecreased
in responseto zone pressurebuildupand pulsewithdrawals. The test-zone pressureand test-zonepacker-
inflationpressurealso increasedtogetherduringan increaseintheguard-zone-packer'sinflationpressureon
the 23rd day aftercorin_t.hetesthole. Similarbehaviorwas alsoobserved in C2H02 duringthe latterpartof
thetestingperiod,whenthetest-zone-packer'sinflationpressurewasabout =.5 MPagreaterthanthetest-zone
pressure.As shownon FigureD-15, thetest-zone-packer'sinflationpressurebegan decreasingafter the initial
shutin,andthenbeganincreasingasthe test-zonepressurebeganto buildup. Boththesetestsexhibitedtest-
zone pressuresof about8 MPa, whichis abouttwicethe fluidpressureobserved inthe testand guardzones
of the othertests describedinthisreport. Apparently,the lowerpressuredifferentialsbetween the test-zone
packersandthe test zones in C2H01-C and C2H02 causedthetest-zone-packers' inflationspressuresto be
more sensitiveto fluid-pressurechangesinthe testzones thanduringthe othertests.

The actual mechanismcausingthe synchronouspressurechanges inthe test-zonepressuresandthe test-
zone-packers'inflationpressurescould be asfollows.Decreasesintest-zonepressure,as occursduringpulse
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withdrawals,coulddecrease theexternalpressureonthepackerelement,causinganexpansionofthepacker
elementanda conseque_tdecrease inthepacker's inflationpressure.Conversely,increasesinthe test-zone
pressurewould increasetheexternalpressureonthepackerelement,reducingthe internalvolumeofthepacker
element, thus causingan increase in the packer's inflationpressure. No evidenceof ,eakage of test-zone
pressureacrossthe packer to theguardzone was observedinany of the tests.

Expansionof the packerelementsduringpulsewithdrawalsimpliesthatthevolumeswithdrawndudnothe pulse
withdrawalsare breater than thevolumechanges inthe test zones. Overestimatesof the test-zone-volume
changes result in overestimatesof test-zone compressibilityas calculat_.dby Equation6-9. Inasmuchas
decreases in packer-inflationpressureswere observeddudng ali pulse withdrawals, ali of the test-zone-
compressibilityvalues presentedinTable 6-3 maybe slightlyhigh.

Apart from the parallel behaviorof the test-zone and packer-inflationpressures observed duringtesting in
C2H01-C and C2H02, the short-and Io=_-te.1,mchanges in packer-inflationpressureindicate that a "packer-
compressibilityfactor"may be importantin the test analyses. Unfortunately,insufficientdata are availableto
incorporatesucha factorinthe testanalysesby meansofa volume-changemechanismsuchasthatdiscu_ed
inSections D.1 throughD.3. Theuncertaintyinthe specificinternalvolumeofthe packersystemsusedineach
test,the quantityof entrappedgaseitherdissolvedorpresentas a separate phase inthepackers,theunknewn
natureof the elasticityof the packerelements, andthecompressibilityofthe packer-inflationfluidmakeaccurate
determinationof the changes inthe internalvolumeof the packersystem impossible.

The permeabilitytests analyzed for thisreportwere conductedwithpackers filled bydirect inflationusing an
intensifierpump. No attemptwasmadetopurgethe packersof airorfluidbeforeinflation. Theair inthepackers
beforeinflationwas _robablyentrappedduringthe inflationprocess.This air may h_e beendissolvedinthe
inflationfluidafterthe pressurewas raisedto 8 to 12 MPa ormay havestillbeen presentas a separate pha_.e.
The fluidvolumeusedto inflatea typicalpackerwasmeasured to be 2330 + 20 crrP.Afterobservinga number
of compliance tests in the stainless-steelcompliance-testingchamber, packer-inflation procedureswere
modifiedto includecomplete draining and vacuum evacuation of the p_ :kers before inflatingpackersfor
permeability-testinginstallations. Usif_j these procedures,a typicalpacker inflationrequiredapproximately
2650 crrPof fluid,about300 cm3morethanthe amountrequiredwhenthepackerwas notcompletelyevacuated.
The absence of air,either as a separatephaseordissolved,probablyreducesthecompressibilityofthe packer
system. Data fromcompliance andpermeabilitytestsperformedafterusingthese packer-inflationprocedures
will be presented in subsequentreports.

Evenif internalvolumechangesofatypicalpackersystemcouldbe determinedexactly,thecorrelationbetween
the internalvolumeand externalimpacton thefluid-pressureresponsesof isolatedtest zones is problematic.
For example,would a change inpacker-inflation;>ressureresultingina calculated2 crna increase in internal
packer-systemvolumeyielda 1 crrPdecreaselr.[hetest-zonevolumeand a 1 crrPdecreaseintheguard-zone
volume orwouldthe changeyielda 2 crrPde.,rease inthe test-zonevolumealone? The presenceof a sliding
end-subonthe test-zone packerfurthercomplicatesvolumedeterminations.The guard-zoneendof the test-
zon _packer isdesignedtoslideduringpacker infl,ttion/deflationtoreducetheamountofstretchingofthe packer
elerrent. We donotknowwhetherornotmovemet.tofthe slidingend-suboccursat anyothertimeexceptduring
packer inflation.

The compressibilityof the syntheticmaterial ofthe packer elementis anotherpotentialcomponentof p_ker-
system compressibility.However,becausethepacker-elementcompressibilityis difficultto quantify,its effect
ontest-zonevolumeisalsodifficultto assess. The area of thepackerelementincontact withthe test-zonefluid
is approximately43 cn'F. The actualvolumechangesdue to expansionor contractionof the packer-element
materialcan onlybe determinedthroughlaboratorytesting. The relativelysmallarea of thismaterialsubjectto
test-zonepressureindicatesthatthe effectof changesinthe volumeofpacker-elementmaterial islikelyto be
insignificant.
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D.5 Gas in the Test Zone.

Gas was notedduringsome pulsewithdrawals(Table 6-3). Fourpotentialgas sourcesare: airentrappedin
thetest-zoneduringtest-toolinstallation;gas generatedbythereactionofthe metaltoolcomponentswiththe
test-zonebrine;ga:_exsolvedfromtheformationfluidunderthelowerpressureintheisolatedboreholeintervals;
andgas generatedbyanaerobic bacterialdegradationof possiblehydrocarbonsinthe test-zonefluid.

D.5.1 ENTRAPPED AIR.
InC2H01-B, C2H02, SOP01,and $1P71-A, a significantquantityof airmay havebeen introducedintothe test
zone asa resultofthetest-toolinstallationprocedures.Topreventthefluiddisplacedduringtest-toolinstallation
fromoverflowingthetopof thetest toolandwettingthe electricalelements inthe test-toolmandrel,thetesttool
was installedina dry boreholeand the packerswere inflated. Brinewas thenpumpedintothetest andguard
zonesthroughthe vent lines. The quantityof entrappedairwas probablyreducedinboreholesC2H01-B and
SOP01 becausethe packersweredeflatedto adjustthetest-tools'positionsafterfillingthe testandguardzones.
Afteradjustingthetest tools'positions,the packerswerethenre-inflatedand thetestandguardzoneswereshut
in.

Thetestingequipmentand test-toolinstallationproceduresforlatertestsweremodifiedto reducethe possibility
of entrappedair.Specifically,these modificationswere:

1) theuppermandrelof thetest toolwas modifiedto be a sealedhollowtube to preventoverflowandentry of
boreholefluid;

2) forverticallydownwardanddownward-angledboreholes,thetestboreholesarefilledwithfluid,andthatfluid
iscirculatedthroughthetransduceYlinesandvent linesbeforeinflatingthe test-zonepacker to ensurethat
ali air hasbeen purgedfromthese lines;

3) drainage/fillingportswere added to the void spaces inthe test-tool radiaI-LVDT connectors(swivels)to
ensurethatthevoidspacesintheswivelarefilledwithbrinewhenthetoolisinstalledinbrine-filledboreholes;

4) in horizontalor verticallyupwardsholeswhere the test zones cannotbe filledwith brine before packer
inflation,thetest zones are placedundervacuumpressure,thetest-zone vent linesare extended fromthe
feed-throughplugto thehighestelevationpossible,and the testzonesarefilledthroughthetransducerlines
untilfluid flowsfrom thevent lines;

5) horizontallyflatsurfacesonthetest toolwereroundedto minimizethepossibilityof trappingairbubbleson
thetest toolduringtest-toolinstallation.

The effectivenessof 2) and5) was visuallyconfirmedby installingthe tool in a lengthoftranslucentPVC and/
orLEXANcasingbefore andafterthesemodificationsandexaminingthe surfaceofthetest-zoneportionof the
test toolto seewhereair bubbleshadbeen eliminatedbythe modifications.This procedurewas alsousedto
determinetheoptimumplacement of thevent linefor procedure4).

Includingthe effectofentrappedairinthetestzoneinthe testanalyseswouldrequiremodificationoftheanalysis
modelto incorporatea non-lineartwo-phaseboundary conditionin the test zone. A simplifiedversion of the
boundary conditionwouldassumethatthefluidand gas phaseswere immiscible,whilea morerepresentative
implementationwouldallowdissoiving/exsolvingof gas inthe test-zonefluid.

D.5.2 TOOL COMPONENT/BRINE REACTION
The early versionsof the muitipackertest tool consisted of packers and LVDT carrierswith stainless-steel
components and anodized aluminumend subs and spacers. When the test toolswere removedfrom test
boreholesaftertwoto eightmonthsoftesting,the aluminumpartswereobservedto haveundergonesignificant
corrosion. Corrosionof metalsbybrineinthe absenceof oxygenresultsin the productionof metal oxidesor
hydroxidesandhydrogengas. Agassamplecollectedfromthetestzoneofborehole C2H02 attheendoftesting
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was analyzedandfoundtocontain91% hydrogen(Saulnieretal.,1991). Subsequently,aluminumcomponents
ofthe testtoolswere replacedwithstainlesssteel, whichexhibitsmuchgreaterresistanceto corrosion.

The followingtable liststhe materialsused inthe test toolsfor each test analyzed inthisreportand notesthe
severityof corrosionindicatedin the post-testexaminationof the test tools.

Test Tool# Mate_l Corrosion

C2H01-A MPT #1 SS None
C2H01-B MPT #1 SS None
C2H01-C MPT #5 AI, SS MinorAI Pitting
C2H02 MPT #4 Al, SS SevereAi Pitting
C2H03 MPT #5 SS None
N4P50 MPT #3, MPT #4 AI, SS MinorAI Pitting
L4P51 -A MPT #3 SS None
SOP01 MPT #3 Ai, SS SevereAI Pitting
$1 P71-A MPT #2 AI, SS AI Pitting

The conversionto completelystainlesssteel test-tools shouldprevent gas generationby brine corrosion.
However, if gas generationthroughbrine/toolreactioncontinuesto occur,the inclusioninthe analysismodel
of the effectsofgeneratedgas on thefluid-pressureresponseswould requiremodifyingthe analysismodelto
includebotha methodfor includingtheeffectsof non-lineartwo-phasebehaviorinthe test-zone, as discussed
in D.5.1, and a time-varyinggas-generationterm.

D.5.3 FORMATION GAS

Gasdissolvedintheformationfluidmaybeexsolvingduetothereducedformationporepressuresinthevicinity
ofthe boreholeandinthetestzone itselffollowingdrillingofthe boreholes and/orpulsewithdrawals. Few data
are availableasto the dissolvedgas contentof in situ WIPP brines(Lappinet al., 1989).

Ifgas isbeingproducedfromthe formation,gas introducedto the testzonewill havea similarimpacten test-
zonecompressibilityas the otherpotential gas sourcesidentified.However,unliketheothergas sources,the
formationgas will also involvetwo-phase behavior in the formation and will require that the formation be
simulatedas a two-phase system. The presenceof a free gas phase in the formation would cause test
interpretationsto underestimateformationpermeabilitywhentest-zonefluid-pressureresponsesareanalyzed
witha single-phasemodel.

Scopingcalculationsto addressthe possibilityof fo.rmation-gasexsolutionwill be presentedin subsequent
reports. If the calculations indicatethat two-phase behavior significantlyaffectsthe estimated formation
permeability, some of the tests inthisreport may be reanalyzedusing a two-phaseapproach.

: D.5.4 BACTERIAL GAS PRODUCTION

Gas couldpotentiallybe producedbyanaerobicbacterialdegradationof hydrocarbonsinthe test-zone brine.
Experimentsare currentlybeingplannedto assessthe likelihoodof thispossibility,and to determinemethods
for reducingor eliminatingbacterialgasproduction. If bacterialgasproductioncannotbeeliminated,bacterial
gas couldpotentiallybe included in futuretest analysesif the analysismodelwas modifiedas describedin
Section D.5.1.

D.6 Creep Closure.

Haliteandargillaceoushaliteare consideredto undergoinelasticsteady-statecreep inundergroundo;enings
(Krieg,1984; Van Sambeek, 1987). Potentialborehole-volumechanges dueto creepclosurewere evaluated
accordingto the rate equation:

dv (D-16)
_-= -AcV

"It3A
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where Aois the steady-statestrainrate in the referencesecondarycreep law(Van Sambeek, 1987) or:

-Q= (D-17)
Ac = Ace RT _onc

where:

Ac = materialcreep-lawproperty
Qo -- apparentactivationenergyfor steady-statecreep
R = universalgas constant
AG = deviatoricstress

nc = creep exponent
T = temperatureof rock

Creep closurewas calculatedfor a typicaltest boreholeinsaltusingthe fc'.!'_wingvaluesfor the constantsin
Equation D-17 (Senseny et al., 1985):

Ac = 2 x 10.3MPa_s
AG = 16MPa

n¢ = 5.3
Qc/R = 9810 °K
T - 303 °K

The calculationsshowedthatcreep-causedradiuschangesoffrom0.01 to 0.06 mm,correspondingto volume
changesof 3.14 x 104 to 1.13 x 10-2cm3/m,wouldoccurafter120 daysina fluid-filledboreholepressurizedto
3 MPa. Changessignificantenoughto altertestsimulationswould_x:ur after severalhundreddays, orlonger
than a typicalpermeabilitytest. Thi_ amountofcreepclosureis muchlessthan increasesinvolumethatwere
estimatedfor the compressionof the test tool andborehole wallsdue to pressurebuildupin the isolatedtest
intervals. Therefore,a creep-closureterm was not includedin the volume compensationused in the test-
interpretationsimulations.Measuredcreep closurewillbe includedinfuturevolumecompensationsas more
reliableradiaI-LVDTdata becomeavailable.
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